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Preface

sections on the cell biology of cardiac impulse initiation and 
propagation, models of cardiac excitation and arrhythmias, neural 
control of cardiac electrical activity, arrhythmia mechanisms, 
molecular genetics, and pharmacogenomics; and a new section 
on pharmacologic, genetics, and cell therapy approaches to ion 
channel dysfunction. All chapters have been revised, and 25 chap-
ters are new.

The second half is divided into sections on diagnostic evalu-
ation, mechanisms, features and management of supraventricular 
and ventricular tachycardias, syncope and AV block; arrhythmias 
in special populations, and pharmacologic, electrical, and surgical 
therapies, as well as new therapeutic approaches, including vagal 
and spinal cord stimulation. Advances in each area called for 
thorough revision and updating of each chapter, and the addition 
of 28 totally new chapters to the clinical half of the book.

As before, and as ALWAYS, we thank our spouses, Joan Zipes 
and Paloma Jalife, for providing us with love and support, not 
only for this endeavor, but for all of the important things in our 
lives that allow us to be who we are!

Janice Gaillard and Dolores Meloni at Elsevier put out many 
fires and facilitated publication of this book, and we thank them.

As we said in the Preface of the Fifth Edition, it is you, the 
reader, who determines the success or failure of this book, and 
we thank you for continuing to make Cardiac Electrophysiology: 
From Cell to Bedside, a part of your learning. We hope this edition 
lives up to your standards and requirements. Let us know.

Douglas P. Zipes, MD
José Jalife, MD

We are pleased to publish the Sixth Edition of Cardiac Electro-
physiology: From Cell to Bedside, four years after publication of the 
Fifth Edition. We shortened publication time by a year because 
of the breakneck speed of new observations, as well as the 
increased importance of this specialty for patients with ventricu-
lar arrhythmias or atrial fibrillation. Cell to Bedside continues to 
serve as an important “go-to” resource with the latest informa-
tion on cardiac electrophysiology for basic scientists and clini-
cians. As before, we have designed the chapters to appeal to a 
broad audience at all stages of learning, from post docs to gray 
beards, literally spanning cell to bedside. Chapters continue  
to be written by the most authoritative leaders in each field.  
We thank these busy professionals for being a part of this 
endeavor.

So many advances have been made in the past four years that 
we expanded the number of chapters from 110 to 134. The full 
color display provides easier reading, and the electronic version 
allows portability, while the Web site serves as a place where the 
reader can view overflow figures, tables, and videos. As Braun-
wald’s Heart Disease: A Textbook of Cardiovascular Medicine has 
spawned a related family of books called Companions, so too has 
Cardiac Electrophysiology: From Cell to Bedside. The first offspring 
is Electrocardiography of Arrhythmias: A Comprehensive Review, by 
Das and Zipes. We hope to add more to this family in the coming 
years.

The first half of this book is divided into nine sections includ-
ing a section on structural, molecular, and biophysical bases of 
cardiac ion channel function; a new section on intramolecular 
interactions and cardiomyocyte electrical function; updated 
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PART I

1 

Structural and Molecular Bases  
of Ion Channel Function

Voltage-Gated Sodium Channels and 
Electrical Excitability of the Heart

William A. Catterall

conduction in artificial lipid membranes and expression of the 
α-subunit alone is sufficient for physiologic function in recipient 
nonexcitable cells, indicating that this subunit has all the neces-
sary structural elements for voltage-dependent gating and ion 
conduction.1-3 The primary sequence predicts that the sodium 
channel α-subunit folds into four internally repeated domains 
(I-IV), each of which contains six α-helical transmembrane seg-
ments (S1-S61,3-6; Figure 1-2). In each domain, the S1-S4 seg-
ments serve as the voltage-sensing module, and the S5 and S6 
segments and the reentrant P loop between them serve as the 
pore-forming module. Extracellular loops connect the S5 and S6 
transmembrane segments to the P loop in each domain, whereas 
the other extracellular loops are small. Large intracellular loops 
link the four homologous domains, and the large N-terminal and 
C-terminal domains also contribute substantially to the mass of 
the internal face of sodium channels. This view of sodium channel 
architecture, originally derived from hydrophobicity analysis of 
the amino acid sequence,4 has been largely confirmed by bio-
chemical, electrophysiologic, and structural experiments.6

The auxiliary β subunits were identified in the initial purifica-
tion studies of sodium channels.1 These subunits have a single 
transmembrane segment, a large N-terminal extracellular domain 
that is homologous in structure to a variable chain (V-type) 
immunoglobulin-like fold, and a short C-terminal intracellular 
segment (see Figure 1-2).7-10 The β-subunits interact with 
α-subunits through their extracellular immunoglobulin (Ig)-fold 
domains, modulate α-subunit function, and enhance their cell 
surface expression.11 Like other proteins with an extracellular 
Ig-fold, they also serve as cell adhesion molecules by interacting 
with extracellular matrix proteins, cell adhesion molecules, and 
cytoskeletal linker proteins.12-17 These interactions are thought to 
localize and stabilize sodium channels in specific subcellular com-
partments and to bring crucial signaling molecules to the sodium 
channel to regulate it. Deletion of the genes encoding β-subunits 
causes alterations in sodium channel function; reduced action 
potential conduction and abnormal development of myelin folds 
in axons; hyperexcitability and epilepsy in the brain; and arrhyth-
mias in the heart.18-20

Three-Dimensional Structure of  
Sodium Channels

Sodium channel architecture has been revealed in three dimen-
sions by determination of the crystal structure of the bacterial 
sodium channel NavAb at high resolution (2.7 Å (0.27 nm); 
Figure 1-3). This ancient sodium channel has a simple 
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Voltage-gated sodium channels initiate action potentials in 
cardiac myocytes and other excitable cells, and they are respon-
sible for propagation of action potentials through the atria, con-
duction system, and ventricles of the heart. As shown in Figure 
1-1, action potentials in atrial and ventricular muscle fibers rise 
rapidly from a resting potential near −80 mV and reach their peak 
within 1 ms. During this brief interval, cardiac sodium channels 
respond to the change in pacemaker potential as it reaches 
threshold and open to allow rapid Na+ entry. Sodium channels 
begin to inactivate as soon as they open and inactivate to 98% or 
99% completion within a few milliseconds. The plateau phase of 
the cardiac action potential is generated by opening of voltage-
gated calcium channels (see Chapter 2), and the cell is finally 
repolarized by slower opening of voltage-gated potassium chan-
nels (see Chapter 3). The rate of conduction of the action poten-
tial through the cardiac tissue depends directly on the rate of rise 
of the cardiac action potential and therefore on the density of 
sodium channels and their rate of activation.

Sodium channels are complexes of a large, pore-forming 
α-subunit and smaller β-subunits. Much is now known about the 
mechanisms of activation, inactivation, and ion conduction by the 
sodium channel protein, as summarized in this chapter. Multiple 
genes encode sodium channel subunits, and the distinct sodium 
channel subtypes have subtle differences in functional properties 
and differential distribution in subcellular compartments of 
cardiac myocytes. These differences in function and localization 
may contribute to specialized functional roles of sodium channels 
in cardiac physiology and pharmacology.

Subunit Structure of Sodium Channels

Sodium channel proteins purified from excitable cells are com-
plexes composed of an approximately 260-kD α-subunit in asso-
ciation with one or two auxiliary β-subunits of approximately 33 
to 39 kD.1 Purified sodium channel complexes of α- and 
β-subunits are sufficient for voltage-dependent gating and ion 
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structure—four identical subunits that are each similar to one 
homologous domain of a mammalian sodium channel without 
the large intracellular and extracellular loops of the mammalian 
protein.21 This structure has revealed a wealth of new informa-
tion about the structural basis for sodium selectivity and conduc-
tance, the mechanism for block of the channel by therapeutically 
important drugs, and the mechanism of voltage-dependent 
gating. As viewed from the top, NavAb has a central pore 

Figure 1-1.  Cardiac action potential in sheep heart. Cardiac myocytes in left ventricle or left atrium were impaled with a microelectrode, and the cardiac action potential 
was recorded. 

(Courtesy J. Jalife.)
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Figure 1-2.  Transmembrane organization of sodium channel subunits. The primary structures of the subunits of the voltage-gated ion channels are  illustrated as trans-
membrane  folding diagrams. Cylinders  represent probable alpha helical  segments: blue, S1-S3; green, S4; yellow, S5;  red, S6; shaded orange area, outer pore  loop; purple, 
intracellular S4-S5 helix. Bold lines represent the polypeptide chains of each subunit with length approximately proportional to the number of amino acid residues in the 
brain sodium channel subtypes. The extracellular domains of the β1- and β2-subunits are shown as immunoglobulin-like folds Ψ, sites of probable N-linked glycosylation. 
P, sites of demonstrated protein phosphorylation by PKA (circles) and PKC (diamonds); white circles, the outer (EEDD) and inner (DEKA) rings of amino residues that form 
the ion selectivity filter and the tetrodotoxin binding site; ++, S4 voltage sensors; h  in shaded circle,  inactivation particle in the inactivation gate loop; open shaded circles, 
sites implicated in forming the inactivation gate receptor. The structure of the extracellular domain of the β-subunits is illustrated as an immunoglobulin-like fold based 
on amino acid sequence homology to the myelin P0 protein.8,22 Sites of binding of α- and β-scorpion toxins and a site of interaction between α- and β1-subunits are also 
shown. 

(Adapted from Catterall WA: From ionic currents to molecular mechanisms: the structure and function of voltage-gated sodium channels. Neuron 26:13–25, 2000.)

surrounded by four pore-forming modules composed of S5 and 
S6 segments and the intervening pore loop (see Figure 1-3, A). 
Four voltage-sensing modules composed of S1-S4 segments are 
symmetrically positioned around the outer rim of the pore 
module (see Figure 1-3, A). The transmembrane architecture of 
NavAb shows that the adjacent subunits have swapped their func-
tional domains such that each voltage-sensing module is most 
closely positional around with the pore-forming module of its 
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1 

Outer Pore and Selectivity Filter

Voltage clamp studies showed that sodium channels are highly 
selective for sodium versus potassium and other monovalent 
cations.26,27 Analysis of ion selectivity and block by tetrodotoxin 
and saxitoxin led to a model of tetrodotoxin and saxitoxin as plugs 
of the selectivity filter in the outer pore of sodium channels.26 
Mutational analysis identified a key glutamate residue in the 
membrane-reentrant loop in domain I as a crucial residue for 
tetrodotoxin and saxitoxin binding.28 Additional studies revealed 
a pair of important amino acid residues, mostly negatively 
charged, in analogous positions in all four domains (see Figure 
1-2, B, small white circles).29-31 Mutation of a set of four residues 
in analogous positions in each domain (aspartate in domain I, 
glutamate in domain II, lysine in domain III, and alanine in 
domain IV, DEKA) to glutamates confers calcium selectivity,32 
indicating that the side chains of these amino acid residues are 
likely to interact with sodium ions as they are conducted through 
the ion selectivity filter of the pore. These results showed that 
the narrow selectivity filter in the outer pore is formed by the 
reentrant P loops between transmembrane segments S5 and S6 
of each domain (see Figure 1-2). Mutations in this postulated ring 
of four amino acid residues have strong effects on selectivity for 
organic and inorganic monovalent cations, in agreement with the 
idea that they form the selectivity filter, and structure-function 
studies suggest specific structural interactions and functional 
roles for the P loops from the four domains.33-36

In the bacterial sodium channel NavAb, the overall pore 
architecture includes a large external vestibule, a narrow ion 
selectivity filter containing the amino acid residues shown to 
determine ion selectivity in vertebrate sodium and calcium chan-
nels, a large central cavity that is lined by the S6 segments and 
is filled with water, and an intracellular activation gate formed at 
the crossing of the S6 segments at the intracellular surface of the 

neighbor (see Figure 1-3, B). It is likely that this domain-swapped 
arrangement enforces concerted gating of the four subunits or 
domains of sodium channels.

Comparison of the primary structures of the auxiliary 
β-subunits to those of other proteins revealed a close structural 
relationship to the family of proteins that contain Ig-like folds, 
which include many cell-adhesion molecules.8 The extracellular 
domains of these type-I single-membrane-spanning proteins are 
predicted to fold in a similar manner as myelin protein P0,  
whose Ig-like fold is known to be formed by a sandwich of two 
β-sheets held together by hydrophobic interactions (see Figure 
1-222). Myelin P0 protein is a cell adhesion molecule involved in 
tight wrapping of myelin sheets, and many related cell adhesion 
molecules with extracellular Ig-folds and a single membrane-
spanning segment are involved in cell-cell interactions among 
neurons and glia.22 As expected from their structure, NaVβ sub-
units interact with extracellular matrix molecules, other cell 
adhesion molecules, and intracellular cytoskeletal proteins and 
signaling proteins.12-16,23

Sodium Channel Structure and Function

Hodgkin and Huxley24 defined the three key functions of sodium 
channels: (1) voltage-dependent activation, (2) fast inactivation, 
and (3) selective ion conductance. Building on this foundation, 
detailed biophysical studies revealed the ion selectivity of the 
channel pore, detected the movement of the voltage sensors as 
gating current, and developed mechanistic models for these 
essential channel functions.25,26 Recent structure-function studies 
using molecular, biochemical, structural, and electrophysiologic 
techniques have provided clear understanding of the molecular 
and structural basis for these sodium channel functions.

Figure 1-3.  Three-dimensional structure of sodium channels. A, Top view of NavAb channels colored according to crystallographic temperature factors of the main-chain 
(blue < 50 Å2 to red > 150 Å2). B, Side view of NavAb. C, Structural elements  in NavAb. The structural components of one subunit are highlighted. 1-6, Transmembrane 
segments S1-S6. 

(Adapted from Payandeh J, Scheuer T, Zheng N, et al: The crystal structure of a voltage-gated sodium channel. Nature 475:353–358, 2011.)
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opposite to that of K+: negatively charged residues interact with 
Na+ to remove most (but not all) of its waters of hydration, and 
Na+ is conducted as a hydrated ion interacting with the pore 
through its inner shell of bound waters. Theoretical consider-
ations of sodium selectivity and conductance predicted an outer 
high–field-strength site that would only partially dehydrate the 
permeating ion and two inner sites that would conduct and rehy-
drate the permeant Na+ ion because of the high energy of hydra-
tion of Na+ (see Figure 1-4, C, D).37

Voltage-Dependent Activation

The voltage dependence of the activation of sodium channels 
derives from outward movement of approximately 12 gating 
charges as a consequence of depolarization of the membrane and 
reduction of the membrane electric field.25,38 The S4 segments of 
each homologous domain serve as the primary voltage sensors 
for activation.4,5 They contain repeated motifs of a positively 
charged amino acid residue followed by two hydrophobic resi-
dues creating a transmembrane spiral of positive charges. Upon 
depolarization, outward movement and rotation of S4 is thought 
to initiate a conformational change that opens the sodium channel 
pore.4,5 This “sliding helix” or “helical screw” model is supported 
by strong evidence. For example, neutralization of the positively 
charged residues in S4 reduce the voltage-dependence of gating.39 
The outward and rotational gating movement of S4 segment has 

membrane (Figure 1-4, A). The activation gate is tightly closed 
in the NavAb structure (see Figure 1-4, B), and there is no space 
for ions or water to move through it. This general architecture 
resembles voltage-gated potassium channels (see Chapter 3). 
Although the overall pore architecture of sodium and potassium 
channels is similar, the structures of their ion selectivity filters 
and their mechanisms of ion selectivity and conductance are 
completely different. Potassium channels select K+ by direct 
interaction with a series of four ion coordination sites formed by 
the backbone carbonyls of the amino acid residues that comprise 
the ion selectivity filter (Chapter 3). No charged amino acid resi-
dues are involved, and no water molecules intervene between K+ 
and its interacting backbone carbonyls in the ion selectivity filter 
of potassium channels. In contrast, the NavAb ion selectivity 
filter has a high field strength site at its extracellular end (see 
Figure 1-4, C; Glu177 = ε177), which is formed by amino acid 
residues that are highly conserved and are key determinants of 
ion selectivity in vertebrate sodium and calcium channels (see 
Figure 1-2). Considering its dimensions of approximately 4.6 Å2, 
Na+ with two planar waters of hydration could fit in this high–
field-strength site. This outer site is followed by two ion coordi-
nation sites formed by backbone carbonyls (see Figure 1-4, D). 
These two carbonyl sites are perfectly designed to bind Na+ with 
four planar waters of hydration, but would be much too large to 
bind Na+ directly. In fact, the NavAb selectivity filter is large 
enough to fit the entire K+ channel ion selectivity filter inside it. 
Thus, the chemistry of Na+ selectivity and conductance is 

Figure 1-4.  NavAb pore and selectivity filter. A, Architecture of the NavAb pore. Purple, Glu177 side-chains; gray, pore volume. B, The closed activation gate at the intracel-
lular end of the pore illustrating the close interaction of Met221 residues in closing the pore. C, Top view of the ion selectivity filter. Symmetry-related molecules are colored 
white and yellow; P-helix residues are colored green. Hydrogen bonds between Thr175 and Trp179 are indicated by gray dashes. Electron densities from Fo-Fc omit maps 
are contoured at 4.0 σ (blue and gray), and subtle differences can be appreciated (small arrows). D, Side view of the selectivity filter. Glu177 (purple) interactions with Gln172, 
Ser178, and the backbone of Ser180 are shown in the far subunit. Fo-Fc omit map, 4.75 σ (blue); putative cations or water molecules (red spheres,  IonEX). Electron-density 
around Leu176 (gray; Fo-Fc omit map at 1.75 σ) and a putative water molecule are shown (grey sphere). Na+-coordination sites: SiteHFS, SiteCEN and SiteIN. 

(Adapted from Payandeh J, Scheuer T, Zheng N, et al: The crystal structure of a voltage-gated sodium channel. Nature 475:353–358, 2011.)
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change in electrostatic force, the S4 segment moves outward  
with each positive gating charge interacting with charged amino 
acid side chains in turn to ease their movement through the 
voltage sensor module. When the R3 and R4 gating charges  
pass the hydrophobic constriction site in the center of the  
voltage sensor module, the force on the S4-S5 linker is sufficient 
to pull on the pore-forming module and twist and bend the S6 
segment, resulting in opening of the pore at its intracellular end. 
During activation of the voltage sensors of sodium channels, the 
S4-S5 intracellular linkers in each domain (see Figure 1-2, B, 
purple) exert a force on the adjacent S6 segments, and the pore 
opens by bending the S6 segment (see Figure 1-2, B, red). In 
bacterial voltage-gated potassium channels and sodium channels, 
bending of the S6 segment occurs at a critical hinge glycine 
residue about one-third down the S6 segment,43-45 and this 
bending motion allows the opening of the inner mouth of the 
pore (Videos 1 and 2; Figure 1-5) and ion rapid movement across 
the membrane.

Fast Inactivation

Fast inactivation of the sodium channel is a critical process that 
occurs within milliseconds of channel opening. The generally 
accepted model of this process involves a conserved inactivation 
gate formed by the intracellular loop connecting domains III and 
IV (see Figure 1-2), which serves as a hinged lid that binds to the 
intracellular end of the pore and blocks it (Figure 1-6). Intracel-
lular perfusion of proteases prevents fast inactivation.25 Site-
directed antipeptide antibodies against the short, highly conserved 
intracellular loop connecting domains III and IV of the sodium 
channel α-subunit (see Figure 1-2), but not antibodies directed 
to other intracellular domains, were found to prevent fast sodium 
channel inactivation.46,47 Moreover, the accessibility of this site 
for antibody binding was reduced when the membrane was depo-
larized to induce inactivation, suggesting that the loop 

been detected directly by reaction of substituted cysteine residues 
in S4 segments with extracellular sulfhydryl reagents following 
channel activation and by analysis of the movement of fluorescent 
probes incorporated into these substituted cysteine residues.40,41 
Other support for this mechanism derives from a wide range of 
structure and function studies.42

In the structure of the bacterial sodium channel NavAb, the 
S4 segment is in a transmembrane position in its activated state 
and its positive charges are thought to be neutralized by negative 
charges in the nearby S1 and S2 segments (Figure 1-5, A).21 At 
the resting membrane potential, the force of the electric field, 
which is negative inside the cell, would pull the positive charges 
inward. Depolarization would abolish this force and allow an 
outward movement of the S4 helix and its gating charges, cata-
lyzed by exchange of ion pair partners (see Figure 1-5, B; Movie 
1-1). After conformational changes have occurred in all four 
domains, the transmembrane pore can open and conduct ions 
(see Movie 1-1). This structural model shows that the S4 segment 
and its gating charges move through a narrow gating pore that 
focuses the transmembrane electric field to a distance of approxi-
mately 5 Å normal to the membrane and allows the gating 
charges to move from an intracellular aqueous vestibule to an 
extracellular aqueous vestibule with a short transit through the 
channel protein (see Video 1-1).

Pore Opening

From these structural models, one can visualize the steps in the 
gating of a voltage-gated ion channel. In the closed state, the 
negative internal membrane potential of −70 to −90 mV pulls the 
S4 gating charges inward by electrostatic force. The inward posi-
tion of the S4 segment exerts a force on the S4-S5 linker, twists 
and straightens the S6 segment, and closes the pore at its inner 
mouth. When the cell is depolarized, the electrostatic force 
pulling the S4 segment inward is relieved. In response to the 

Figure 1-5.  The voltage-sensing domain (VSD). A, Side view of the VSD illustrating the extracellular negative charge-cluster (red; ENC), the intracellular negative charge-
cluster (red; INC), hydrophobic constriction site (green; HCS), residues of the S1N helix (cyan), and phenylalanine of the S2-S3 loop (purple). S4 segment and gating charges 
(R1-R4) are in yellow. B, Transmembrane view of the lowest-energy Rosetta models of the VSD of NaChBac in Resting State 1 (left) and Activated State 3 (right). Side chains 
of the gating-charge-carrying arginines in S4 and key residues in S1, S2, and S3 segments are shown in stick representation and labeled. Gray, blue, and red atoms are C, 
N,  and  O,  respectively. The  HCS  is  highlighted  by  orange bars. The  lowest-energy  models  of  Resting  State  1  predict  that  R1  forms  hydrogen  bonds  with  the  backbone 
carbonyl of I96 (in S3) at the extracellular edge of the HCS. On the intracellular side of the HCS, R3 makes ionic interactions with the amino acid residues of the intracellular 
negatively charged cluster, including E70 (in S2) and D93 (in S3), and R4 forms an ion pair with D93 (in S3). The lowest-energy models for Activated State 3 predict that R1 
forms an ion pair with E43 (in S1), R2 forms an ion pair with E43 (in S1), R3 forms hydrogen bond with Y156 (in S5) and makes ionic interactions with D60 (in S2) and E43 
(in S1), and R4 forms an ion pair with D60 (in S2). See Videos 1-1 and 1-2. 

(Adapted from Payandeh J, Scheuer T, Zheng N, et al: The crystal structure of a voltage-gated sodium channel. Nature 475:353–358, 2011; and yarov-yarovoy V, DeCaen PG, 
Westenbroek RE, et al: Structural basis for gating charge movement in the voltage sensor of a sodium channel. Proc Natl Acad Sci U S A 109:E93–102, 2012.)
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peptide and analysis by multidimensional NMR methods.53 
These experiments reveal a rigid α-helix flanked on its N-
terminal side by two turns, the second of which contains the IFM 
motif (see Figure 1-6, B). The fold of the inactivation gate peptide 
projects F1489 into the solvent away from the core of the peptide, 
an unusual position for a hydrophobic residue in a short peptide. 
In this position, F1489 is poised to serve as a tethered ligand that 
occludes the pore. The nearby threonine (T1491), which is an 
important residue for inactivation,50 also is in position to interact 
with the inactivation gate receptor in the pore. In contrast, the 
methionine of the IFM motif (M1490) is buried in the core of 
the peptide, interacting with two tyrosine residues in the alpha 
helix. This hydrophobic interaction stabilizes the fold of the 
peptide and forces F1489 into its exposed position. The structure 
of the inactivation gate peptide in solution suggests that the rigid 
α-helix serves as a scaffold to present the IFM motif and T1491 
to a receptor in the mouth of the pore as the gate closes.

Scanning mutagenesis experiments have revealed multiple 
amino acid residues that can form the inactivation gate receptor 
within and near the intracellular mouth of the pore (see Figure 
1-1, B, blue circles), including hydrophobic residues at the intracel-
lular end of transmembrane segment IVS654 and amino acid resi-
dues in intracellular loops IIIS4-S555 and IVS4-S5.56-59 Mutations 
of residues in each of these positions impair inactivation by desta-
bilizing the inactivated state, as expected for disruption of the 
inactivation gate receptor. In addition, mutations in intracellular 
loop IVS4-S5 impair closed channel block by IFM-containing 
peptides, consistent with function as the inactivation gate recep-
tor,57 and paired insertions of charged residues in the IIIS4-S5 
loop and in the IFM motif indicate that these peptide segments 
interact during inactivation.55 Evidently, multiple peptide seg-
ments form a complex inactivation gate receptor into which the 
inactivation gate closes to occlude the inner pore.

Coupling of Activation to Fast Inactivation

Sodium channel inactivation derives most or all of its voltage 
dependence from coupling to the activation process driven by 
transmembrane movements of the S4 voltage sensors.25 Increas-
ingly strong evidence implicates the S4 segment in domain IV in 
this process. Mutations of charged amino acid residues at the 
extracellular end of the IVS4 segment have strong and selective 
effects on inactivation.60 α-Scorpion toxins and sea anemone 
toxins uncouple activation from inactivation by binding to a 
receptor site at the extracellular end of the IVS4 segment and 
preventing its normal gating movement,61,62 evidently trapping it 
in a position that is permissive for activation but not for fast 
inactivation. The IIIS4 and IVS4 segments, detected by cova-
lently incorporated fluorescent probes, are specifically immobi-
lized in the outward position by fast inactivation, arguing that 
their movement is coupled to the inactivation process.63 Together, 
these results provide strong evidence that outward movement of 
the S4 segment in domain IV is the signal to initiate fast inactiva-
tion of the sodium channel by closure of the intracellular inacti-
vation gate. The molecular mechanism for coupling of this 
movement of IVS4 to inactivation gate closure is an interesting 
subject for further investigation.

Slow Inactivation

In addition to the fast inactivation process discovered by Hodgkin 
and Huxley in their classic work, a separate slow inactivation 
process operating on the time scale of 100 ms to seconds also 
terminates the Na+ influx through Na+ channels. This process is 
engaged during repetitive generation of action potentials in nerve 
and muscle cells and limits the length of trains of repetitive action 

connecting domains III and IV forms an inactivation gate that 
folds into the channel structure during inactivation.46,47 Cutting 
the loop between domains III and IV by expression of the sodium 
channel in two pieces greatly slows inactivation.39 Mutagenesis 
studies of this region revealed a hydrophobic triad of isoleucine, 
phenylalanine, and methionine (IFM) that is critical for fast inac-
tivation (see Figure 1-2, B, blue circle with h),48 and peptides 
containing this motif can serve as pore blockers and can restore 
inactivation to sodium channels having a mutated inactivation 
gate.49 The latch of this fast inactivation gate is formed by three 
key hydrophobic residues, IFM, and an adjacent threonine (T). 
These results support a model in which the IFM motif serves as 
a tethered pore blocker that binds to a receptor in the intracel-
lular mouth of the pore. Inactivation is impaired in proportion 
to the hydrophilicity of amino acid substitutions for the key 
phenylalanine residue (F1489), suggesting that it forms a hydro-
phobic interaction with an inactivation gate receptor during inac-
tivation.50 Voltage-dependent movement of the inactivation gate 
has been detected by measuring the accessibility of a cysteine 
residue substituted for F1489.51 This substituted cysteine residue 
becomes inaccessible to reaction with sulfhydryl reagents as the 
inactivation gate closes. Glycine and proline residues that flank 
the IFM motif may serve as molecular hinges to allow closure of 
the inactivation gate like a hinged lid (see Figure 1-6, A).52

The three-dimensional structure of the central portion of the 
inactivation gate has been determined by expression as a separate 

Figure 1-6.  The molecular mechanism of fast sodium channel inactivation. A, The 
hinged-lid mechanism. The intracellular loop connecting domains III and IV of the 
sodium channel is depicted as forming a hinged lid with the critical phenylalanine 
(Phe1489) within the IFM motif shown occluding the mouth of the pore during the 
inactivation  process.  The  circles  represent  the  transmembrane  helices.  B,  Three-
dimensional  structure  of  the  central  segment  of  the  inactivation  gate  as  deter-
mined  by  multidimensional  NMR.  Isoleucine  1488,  phenylalanine  1489,  and 
methionine 1490 (IFM) are illustrated in yellow. Threonine 1491, which is important 
for inactivation, and serine 1506, which is a site of phosphorylation and modulation 
by protein kinase C, are also indicated. 

(Adapted from Catterall WA: From ionic currents to molecular mechanisms: the struc-
ture and function of voltage-gated sodium channels. Neuron 26:13–25, 2000.)
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potentials. Bacterial Na+ channels whose structure has been 
determined have a slow inactivation process, although their 
homotetrameric structure means that they do not have a struc-
tural component analogous to the intracellular loop connecting 
domains III and IV of vertebrate channels, which mediates fast 
inactivation. The structure of the slow-inactivated bacterial Na+ 
channel64 reveals that the pore has partially collapsed by move-
ment of two opposing S6 segments toward the central axis of the 

pore and corresponding movement of the two adjacent pairs of 
S6 segments away from the axis (Figure 1-7). This movement is 
observed at the selectivity filter at the extracellular end of the 
pore, in the central cavity, and at the activation gate at the intra-
cellular end of the pore (see Figure 1-7). This asymmetric col-
lapse of the pore is accompanied by subtle rotation of the 
voltage-sensing domain around the cylindrical exterior surface of 
the pore domain (see Figure 1-7). It is likely that the pore collapse 

Figure 1-7.  Structural basis for slow inactivation. A, Structure of the functional elements of the pore in the pre-open state. Top, Selectivity filter; middle, central cavity with 
amino acid residues of the drug-binding site shown in color; bottom, activation gate. B, Structure of the functional elements of the pore in the slow-inactivated state shown 
as in A. 

(Adapted from Payandeh J, Gamal El-Din TM, Scheuer T, et al: Crystal structure of a voltage-gated sodium channel in two potentially inactivated states. Nature 486:135–139, 2012.)
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The amino acid residues that form the receptor sites for Na+ 
channel blockers line the inner surface of the S6 segments and 
create a three-dimensional drug receptor site whose occupancy 
would block the pore (see Figure 1-8, B). Remarkably, fenestra-
tions lead from the lipid phase of the membrane sideways into 
the drug receptor site, providing a hydrophobic access pathway 
for drug binding (see Figure 1-8, B). This form of drug binding 
from the membrane phase was predicted in early studies of the 
mechanism of block of Na+ channels by different local anesthet-
ics.26 Access to the drug binding site in NavAb channels from the 
membrane phospholipid bilayer is limited by the side chain of a 
single amino acid residue (see Figure 1-8, B ), which could control 
drug access and egress from the drug receptor site and possibly 
entry and egress of physiologic lipid modulators.

In addition to these important pharmaceutical agents, sodium 
channels are the molecular targets for a large number of neuro-
toxins that paralyze prey by preventing neuromuscular func-
tion.77,78 These toxins act at five or more distinct receptor sites 
and either block the pore of the channel or alter the kinetics or 
voltage dependence of gating. The pore blockers tetrodotoxin 
and saxitoxin bind to neurotoxin receptor site 1, which is formed 
by the P loops in the four domains (see Figure 1-2).

Sodium Channel Genes

Sodium channels are the founding members of ion channel 
superfamily that includes voltage-gated calcium channels, TRP 
channels, voltage-gated, inward rectifying, and two-pore-domain 
potassium channels, and cyclic nucleotide-regulated CNG and 
HCN channels.79 In evolution, the four-domain sodium channel 
was last among the voltage-gated ion channels to appear, and it 
is only found in multicellular organisms. It is thought that sodium 
channels evolved by two rounds of gene duplication from ances-
tral single-domain bacterial sodium channels. Voltage-gated 
sodium channel genes are present in a variety of metazoan species, 
including the fly, leech, squid, and jellyfish. The biophysical 
properties, pharmacology, gene organization, and even intron-
splice sites of these invertebrate sodium channels are largely 
similar to the mammalian sodium channels.

Ten related sodium channel genes are found in vertebrates, 
and nine encode voltage-gated sodium channels (Figure 1-9).79,80 
More than 20 exons comprise each of the sodium channel 
α-subunit genes in mammals. Genes encoding sodium channels 
Nav1 1, Nav1 2, Nav1 3, and Nav1 7 are localized on chromosome 
2 in humans, and these channels share similarities in sequence, 

is important for stabilization of the sodium channel in the inac-
tivated state, which requires strong, long-duration hyperpolariza-
tion for recovery to the resting state.

Inner Pore and Receptor Site for Local Anesthetic 
and Antiarrhythmic Drugs

Sodium channels are the molecular targets for drugs used in 
control of cardiac arrhythmias, local anesthesia, prevention of 
acute pain, and treatment of epilepsy and bipolar disorder. 
Sodium channel–blocking drugs are also in development for 
treatment of chronic pain. Sodium channel blocking drugs bind 
to a specific receptor site within the pore of sodium channels, 
formed by the S6 segments in domains I, III, and IV21,65-68 (Figure 
1-8). Their binding blocks ion movement through the pore and 
stabilizes the inactivated state of sodium channels. Antiarrhyth-
mic drugs and antiepileptic drugs share similar, overlapping 
receptor sites. Complete block of sodium channels would be 
lethal; however, these drugs selectively block sodium channels in 
depolarized or rapidly firing cells, such as axons carrying high-
intensity pain information and rapidly firing nerve and cardiac 
muscle cells that drive epileptic seizures or cardiac arrhythmias.69-71 
This selective block arises because the drugs can reach their 
binding site in the pore of the sodium channel more rapidly when 
the pore is repetitively opened, and they bind with high affinity 
to inactivated sodium channels that are generated in rapidly firing 
or depolarized cells. The conformational change observed in the 
central cavity during slow inactivation may be responsible for the 
increased affinity for drug block of the inactivated state (see 
Figure 1-7). The use-dependent action of the sodium channel–
blocking drugs is essential for their therapeutic efficacy.

High-affinity binding of local anesthetics to the inactivated 
state of sodium channels requires two critical amino acid residues, 
phe1764 and tyr1771 in brain type IIA channels, which are 
located on the same side of the IVS6 transmembrane segment 
two α-helical turns apart (see Figure 1-8, A; phe1764 and tyr1771 
in blue, etidocaine in red).65-68 It is likely that the tertiary amino 
group of local anesthetics interacts with phe1764, which is located 
more deeply in the pore, and that the aromatic moiety of the local 
anesthetics interacts with tyr1771, which is located nearer to the 
intracellular end of the pore (see Figure 1-8, blue residues). Sub-
sequent work has shown that sodium channel–blocking drugs of 
diverse structure that are used as antiarrhythmic drugs and as 
anticonvulsants also interact with the same site as local anesthet-
ics, but also create additional interactions with other nearby 
amino acid residues.72-76

Figure 1-8.  Drug binding in the central cavity. A, Three-dimensional model of proposed orientation of amino acid residues within the Na+ channel pore with respect to 
the local anesthetic etidocaine. Only transmembrane segments IS6 (red), IIIS6 (green), and IVS6 (blue) are shown. Residues important for etidocaine binding are shown in 
space-filling representation. B, Side-view through the pore module illustrating fenestrations (portals) and hydrophobic access to central cavity. Phe203 side-chains, yellow 
sticks. Surface representations of NavAb residues aligning with those implicated in drug binding and block. Blue, Thr206; green, Met209; orange, Val213; gray lines, membrane 
boundaries. Electron-density from an Fo-Fc omit map is contoured at 2.0 σ. C, Top-view sectioned below the selectivity filter, colored as in B. 

(Adapted from Payandeh J, Scheuer T, Zheng N, et al: The crystal structure of a voltage-gated sodium channel. Nature 475:353–358, 2011.)
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vs. β2 and β4) may be able to substitute for each other in interac-
tion with sodium channel α-subunits.

Although NaV1.5 channels are primarily expressed in the heart 
and are often termed the cardiac sodium channel,81 several of the 
brain sodium channel subtypes are also expressed at lower levels 
in the heart, where they are differentially localized in subcellular 
compartments in a cell-specific and species-specific manner. In 
human atrial myocytes, NaV1.5 channels are localized in a striated 
pattern on the cell surface at the z-lines in each sarcomere. In 
contrast, NaV1.2 channels are localized primarily at the interca-
lated discs, but at a lower concentration, and NaV1.1 channels are 
localized at low density in a scattered punctate pattern over the 
cell surface. Because all the “brain” and “skeletal muscle” sodium 
channel subtypes are inhibited by nanomolar concentrations of 
TTX and NaV1.5 channels require micromolar concentrations of 
TTX for inhibition, the contribution of the TTX-sensitive 
sodium channels to cardiac contractility can be tested in careful 
does-response experiments. Such experiments indicate that 12% 
to 27% of sodium current is conducted by the TTX-sensitive 
sodium channels, and block of these channels reduces the ampli-
tude and velocity of contraction of atrial muscle strips approxi-
mately 15%.85 The differential localization of these subtypes 
suggests specific functions for the NaV1.2 channels in the initia-
tion of the action potential at intercalated discs and the NaV1.5 
channels in depolarizing the atrial membrane near the voltage-
gated calcium channels at the z-lines in order to efficiently initi-
ate excitation-contraction coupling.

In human ventricular myocytes, a similar pattern of localiza-
tion of sodium channels is observed, with NaV1.2 channels pri-
marily localized at the intercalated discs and the predominant 
NaV1.5 channels localized in a striated pattern at the z-lines. In 
contrast to atrial myocytes, which have no T-tubules, the NaV1.5 
channels are localized at the cell surface and extend into the 
T-tubules in ventricular myocytes. It is likely that these two 
channel types have similar functions as in atrial myocytes—
NaV1.2 initiating the action potential at the intercalated disc and 
NaV1.5 conducting the action potential along the myocyte surface 
and into the T-tubule to reach the calcium channels and activate 
excitation-contraction coupling.

In contrast to this distribution of sodium channel subtypes in 
human cardiac myocytes, the distribution of sodium channels in 
mouse ventricular myocytes is rather different.86-88 In the mouse 
heart, NaV1.5 channels are localized in high density in the inter-
calated discs, whereas NaV1.1 channels are localized in lower 
density at the z-lines.86 The high concentration of sodium chan-
nels at the ends of mouse ventricular myocytes suggests that they 
conduct action potentials in a salutatory manner, like a myelin-
ated nerve; that is, the large sodium current entering at the 
intercalated disc instantaneously depolarizes the entire myocyte 
and directly activates the high density of sodium channels at the 
intercalated discs at the other end of the cell, rather than being 
conducted progressively across the cell. The instantaneous depo-
larization of the entire cell surface would then initiate action 
potentials in the T-tubules conducted by the TTX-sensitive 
sodium channels there. This altered mode of initiation and con-
duction of the cardiac action potential could be a specialization 
that supports the rapid beating rate of the mouse heart (600 bpm) 
without loss of synchrony and force of contraction.

biophysical characteristics, block by nanomolar concentrations of 
tetrodotoxin, and broad expression in neurons. A second cluster 
of genes encoding Nav1 5, Nav1 8, and Nav1 9 channels is local-
ized to human chromosome 3p21-24. Although they are more 
than 75% identical in sequence to the group of channels on 
chromosome 2, these sodium channels all contain amino acids 
substitutions that confer varying degrees of resistance to the pore 
blocker tetrodotoxin. In Nav1 5, the principal cardiac isoform,81 
a single amino acid change from phenylalanine to cysteine in the 
pore region of domain I, is responsible for a 200-fold reduction 
in tetrodotoxin (TTX) sensitivity compared with those channels 
on chromosome 2.82 At the identical position in Nav1 8 and Nav1 
9, the amino acid residue is serine, and this change results in even 
greater resistance to TTX.83 These two channels are primarily 
expressed in peripheral sensory neurons. Compared with the 
sodium channels on chromosomes 2 and 3, Nav1 4 (which is 
expressed in skeletal muscle) and Nav1 6 (which is highly abun-
dant in the central nervous system) have greater than 85% 
sequence identity and similar functional properties, including 
TTX-sensitivity in the nanomolar concentration range. A tenth 
sodium channel, Nax, whose gene is located near the sodium 
channels of chromosome 2, is evolutionarily more distant.80 Key 
differences in functionally important regions of voltage sensor 
and inactivation gate and lack of functional expression of voltage-
gated sodium currents in heterologous cells suggest that Nax 
might not function as a voltage-dependent sodium channel. Con-
sistent with this conclusion, targeted deletion of the Nax gene in 
mice causes functional deficits in sensing plasma salt levels.84

The NaVβ subunits are encoded by four distinct genes in 
mammals.7-10 The gene encoding β1 maps to chromosome 19q13, 
whereas β2 and β4 are located on chromosome 11q22-23 and β3 
is located nearby on chromosome 11q24. The β1 and β3 subunits 
associate noncovalently with the α-subunits, whereas β2 and β4 
are covalently linked by a disulfide bond. These distinct modes 
of association and the corresponding similarities in amino acid 
sequence suggest that the similar pairs of β-subunits (β1 and β3 

Figure 1-9.  Amino  acid  sequence  similarity  of  voltage-gated  sodium  channel 
α-subunits.  Amino  acid  sequence  similarity  of  voltage-gated  sodium  channel 
α-subunits. A comparison of amino acid identity for rat sodium channels Nav1.1 to 
Nav1.9. The  comparison  was  performed  with  Megalign  in  the  program  DNAStar 
(using the Clustal method)  for  the  four domains and the cytoplasmic  linker con-
necting domains III and IV. 

(Adapted from Catterall WA: From ionic currents to molecular mechanisms: the struc-
ture and function of voltage-gated sodium channels. Neuron 26:13–25, 2010.)
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of CaV1.3 have also been described.8,9 These variants result in the 
expression of long and short forms of CaV1.3, which are charac-
terized by differences in biophysical properties such as the activa-
tion midpoint; however, not all of the short forms of CaV1.3 are 
expressed in the heart.8

Ca2+ channel β-subunits (CaVβ1 through CaVβ4) are encoded by 
four genes (CACNB1-4) and, like the α1-subunits, can be alterna-
tively spliced to generate a number of isoforms.10,11 Crystal struc-
tures of LTCC β-subunits demonstrate that these subunits 
contain conserved Src homology 3 (SH3) and guanylate kinase 
domains, as seen in scaffolding proteins in the membrane- 
associated guanylate kinase (MAGUK) family.12,13 CaVβ-subunits 
are intracellular proteins (see Figure 2-1) that bind to a single site, 
called the α interaction domain (AID), on the loop connecting 
domains I and II on the α1-subunit of the LTCC. CaVβ acts as a 
chaperone protein that facilitates the trafficking of LTCCs to the 
plasma membrane and also modulates the biophysical properties 
of these channels. Specifically, coexpression of CaVβ2 with CaV1.2 
increases ICa,L amplitude, accelerates activation and inactivation 
kinetics, and shifts the steady inactivation curve to more negative 
membrane potentials. CaVβ also profoundly enhances the affinity 
of dihydropyridines (blockers of LTCCs) for the α1-subunit by 
decreasing their dissociation from the channel.14

Four genes (CACNA2D1-4), which can be alternatively 
spliced, encode the α2-δ-subunit of the LTCC.15,16 The α2-δ1 and 
α2-δ3 isoforms are expressed in the heart. The protein is cleaved 
post-translationally and then is relinked via disulfide interactions. 
This subunit is primarily extracellular, with the δ-subunit portion 
anchored in the plasma membrane (see Figure 2-1). CaVα2-δ-
subunits facilitate the targeting of LTCCs to the plasma mem-
brane and increase ICa,L by shifting the voltage dependence of 
activation and inactivation to hyperpolarized membrane 
potentials.

Ca2+ channel γ-subunits are membrane-bound proteins 
encoded by eight genes (CACNG1-8) with several isoforms, 
including γ4, γ6, γ7, and γ8, which are present in cardiac muscle. 
These isoforms associate with CaV1.2 and alter activation and 
inactivation properties of the channel.17

Biophysical Properties of ICa,L

As their name suggests, LTCCs are highly selective for Ca2+ over 
monovalent cations. The channel pore is approximately 6 Å in 
diameter at its narrowest point,18 indicating that size is not the 
main factor in determining selectivity. Rather, a series of four 
glutamate residues (EEEE motif) is responsible for conferring 
ion selectivity through the ability of this motif to bind divalent 
cations (Ca2+ and Mg2+), which block the passage of monovalent 
cations.19,20 As additional divalent ions enter the channel, bound 
Ca2+ ions are displaced from the EEEE motif and are pushed 
through the pore, which generates ICa,L.

At the single-channel level, ICa,L conductance in ventricular 
myocytes (i.e., CaV1.2 dependent) has been reported to be 
approximately 5 pS in 2 mM Ca2+ and approximately 15 pS with 
Ba2+ as the charge carrier.21 Similarly, single-channel conductance 
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Calcium (Ca2+) permeable ion channels are involved in a number 
of fundamental processes in the heart, including automaticity in 
the sinoatrial (SAN) and atrioventricular (AVN) nodes, excitation-
contraction coupling in the working myocardium, and regulation 
of gene expression in hypertrophic signaling.1-4 Several ion chan-
nels in the plasma membrane of cardiac myocytes and cardiac 
fibroblasts are involved in transporting Ca2+ into the cytosol from 
the extracellular space (Table 2-1). Included among these are two 
forms of L-type Ca2+ channels (LTCC; CaV1.2 and CaV1.3), 
T-type Ca2+ channels, and several transient receptor potential 
(TRP) channels. These different Ca2+ permeable ion channels 
play distinct roles in different parts of the heart. For example, 
CaV1.2-mediated L-type Ca2+ current (ICa,L) is present in all car-
diomyocytes, whereas CaV1.3-mediated ICa,L is restricted to SAN, 
AVN, and working atrial myocardium. T-type Ca2+ currents 
(ICa,T) are mainly expressed in the SAN and AVN in normal 
conditions, but may be expressed in ventricular myocytes in 
cardiac hypertrophy. In most cases, TRP channels conduct non-
selective cation currents that include Ca2+ influx, which may be 
important in both cardiac myocytes and cardiac fibroblasts, the 
latter of which don’t typically express robust voltage-gated Ca2+ 
channels. The purpose of this chapter is to review the expression 
patterns, biophysical properties, and structure-function relation-
ships of Ca2+ permeable channels in the heart.

L-type Ca2+ Channels

Molecular Composition

LTCCs are multimeric proteins consisting of an α1-subunit that 
constitutes the pore of the channel and several accessory subunits 
denoted β, α2-δ, and γ2,5,6 (Figure 2-1). Currently, four α1-subunits 
for L-type Ca2+ channels are known, and two of these, CaV1.2 
(α1C encoded by the CACNA1C gene) and CaV1.3 (α1D encoded 
by the CACNA1D gene), are expressed in the heart3,5,7 (see Table 
2-1). These α1-subunits form the channel pore and contain the 
voltage sensor that controls channel gating, as well as drug 
binding sites and regulatory sites targeted by second messengers. 
Ca2+ channel α1-subunits have a similar structure to voltage-gated 
Na+ and K+ channels, whereby they are organized into four 
domains (I through IV), each containing six transmembrane seg-
ments (S1 through S6). The voltage sensor is located in the S4 
transmembrane segment of each domain, and the pore loops are 
located between S5 and S6. Alternative splice variants of CaV1.2 
have been documented and can impact regulation by second 
messengers and drug binding. Recently, alternative splice variants 
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Figure 2-1.  Ca2+ channel subunit structure. L-type Ca2+ channels consist of the pore-forming α1-subunit and a series of accessory subunits (β, γ, α2δ). Predicted α-helices 
are depicted as cylinders. The lengths of the lines correlate with the approximate length of the polypeptide segments. T-type Ca2+ channels consist of the pore-forming 
α1-subunit; however, whether accessory subunits associate with T-type Ca2+ channels in native cardiomyocytes is less clear. 

(From Catterall W: Voltage-gated calcium channels. Cold Spring Harb Perspect Biol 3:a003947, 2011.)
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Table 2-1. Nomenclature of the Voltage-Gated Ca2+ Channels Along With Chromosome Location and Biophysical and Pharmacological Properties

Channel Tissue Localization Pore Subunit Gene Name
Chromosome 
Location

Biophysical 
Property Pharmacological Blockers

CaV1.1 skeletal muscle α1S CACNA1S 1q31-32 L-type nifedipine, verapamil, diltiazem

CaV1.2 heart, brain, smooth muscle, 
adrenal gland

α1C CACNA1C 12p13 L-type nifedipine, verapamil, diltiazem

CaV1.3 brain, pancreas, kidney, cochlea, 
heart

α1D CACNA1D 3p14.3 L-type nifedipine, verapamil, diltiazem

CaV1.4 retina α1F CACNA1F Xp11.23 L-type nifedipine, verapamil, diltiazem

CaV2.1 brain, cochlea α1A CACNA1A 19p13.1 P/Q-type ω-agatoxin IVA

CaV2.2 brain α1B CACNA1B 9q34 N-type ω-conotoxin GVIA

CaV2.3 brain, heart, cochlea α1E CACNA1E 1q25-31 R-type ω-agatoxin IIA

CaV3.1 brain, heart α1G CACNA1G 17q22 T-type mibefradil, kurtoxin, Ni2+

CaV3.2 brain, heart, kidney, liver α1H CACNA1H 16p13.3 T-type mibefradil, kurtoxin, Ni2+

CaV3.3 brain α1I CACNA1I 22q13 T-type mibefradil, kurtoxin?, Ni2+

for CaV1.3 has been determined in heterologous expression 
systems and has been found to be approximately 15 pS with Ba2+ 
as the charge carrier.8

ICa,L is mediated by CaV1.2 and CaV1.3 in the heart, and these 
two channel isoforms are distinguished by their unique biophysi-
cal properties7,22 (Figure 2-2). CaV1.2-mediated ICa,L, which is 
expressed throughout the myocardium (atrium, ventricles, and 
conduction system), has a bell-shaped current-voltage (I-V) rela-
tionship in which the current activates at membrane potentials 
positive to −40 mV and peaks between 0 and +10 mV. The V1/2 
of channel activation (V1/2(act) ) is typically between −10 and 

−15 mV. In contrast, recombinant CaV1.3–dependent ICa,L acti-
vates at more negative membrane potentials (i.e., the V1/2(act) is 
hyperpolarized) and displays slower inactivation kinetics.8,23,24 
CaV1.3 is also less sensitive to dihydropyridines than is CaV1.2.

CaV1.2 is the primary determinant of ICa,L in the ventricular 
myocardium, where it plays a prominent role in excitation-
contraction coupling and the Ca2+ induced–Ca2+ release process.1 
Approximately 75% of these LTCCs are located in dyads, in close 
proximity to the ryanodine receptors located in the junctional 
sarcoplasmic reticulum, within the t-tubular system (see Figure 
2-4). Consistent with the critical role of CaV1.2 in the ventricles, 
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Ca2+-dependent inactivation of ICa,L is a calmodulin (CaM) 
dependent process.35,36 CaM is bound to the C-terminus of the 
channel via the IQ domain, and when local Ca2+ is elevated, an 
increase in Ca2+ binding to CaM occurs. This enhances the inter-
action of CaM with the IQ domain, thereby causing inactivation 
of the channel. Ca2+-dependent inactivation may serve as a pro-
tective negative feedback mechanism to prevent Ca2+ overload in 
cardiomyocytes.

Steady state inactivation (i.e., channel availability), like 
voltage-dependent activation, follows a sigmoidal relationship, 
with a V1/2(inact) of ≈−35 mV for CaV1.2-dependent ICa,L and 
−45 mV for CaV1.3-dependent ICa,L.22 The activation and inacti-
vation curves for ICa,L can overlap, resulting in a “window current,” 
which has been postulated to play a role in the generation of 
arrhythmogenic early afterdepolarizations (EADs; see Figure 
2-3, B).37,38

LTCCs are also known to undergo a process called facilitation, 
whereby a progressive increase in ICa,L amplitude and the time 
constant of inactivation can occur during increases in pacing 
frequency.34,39 The facilitation process occurs as the result of a 
reduction in Ca2+-dependent inactivation and is mediated by 
calmodulin-dependent kinase II (CaMKII) phosphorylation.40

Organization and Localization of LTCCs

It is now appreciated that LTCC can be organized into distinct 
subcellular compartments through the actions of scaffolding pro-
teins, including A-kinase anchoring proteins (AKAPs),41,42 within 
cardiomyocytes43 (Figure 2-4). Examples of subpopulations of 
LTCCs include those found in dyads within the T-tubules and 
those in separate plasma membrane domains such as caveolae and 
lipid rafts.2 This pattern of organization is critical for the precise 
spatio-temporal modulation and regulation of LTCCs in differ-
ent physiological functions such as excitation-contraction cou-
pling, transcriptional regulation, and responses to β-adrenergic 
(β-AR) receptor activation.

Within dyads, LTCCs from a complex with β-ARs, adenylyl 
cyclase (AC), protein kinase A (PKA), and AKAPs.2,44,45 These 
proteins area also in close apposition to a complex of proteins 
associated with the SR, including ryanodine receptors, PKA, 
protein phosphatase 2A (PP2A), phosphodiesterases, and AKAPs 
(AKAP5 and AKAP15).41,42 It is the AKAPs that are thought to 
be responsible for the organization of these signaling complexes. 
Within caveolae, LTCCs associate with β2-ARs, AC, PKA, PP2A, 
and caveolin 3, all of which enable LTCCs in caveolae to be 
locally stimulated by β2-AR activation.46

CaV1.2 knockout mice die before birth in association with cardiac 
failure.25 CaV1.2 is also expressed in the SAN, AVN, and atrial 
myocardium, along with CaV1.3.22,26 As a result, total ICa,L in these 
supraventricular tissues is dependent on both α1C and α1D pore-
forming subunits and demonstrates biophysical characteristics 
that are different from those of the ventricles. The generation of 
CaV1.3 knockout mice has been important in determining the 
biophysical properties of these channels and in distinguishing 
them from CaV1.2-mediated ICa,L (and ICa,T).23,27 Specifically, these 
CaV1.3 knockouts have been used to show that ICa,L in SAN and 
atrial myocytes activates between −60 and −50 mV in association 
with a left shift in the V1/2(act) and peaks at membrane potentials 
around −10 mV. The steady state ICa,L inactivation curve is also 
shifted to the left when CaV1.3 contributes to total ICa,L. Together, 
available data show that CaV1.3-dependent ICa,L has intermediate 
biophysical properties compared with CaV1.2-dependent ICa,L 
and ICa,T.

The unique biophysical properties of CaV1.3 enable ICa,L to 
play a prominent role in pacemaker activity in the SAN and in 
the electrical conduction in the atrial myocardium. In the SAN, 
CaV1.3-mediated ICa,L contributes to the diastolic depolarization 
phase of the action potential and thus is a major determinant of 
heart rate in vivo. CaV1.2, on the other hand, contributes more 
prominently to the action potential upstroke in SAN myocytes. 
Consistent with this, CaV1.3 knockout mice display sinus brady-
cardia in association with a reduced diastolic depolarization 
slope.26-28 CaV1.3 knockout mice also show increased susceptibil-
ity to atrial fibrillation,24,29 a very common cardiac arrhythmia, 
confirming that these Ca2+ channels play an important role in 
atrial conduction.

ICa,L Inactivation

ICa,L undergoes decay during sustained depolarization, which is 
termed inactivation (Figure 2-3, A). This inactivation process is 
time, voltage, and calcium dependent.30-32 Voltage-dependent 
activation is relatively slow, as is indicated by the degree of inac-
tivation with Ba2+ as the charge carrier, or when monovalent 
cations permeate LTCCs in the absence of divalent cations.33 In 
the presence of extracellular Ca2+, inactivation is much faster, and 
this Ca2+-dependent inactivation is further accelerated in the 
presence of functional SR Ca2+ release (i.e., during normal 
excitation-contraction coupling).34 This indicates that both the 
Ca2+ entering the myocytes through the LTCC and the Ca2+ 
released from the SR during the Ca2+ transient contribute to 
LTCC inactivation.

Figure 2-2.  Voltage dependence of activation and steady state inactivation of ICa,T, CaV1.3-mediated ICa,L, and CaV1.2-mediated ICa,L from mouse SAN. A, Current-voltage (I-V) 
relationships illustrating that ICa,T activates most negatively, and CaV1.2-mediated ICa,L activates most positively. CaV1.3-mediated ICa,L has intermediate activation properties. 
B, Steady state inactivation curves for ICa,T, CaV1.3-mediated ICa,L, and CaV1.2-mediated ICa,L. Dashed lines indicate the voltage at which 50% of channels are inactivated (V1/2(inact) ) 
for each Ca2+ channel. Dotted lines indicate points of complete current inactivation and full channel availability. 

(From Mangoni MM, Couette B, Marger L, et al: Voltage-dependent calcium channels and cardiac pacemaker activity: from ionic currents to genes. Prog Biophys Mol Biol 90:38, 
2006.)
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LTCC also demonstrate a property called coupled gating, which 
occurs when LTCCs are grouped together into clusters in the 
plasma membrane, resulting in localized regions with signifi-
cantly elevated intracellular Ca2+ concentrations. Coupled gating 
is enhanced by the scaffolding protein AKAP5 and by protein 
kinase C (PKC), which form the signaling complex with the 
clusters of LTCCs.43,47

T-type Ca2+ Channels

Molecular Composition and Biophysical Properties

Although L-type Ca2+ channels get the lion’s share of the atten-
tion in both cardiac and vascular electrophysiology, low voltage-
activated T-type Ca2+ channels also play important roles in 
normal and diseased hearts. Three T-type Ca2+ channels exist in 
mammals: Cav3.1 (α1G), Cav3.2 (α1H), and Cav3.3 (α1I), with 
Cav3.1 and Cav3.2 channels being the major channels in heart48,49 
(see Table 2-1). Although L-type Ca2+ channels are complex 
oligomeric proteins that are heavily regulated by many distinct 
signal transduction mechanisms, much less is known about the 
auxiliary subunit structure for T-type Ca2+ channels.50 The elec-
trophysiological properties of T-type α1-subunits expressed 
alone are very similar to those observed in native channels, sug-
gesting that T-type Ca2+ channels do not require auxiliary sub-
units, as do L-type Ca2+ channels, for proper function. Consistent 
with this, antisense depletion of CaVβ-subunits has no effect on 
ICa,T (in neurons),51,52 and coexpression of cloned CaVβ-subunits 
has no major effect on ICa,T in heterologous expression systems.53 
CaVγ-subunits have been found to have little or no effect on 
CaV3.3 currents54; however, they have been found to accelerate 
inactivation and negatively shift steady state inactivation of the 
CaV3.1 current.55 Coexpression of α2δ-subunits with α1G doubled 
the size of ICa,T, possibly through increased expression of α1-α2δ 
complexes at the plasma membrane.53,56 T-type Ca2+ channels 
have been shown to interact with, and be modulated by, other 

Figure 2-3.  A, Ca2+ channel inactivation with Ca2+, Ba2+, or monovalent cations (ns) as the charge carrier. Currents were measured at 0 mV except for Ins at −30 mV to obtain 
comparable activation, and peak currents were normalized. ICa with SR Ca2+ release (i.e., Ca2+ transients occur) was recorded using the perforated patch-clamp technique 
and 2 mM external Ca2+.  ICa with no SR Ca2+  release  (i.e., no Ca2+  transients occur) was recorded  in the whole-cell configuration with 10 mM EGTA  in the pipette.  IBa was 
recorded in the whole-cell configuration with 2 mM external Ba2+ and 10 mM EGTA in the pipette. Ins was measured in divalent cation-free conditions. The t1/2 of current 
decline progressively increases from top to bottom, illustrating that ICa inactivation is both Ca2+ and voltage dependent. B, Overlap of steady state activation and inactivation 
curves for ICa,L illustrates the presence of a window current (dashed lines), which may contribute to the generation of early afterdepolarizations (EADs). ICa,T can also produce 
window currents at more negative membrane potentials (between −80 and −40 mV). 

(A, From Bers DM, Perez-Reyes E: Ca channels in cardiac myocytes: structure and function in Ca influx and intracellular Ca release. Cardiovasc Res 42:339-360, 1999. B, From 
Benitah JP, Alvarez JL, Gomez AM: L-type Ca2+ current in ventricular cardiomyocytes. J Mol Cell Cardiol 48:26-36, 2010.)
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See text for details. 

(From Best JM, Kamp TJ: Different subcellular populations of L-type Ca2+ channels 
exhibit unique regulation and functional roles in cardiomyocytes. J Mol Cell Cardiol 
52:376-387, 2012.)
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2 
progenitors. In this regard, T-type Ca2+ channels, along with 
hyperpolarization activated cyclic nucleotide gated (HCN) chan-
nels, are expressed at high levels in embryonic stem cells and 
undergo a subtype switch during maturation from Cav3.2 to 
Cav3.1 α-subunits as they differentiate into cardiac myocytes.86 
Control of the developmental and regional expression patterns 
of T-type Ca2+ channels is poorly understood. Tbx3 is reported 
to be important in SAN development, along with expression of 
Cav3.1 channels and other channel genes associated with SAN.87,88

T-type Ca2+ Channels in Pacemaking, Cardiac 
Conduction, and Heart Disease

Unlike L-type Ca2+ channels, the functional effects of T-type Ca2+ 
channel activity have been more challenging to demonstrate. 
Pharmacologic and genetic studies support the conclusion that 
T-type Ca2+ channels contribute to pacemaker activity by provid-
ing inward current during the diastolic depolarization,22,62,89 
although these effects are relatively modest compared with the 
contributions of other depolarizing currents in SAN myocytes.70,78 
ICa,T also contributes to spontaneous firing and conductance prop-
erties of the AVN.22,80,90 Mice with Cav3.1 ablation have reduced 
heart rates and slowed AVN conduction,79 while Cav3.2-deficient 
mice are indistinguishable from wild type mice.91 These observa-
tions are consistent with the prevalence of Cav3.1 channels, com-
pared with Cav3.2 channels, in the SAN of adult mice, as has been 
mentioned. A major complication of dissecting the role of T-type 
Ca2+ channels in pacemaker function is the presence of Cav1.3-
dependent L-type Ca2+ channels,23 along with Cav1.2 channels, in 
SAN and AVN. Cav1.3 channels activate at voltages that partially 
overlap with T-type Ca2+ channels, and no pharmacologic agent 
is sufficiently selective to unequivocally dissect the functional 
contributions of these channels. Moreover, it is conceivable that 
T-type channels are expressed in distinct regions of the SAN and 
AVN from Cav1.3 channels, thereby complicating further our 
understanding of the relative contributions of T-channels to pace-
maker activity. A recent report in mice established that Cav1.3 and 
Cav3.1 contribute synergistically to pacemaker activity in the 
SAN and conduction in the AVN under baseline conditions and 
in response to β-adrenergic receptor stimulation.80 These results 
also confirmed that Cav1.3-mediated ICa,L plays a relatively greater 
role in pacemaker activity and AVN conduction than Cav3.1-
mediated ICa,T. Given that depolarizing current from Na+/Ca2+ 
exchanger secondary to Ca2+ release from the sarcoplasmic reticu-
lum contributes to diastolic depolarization92,93 (later called the 
Ca2+ clock94), it remains to be determined to what extent the 
action of the T-type Ca2+ channel currents on pacemaker activity 
relies on the activation of RYR2 channels in the SR membrane. In 
this regard, conditional overexpression of Cav3.1 using the 
α-MHC promoter suggests that T-type Ca2+ channels are 
expressed on the surface sarcolemma in regions distinct from the 
L-type Ca2+ channels and remote from RYR2 channels.95

Many studies have concluded, based on pharmacologic inter-
ventions, that re-expression of ICa,T plays a deleterious role in 
cardiac remodeling and arrhythmogenesis seen in diseased 
hearts.83,96 For example, treatment with nickel and mibefradil 
reduced cell proliferation of neonatal cardiomyocytes induced  
by hyperglycemia.97 Mibefradil also reduced infarct sizes and 
improved ventricular function in rats subjected to myocardial 
infarction (MI)98 while protecting dog ventricles from partial 
coronary artery occlusions99 and pacing-induced arrhyth-
mias.100,101 Both efonidipine and mibefradil were also more effec-
tive than nitrendipine in reducing sudden death in mice with 
heart failure.102 T-type Ca2+ channels have been shown to initiate 
spontaneous activity in pulmonary veins, thereby potentially 
inducing paroxysmal atrial fibrillation.103 These findings are con-
sistent with the ability of efonidipine to prevent atrial remodeling 
in paced dogs.104 By contrast, mibefradil has been shown to cause 

proteins such as Kelch-like 1 protein57 and caveolin-3.58 In 
summary, available data indicate that CaV3 α1-subunits can inter-
act with some auxiliary subunits, but additional studies are needed 
to determine the physiological role for these interactions, par-
ticularly in the heart.

The biophysical properties of T-type Ca2+ channels in heart 
are distinct from those of L-type Ca2+ channels.59 For example, 
T-type Ca2+ channels activate and inactivate at lower (more nega-
tive) membrane potentials with thresholds for activation observed 
at about −70 mV while inactivation begins to occur at approxi-
mately −90 mV50 (see Figure 2-2). T-type Ca2+ channels also show 
much faster entry and exit from inactivation50,60 that is indepen-
dent of Ca2+. An analysis of the steady state activation and inac-
tivation curves reveals that T-type Ca2+ channels have relatively 
large steady state window currents at membrane voltages between 
−80 and −40 mV,61 which are expected to facilitate depolarization 
in myocytes of the SAN and the conducting system, thereby 
promoting spontaneous action potential firing. Although the per-
meation properties of T-type Ca2+ channels have been challeng-
ing to quantify, the single-channel conductance is reported to be 
2.5-fold smaller than that of L-type Ca2+ channels (when Ba2+ is 
the charge carrier).62

T-type Ca2+ channels have distinct pharmacologic properties 
compared with L-type Ca2+ channels, and these differences have 
been exploited for dissecting the physiologic role of ICa,T in the 
myocardium. Relative to L-type channels, T-type channels have 
a very high sensitivity to block by Ni2+, and this sensitivity varies 
between different T-type channel isoforms (half maximal inhibi-
tory concentration [IC50] for Cav3.2 is nearly 10-fold lower than 
that for Cav3.1 channels).50,61,63 Putative T-type channel blockers 
include pimozide,64 efonidipine,65 and mibefradil,66 although 
closer scrutiny has revealed that efonidipine and mibefradil also 
block L-type Ca2+ channels at higher concentrations. The only 
known specific blocker of T-type Ca2+ currents (generated by the 
Cav1.3 or Cav3.2 homologues) is kurtoxin67 from scorpions. On 
the other hand, many putative selective L-type Ca2+ channel 
blockers (such as dihydropyridines and verapamil) also inhibit 
T-channels.68 The development of more selective agents 
will clearly help to improve our understanding of the role of 
T-type Ca2+ channels in physiological and pathophysiological 
processes.49

Expression Patterns of T-type Ca2+ Channels

T-type Ca2+ channels show marked developmental and regional 
differences in expression that have been linked to the unique 
functions of these channels. For example, T-type Ca2+ currents 
are present in the fetal heart with the expression of Cav3.1 pre-
dominating in mouse and Cav3.2 prevailing in rats.69,70 After 
birth, ICa,T levels decline progressively in ventricles and become 
undetectable in adults while remaining at measurable levels in 
SAN (≈3 pA/pF), conducting system (≈3 pA/pF), and atria.49,71-75 
In adult hearts of humans76 and mice,75 Cav3.1 is the more preva-
lent isoform, and Cav3.2 seems to be more abundant in canine 
Purkinje fibers,71 although this topic is controversial.77 It is inter-
esting to note that ICa,T appear to vary inversely with body size48,78 
in mammals, consistent with the conclusion that these channels 
influence basal heart rates. Indeed, mice lacking Cav3.1 channels 
showed bradycardia combined with slowed conduction through 
the AVN, and no electrical changes were seen in Cav3.2-knockout 
mice.79-81 A common finding in diseased ventricles is the elevated 
expression of Cav3.1 and Cav3.2, along with the reappearance of 
ICa,T,82-85 possibly resulting from fetal gene reactivation. These 
observations are particularly intriguing because elevations in ICa,T 
are linked to hypertrophy, disease progression, and arrhyth-
mias.70,78 In addition, ICaT is reported to be preferentially expressed 
in small mononucleated myocytes of adolescent feline hearts,63 
possibly representing nascent myocytes originating from cardiac 
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deleterious effects in animal models,105,106 and treatment of car-
diovascular disease in humans with mibefradil has terminated, 
presumably as a result of off-target effects on the liver.107 The 
rationale for targeting T-type Ca2+ channels in treating heart 
disease has come into focus with several recent studies showing 
that not only do increases in ICaT (via Cav3.1 overexpression in 
mice) not induce adverse cardiac remodeling,95 they also abrogate 
cardiac hypertrophy induced by pressure overload, isoproterenol, 
and exercise.108 Moreover, Cav3.1-deficient mice show enhanced 
adverse remodeling in these models and also show accelerated 
functional deterioration and enhanced arrhythmias following  
MI, in contrast to mice lacking Cav3.2, which responded simi-
larly to wild type mice. This consensus, however, is at odds  
with a study showing that Cav3.2 ablation, not Cav3.1 deletion, 
is protective against pressure overload and angiotensin-induced 
hypertrophy.60

Transient Receptor Potential (TRP) Channels

The TRP channels are a large group of ion channels that were 
first described in Drosophila based on mutations in trp genes in 
photoreceptors that resulted in impaired transient responses to 
light.109 Currently, there are 28 mammalian trp genes, which are 
divided into six subfamilies denoted as TRPC (canonical), TRPV 
(vanilloid), TRPM (melastatin), TRPA (ankyrin), TRPP (poly-
cystin), and TRPML (mucolipin).110 All of these channels are 
cationic in nature; however, there is a high level of diversity in 
terms of cation selectivity and gating mechanisms. Most TRP 
channels are nonselective cation channels that are permeable to 
Na+ and Ca2+ ions (PCa/PNa = 1-10), but this does not apply in all 
cases. For example, TRPM3α2, TRPV5, and TRPV6 are Ca2+ 
selective channels (PCa/PNa >100), while TRPM3α 1, TRPM4, 
and TRPM5 are not Ca2+ permeable (PCa/PNa < 0.05). TRPM6 
and TRPM7 are permeable to Mg2+ and Ca2+.110,111

A number of TRP channels have been detected in the  
heart, at least at the mRNA level, including TRPC1, TRPC3-7, 
TRPV2, TRPV5, TRPV5, TRPM4, TRPM5, and TRPM7.111-113 
Roles for some of these specific TRP channels in the heart have 
been identified in some instances. For example, TRPC channels 
have been implicated in cardiac hypertrophy,114 and both 
TRPC3115 and TRPM7116 have been shown to play a role in 
cardiac fibroblasts in atrial fibrillation. TRPM7 channels have 
also been described in ventricular myocytes,117,118 while TRPC 
channels have been suggested to play a role in pacemaker activity 
in the SAN.119 In most cases, however, there is still much to be 
learned about TRP channels in the heart in normal and patho-
physiological conditions.

A complete discussion of TRP channels in the heart is beyond 
the scope of this chapter. Thus, we will provide an overview  
of the general structure of TRP channels and a brief discussion 
of the biophysical properties of key members of the TRP family 
that have been implicated in cardiovascular disease. The reader 
is directed to several comprehensive reviews of the biology of 
TRP channels for additional information.110,111,113,120,121

General Structure and Biophysical Properties  
of TRP Channels

TRP channels are predicted to have a similar membrane topology 
to other voltage-gated (Na+, Ca2+, K+) ion channels in the heart 
in which the channel is formed by six transmembrane-spanning 
domains (S1-S6) with a pore between S5 and S6 (Figure 2-5, A). 
The N and C termini of these proteins are intracellular and bind 
a number of regulatory proteins. Similar to the other six trans-
membrane domain channels, TRP channels are thought to form 

a tetrameric structure in which each subunit contributes to the 
selectivity filter and channel pore.110 Most TRP channels, with 
the exception of TRPA and TRPP, contain a stretch of ≈25 intra-
cellular residues on the C-terminal side of the S6 transmembrane 
domain (TRP box), from which these channels derive their 
name.120

TRP channels do not contain the series of arginine residues 
in the S4 transmembrane segment that are typical of other 
voltage-gated channels, and the location and/or structure of spe-
cific gate(s) that control the passage of ions through the channel 
pore are not well resolved.110 Nevertheless, TRP channel activity 
is often voltage dependent and characterized by conductance-
voltage relationships with relatively shallow slope factors. Fur-
thermore, many TRP channels exhibit the voltage-dependent 
relaxation seen in tail currents following depolarizing voltage 
steps.122 TRP channel voltage sensitivity is modulated by a 
number of factors, including ligand binding, temperature, osmo-
larity, and mechanical perturbations.

TRPC Channels and Cardiac Hypertrophy

Increases in calcium influx have been implicated in pathological 
hypertrophic signaling in the heart due at least in part to the 
activation of calcineurin-nuclear factor of activated T cells 
(NFAT) signaling.123 Although LTCCs have been shown to 
contribute to this increase in Ca2+ influx,4,124,125 a number of 
studies have demonstrated that TRPC channel expression and 
activity are also upregulated in cardiac hypertrophy and  
heart failure. For example, pressure overload in rodents results 
in upregulation of TRPC1 and TRPC3.126,127 Similarly, TRPC6 
was upregulated in cardiac hypertrophy and in heart failure.128 
TRPC5 has been shown to be elevated in human heart failure 
patients.126 Consistent with these findings, pro-hypertrophic 
agents such as endothelin, phenylephrine, and angiotensin II 
cause the upregulation of TRPC1 and TRPC3 in cultured 
cardiomyocytes.129,130

Recent studies suggest that Ca2+ influx through TRPC chan-
nels initiates signaling pathways associated with hypertrophy and 
pathological cardiac remodeling.114 For example, activation of 
TRPC channels leads to activation of fetal genes (including atrial 
natriuretic peptide and skeletal α-actin), cell enlargement, and 
apoptosis. These responses have been shown to be dependent on 
enhanced calcineurin-NFAT signaling. Consistent with a role for 
TRPC channels in hypertrophic signaling, the TRPC3 blocker 
Pyr3 (a Bis-trifluoromethyl pyrazole compound) has been shown 
to prevent cardiac hypertrophy in pressure-overloaded mice,131 
and TRPC1 knockout mice are less susceptible to cardiac hyper-
trophy and heart failure.127 Similar protective responses have 
been demonstrated in TRPC3-, TRPC4-, and TRPC6-dominant/
negative mutant mice.132 Together, these findings suggest an 
important role for Ca2+ entry through TRP channels in hyper-
trophy and heart failure.

TRP Channels in Cardiac Fibroblasts

Cardiac fibroblasts account for ≈80% of the nonmyocyte popula-
tion in the heart and are responsible for the synthesis and secre-
tion of extracellular matrix proteins, including collagen types I 
and II, as well as matrix metalloproteinases.133,134 In the setting of 
pathological conditions such as hypertension, cardiac hypertro-
phy, and heart failure, there is an increase in the proliferation of 
cardiac fibroblasts, which differentiate into myofibroblasts that 
contribute to the deposition of extracellular matrix and cardiac 
fibrosis.133,134 This results in conduction abnormalities, which 
may be due to both structural remodeling and possible fibroblast-
myocyte electrical interactions.135



Figure 2-5.  Transient receptor potential (TRP) channels in the heart. A, General membrane topology of TRP channels. S1-S6 are the transmembrane segments, and the pore is 
located between S5 and S6. Most TRP channels are nonselective and permeable to monovalent and divalent cations. Many TRP channels are blocked by lanthanum (La3+) and 
2-aminodiethylphenhyl borate (2-APB). B, Properties of TRPM7-dependent current in human atrial fibroblasts. The I-V relationship (left) elicited by a voltage ramp protocol illus-
trates that TRPM7 currents strongly outwardly rectify and inward currents are very small in normal conditions. Single-channel conductance (right) of TRPM7-mediated current 
was 38.4 ± 1.6 pS. C, Properties of TRPC-dependent nonselective cation currents in rat cardiac fibroblasts. Current-voltage (I-V) relations elicited by a voltage ramp protocol (top) 
and time course of maximum inward and outward currents (bottom) are illustrated. The current is not affected by Cl− replacement with CH3SO3

−. Replacing extracellular Na+ with 
NMDG+ selectively reduces the inward current, while removal of divalent cations linearizes the I-V relationship and increases inward and outward currents. 

(A, Clapham DE, Runnels LW, Strubig C: The TRP ion channel family. Nat Rev Neurosci 2:387-396, 2001. B, Rose RA, Hatano N, Ohya S, et al: C-type natriuretic peptide activates 
a non-selective cation current in acutely isolated rat cardiac fibroblasts via natriuretic peptide C receptor-mediated signalling. J Physiol 580:255-274, 2007. C, Du J, Xie J, Zhang 
Z, et al: TRPM7-mediated Ca2+ signals confer fibrogenesis in human atrial fibrillation. Circ Res 106:992-1003, 2010.)

Extracellular

Intracellular

50 100 mV

–10

10

1 2

Low Cr
8

6

4

2

0

0 100 200 300 400 500

M
in

im
um

 o
ut

w
ar

d
cu

rr
en

t (
pA

/p
F

)

–5

5

10
pA/pF
Low Cr (2)

Low Na+ (2)
Control (1)

0

S1 S2 S3 S4 S5 S6

N
C

Ca2+

La3– 2–APB

Na–or

A

B

C

–100 100 mV

Control (1)

Control (1)

50 100 mV

–20

–10

10

20 pA/pf

0

Ca+ Mg+ free(2)

50 100 mV

–10

–5

5

10 pA/pf

0

20

1 2

Low Cr

15

10

5

0

0 100 200 300 400 700500 600

10

1

2

Ca2– /Mg2– free

5

0

0 100 200 300 400 700500 600
0

1 2

–2

–4

–6

–8

–10

M
in

im
um

 o
ut

w
ar

d
cu

rr
en

t (
pA

/p
F

)

pA

150

pA

–50

50

6

3

0 60

SC = 38.4 + 1.6 pS–

120 mV

0

1

2–5

–10

0

1

2

–5

–10

–15

+80 mV

–20

+40 mV

0 mV

–100 –50 –100 –50 –100 –50



20 STRUCTURAL AND MOLECULAR BASES OF ION CHANNEL FUNCTION

fibrosis in atrial fibrillation. The pathophysiological role of TRP 
channels in cardiac arrhythmias is an emerging area of interest, 
and the aforementioned studies strongly indicate the need to 
better understand the relationships between these ion channels 
and conduction disturbances in the heart.136

In conclusion, several ion channels in the heart are responsible 
for mediating Ca2+ influx into myocytes and fibroblasts. CaV1.2-
mediated ICa,L represents a major route for Ca2+ entry in all car-
diomyocytes throughout the heart, while CaV1.3-mediated ICa,L 
is restricted to the SAN, the cardiac conduction system, and the 
atrial myocardium. T-type Ca2+ channels primarily contribute to 
Ca2+ influx in the specialized pacemaker cells of the SAN and 
AVN in normal physiology, but may also be expressed in ven-
tricular myocytes in the diseased heart. Recently, a number  
of TRP channels have emerged as important contributors to  
Ca2+ influx in myocytes and fibroblasts. Each of the ion channels 
contributes importantly to the transport of Ca2+ into cells in the 
heart in normal physiology and in the setting of cardiovascular 
disease. These channels are importantly regulated by a variety of 
neurohumoral signaling molecules, and interest remains high in 
how these channels are or may be targeted for therapeutic 
interventions.

Several TRP channels are expressed in cardiac fibroblasts. In 
rat ventricular fibroblasts, mRNA for TRPC2, TRPC3, TRPV2, 
TRPV6, TRPM4, and TRPM7 has been detected,112 while 
human atrial fibroblasts were shown to express mRNA for 
TRPC1, TRPC6, TRPC2, TRPC4, and TRPM7.116 These TRP 
channels facilitate the influx of Ca2+ into fibroblasts and may serve 
as a primary source of Ca2+ for these nonexcitable cells, which do 
not typically express voltage-gated Ca2+ channels.112

Recent data indicate that Ca2+ influx into fibroblasts through 
TRP channels is a significant contributor to fibroblast prolifera-
tion and fibrosis in atrial fibrillation. Du et al116 demonstrated 
that TRPM7 (Figure 2-5, B) is a major pathway for Ca2+ entry 
in human atrial fibroblasts, and that this Ca2+ activates transform-
ing growth factor (TGF)-β1, a critical signaling molecule in atrial 
fibrosis. TRPC channels also constitute a major pathway for Ca2+ 
entry into cardiac fibroblasts via nonselective cation currents112 
(Figure 2-5, C), and a recent study115 suggests that Ca2+ entry in 
atrial fibroblasts via TRPC3 channels controls fibroblast prolif-
eration and differentiation in an extracellular signal–related 
kinase (ERK)-dependent fashion in atrial fibrillation. This study 
further demonstrates a role for microRNA-26 and NFAT in the 
TRPC3-dependent enhancement of fibroblast proliferation and 
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lack functional Nav channels, the upstroke of the action potential 
is substantially slower and is dominated by Ca2+ influx through 
voltage-gated Ca2+ (Cav) channels. There are also marked 
regional differences in action potential heights and durations, as 
well as in the time courses of action potential repolarization (see 
Figure 3-1). These differences, which affect the normal spread of 
excitation in the myocardium and influence the dispersion of 
repolarization in the ventricles, primarily reflect regional differ-
ences in the functional expression and the properties of the 
outward K+, as well as the inward (Nav and Cav) currents.1

Cellular electrophysiologic studies have detailed the proper-
ties of the major inward (Nav and Cav) and outward (K+) currents 
that shape the waveforms of atrial and ventricular action poten-
tials (Figure 3-2). In contrast to the cardiac Nav and Cav cur-
rents, there are multiple types of myocardial voltage-gated K+ 
(Kv) and non-voltage, inwardly rectifying K+ (Kir) channels 
(Table 3-1), many of which are differentially expressed, contrib-
uting to regional variations in myocardial action potential wave-
forms (see Figure 3-1) and refractoriness.1-3 In addition, changes 
in the densities, distributions, and properties of Kv and Kir chan-
nels are evident in a variety of myocardial diseases, and these 
changes affect repolarization, influence propagation and decrease 
rhythmicity, effects that can produce substrates for the generation 
of life-threatening arrhythmias.1 There is, therefore, consider-
able interest in defining the molecular mechanisms controlling 
the biophysical properties and the functional cell surface expres-
sion of these channels. A large number of Kv and Kir pore-
forming α and accessory β (Table 3-2) subunits have been 
identified,4,5 and considerable progress has been made in defining 
the relationships between these subunits and functional myocar-
dial Kv and Kir channels.1,6,7 Importantly, the studies completed 
to date have revealed that the molecular correlates of the various 
types of Kv and Kir channels distinguished electrophysiologically 
(see Table 3-1) are indeed distinct.1 In the long term, defining 
the molecular compositions of myocardial Kv and Kir channels 
will also facilitate studies aimed at determining the molecular 
mechanisms controlling the marked regional differences in the 
expression of these channels in the normal myocardium, as well 
as the derangements in the expression or functioning of these 
channels that occur with myocardial disease. In this chapter, the 
electrophysiologic and molecular diversity of repolarizing myo-
cardial Kv and Kir channels and the molecular determinants of 
native myocardial K+ channels will be reviewed.

Myocardial Voltage-Gated K+ 
Channels: Transient Outward  
Voltage-Gated K+ Channels

Kv currents, activated on membrane depolarization, influence 
myocardial action potential amplitudes and durations and, in 
most cells, two broad classes of Kv currents have been distin-
guished: transient outward K+ currents, Ito; and delayed, out-
wardly rectifying K+ currents, IK (see Table 3-1). The transient 
currents (Ito) activate rapidly and underlie early (phase 1) 
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Summary

Electrophysiologic studies on isolated mammalian cardiac myo-
cytes have identified the presence of multiple types of voltage-
gated K+ (Kv) channel currents with distinct time- and 
voltage-dependent properties that contribute to determining 
action potential amplitudes, waveforms and durations. A number 
of non–voltage-gated, inwardly rectifying K+ (Kir) channels that 
contribute to action potential repolarization have also been func-
tionally identified. The various types of Kv and Kir channels are 
differentially expressed in different cardiac cell types, contribut-
ing to cellular and regional differences in action potential wave-
forms and refractoriness. In the diseased myocardium, K+ current 
remodeling is evident and correlated with changes in action 
potential waveforms and durations, increased dispersion of repo-
larization and the development of substrates for reentrant 
arrhythmias. The cloning of Kv and Kir channel pore-forming 
(α) and accessory (β) subunits, as well as the subsequently identi-
fied two pore domain K+ (K2P) channel and small conductance 
Ca2+-dependent K+ (SK) channel subunits, has provided insights 
into the molecular basis of functional myocardial K+ channel 
diversity. In addition, a variety of experimental approaches have 
been, and continue to be, used to define the molecular determi-
nants of native cardiac K+ channels and facilitated efforts focused 
on exploring the molecular mechanisms controlling the proper-
ties and the functional cell surface expression of these channels 
in the normal and in the diseased myocardium.

In atrial and ventricular myocytes, the action potential 
upstroke, attributed to inward currents through voltage-gated 
Na+ (Nav) channels, is rapid (Figure 3-1). In nodal tissues, which 
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repolarization, whereas the delayed rectifiers (IK) determine the 
latter phase (phase 3) of action potential repolarization (see 
Figure 3-2) back to the resting membrane potential. These clas-
sifications are broad, however, and there are actually multiple 
types of transient (Ito) and delayed rectifier (IK) Kv currents (see 
Table 3-1) expressed in cardiac cells.1,3 Electrophysiologic and 
pharmacologic studies, for example, have clearly demonstrated 
that there are two types of transient outward K+ currents, now 
referred to as Ito,fast (Ito,f) and Ito,slow (Ito,s), and that these currents 
are differentially distributed.6,7 The rapidly activating and inacti-
vating transient outward K+ current, Ito,f, is also characterized by 
rapid recovery from steady-state inactivation, whereas Ito,s recov-
ers slowly from inactivation.6,7 In addition, Ito,f is readily distin-
guished from other Kv currents (including Ito,s) using Heteropoda 
toxin-2 or -3 (see Table 3-1).

Although originally identified in Purkinje fibers, Ito,f is a prom-
inent repolarizing Kv current in atrial and ventricular myocytes, 
as well as in nodal cells, in most species.1 There are, however, 
marked regional differences in Ito,f densities, with the highest 
densities typically in atrial myocytes. In addition, in mammalian 
ventricles, Ito,f and Ito,s are differentially distributed. In canine left 
ventricles (LVs), for example, Ito,f density is fivefold to sixfold 
higher in epicardial and midmyocardial, than in endocardial, 
cells.2 There are also marked regional differences in Ito,f densities 
in adult mouse ventricles.8-10 Specifically, Ito,f density is higher in 
right than in left ventricular myocytes, and within the LV, Ito,f 
densities are higher in apex than in base myocytes.8-10 In the 
mouse, even greater Kv current heterogeneity is seen in cells 
isolated from the septum: all ventricular septum cells express Ito,s, 
and most (approximately 80%) also express Ito,f.8 When present, 
however, Ito,f density is significantly (p < 0.001) lower in septum 

Figure 3-1.  Electrical  activity  in  the  mammalian  myocardium.  Schematic  of  the 
human heart with the different anatomic regions labeled and representative action 
potential  waveforms  recorded  in  these  different  regions  illustrated.  In  the  lower 
panel, a schematic of a surface electrocardiogram is presented with four sequential 
beats displayed and the P, Q, R, S, and T waves marked on the last beat. 
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Figure 3-2.  Schematics of action potential waveforms and underlying ionic currents in adult human ventricular and atrial myocytes. The major ionic currents shaping action 
potentials in human atrial and ventricular myocytes are schematized, and the main pore-forming α-subunits underlying these currents are listed. As discussed in the text, 
there are regional differences  in the relative expression  levels of some of the repolarizing K+ currents and the contributions of the various K+ currents to shaping action 
potential waveforms and controlling repolarization. 
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than in RV or LV cells.8 Ito,f and Ito,s are also differentially expressed 
in ferret LV, and Ito,s is detected only in endocardial LV cells.11 
Despite heterogeneities in functional expression, the properties 
of Ito,f and Ito,s in different cardiac cell types (and species) are 
remarkably similar, leading to suggestions that the molecular 
compositions of the underlying (Ito,f and Ito,s) channels are also 
similar.3

Myocardial Voltage-Gated K+ Channels: 
Delayed Rectifier Voltage-Gated K+ Channels

Electrophysiologic and pharmacologic studies have also distin-
guished multiple types of cardiac delayed rectifier K+ currents, IK 
(see Table 3-1). In atrial myocytes, for example, the dominant 
repolarizing K+ current is a rapidly activating, non-inactivating 
K+ current, IKur (IK,ultrarapid), which is not detected in ventricular or 
nodal cells.1 In most ventricular myocytes, there are two promi-
nent components of delayed rectification, IKr (IK,rapid) and IKs 
(IK,slow), that are different from IKur in terms of time- and 
voltage-dependent properties.1 The biophysical properties of IKr 
and IKs are distinct: IKr activates and inactivates rapidly, 
displays marked inward rectification, and is selectively blocked 
by class III anti-arrhythmics, including dofetilide and sotalol.12 
In contrast, IKs activates slowly and does not display inward 
rectification.12

Similar to the transient outward K+ currents, there are also 
marked regional differences in the functional expression of IKs 
and IKr in mammalian ventricular myocytes.1,2 The density of IKs 
in canine LV, for example, is higher in epicardial and endocardial 

Table 3-1. Potassium Conductances Expressed in the Mammalian Myocardium

Current Activation Pharmacology Pore-Forming (α) Subunits Expression Heterogeneous Expression*

Ito, f Fast mM 4-AP
HaTX
HpTX
Ba2+

K CND 3 Atria, ventricles, 
Purkinje

Yes

Ito, s Fast mM 4-AP K CNA 4 Ventricles Yes

IKr Moderate E-4031
Dofetilide

K CNH 2 Ventricles Yes

IKs Very slow NE-10064
NE-10133

K CNQ 1 Ventricles Yes

IKur Fast µM 4-AP K CNA 5 Atria No

IKp Fast Ba2+ ?? Ventricles ??

IK Slow mM TEA ?? Ventricles ??

IK, slow1 Fast mM 4-AP K CNA 5 Atria, ventricles No

IK, slow2 Fast mM TEA K CNB 1 Atria, ventricles No

Iss Slow mM TEA
A1899

K CNK 2/3 Atria, ventricles No

IKI _ Ba2+ K CNJ 2/4/12 Atria, ventricles No

IK(Ca) Ca2+ Apamin K CNN 1/2/3 Atria No

IK(Ach) Acetylcholine Tertiapin-Q K CNJ 3/5 Atria No

IK(ATP) ATP 
depletion

SUR K CNJ 8/11 Atria, ventricles No

4-AP, 4-aminopyridine; HaTX, hanatoxin; HPTx, heteropodatoxin; SUR, sulfonylureas; TEA, tetraethylammonium.
*Heterogeneous expression in ventricles.

Table 3-2. Kv Channel Accessory β-Subunits

Family Protein Gene Current

Kvβ Kvβ1* KCNAB1 I
to, f

I
K, slow1

Kvβ2* KCNAB2 ??

Kvβ3 KCNAB3

Kvβ4

KCNE MinK* KCNE1 I
Ks

MiRP1* KCNE2 I
Kr

I
to, f

I
f

MiRP2* KCNE3 I
to, f

MiRP3 KCNE4

MiRP4 KCNE5

KChAP KChAP* PIAS3 I
to, f

I
k

KChIP KChIP1 KCNIP1

KChIP2* KCNIP2 I
to, f

/I
CaL

KChIP3 KCNIP3

KChIP4.2 CSEN

KChIP4.3 KCNIP4

NCS NCS-1* FREQ I
to, f

DPPX DPP6* DPP6 I
to, f

DPP10* DPP10 I
to, f

Kv, Voltage-gated K+.
*Expressed in the heart.



26 STRUCTURAL AND MOLECULAR BASES OF ION CHANNEL FUNCTION

channels,21 suggesting that action potentials will be shortened 
markedly when only a few IKATP channels are activated.

Pore-Forming (α) Subunits of Myocardial 
Voltage-Gated K+ Channels

Kv channel pore-forming (α) subunits are six transmembrane-
spanning domain proteins (Figure 3-3) with a region between the 
fifth and sixth transmembrane domains that contributes to the 
K+-selective pore.4 The positively charged fourth transmembrane 
domain in the Kv α-subunits (see Figure 3-3) is homologous to 
the corresponding regions in Nav and Cav channel α-subunits, 
placing them in the S4 superfamily of voltage-gated channels.3,4 
In contrast to Nav and Cav channels, in which only a single 
α-subunit is required to form a channel, functional Kv channels 
comprise four α-subunits (see Figure 3-3). Similar to the diversity 
of functional myocardial Kv channels (see Table 3-1), however, 
multiple Kv α-subunits have been identified. These subunits 
comprise several homologous Kv α-subunit subfamilies, Kv1.x, 
Kv2.x, Kv3.x, Kv4.x, Kv10.x, Kv11.x, and many members of these 
Kv α-subunit subfamilies are expressed in the mammalian heart.1 
In addition, further functional Kv channel diversity could arise 
through alternative splicing of transcripts and through the forma-
tion of heteromultimeric channels between two or more Kv 
α-subunit proteins in the same Kv α-subunit subfamily.1,3,4

Additional subfamilies of Kv α-subunits were revealed with 
the cloning of the human eag-related (HERG) gene, KCNH2, 
subsequently identified as the locus of mutations underlying one 
form of familial long QT-syndrome, LQT2, and KCNQ1 
(KvLQT1), the locus of mutations in another inherited long QT 
syndrome, LQT1.23 Heterologous expression of KCNH2 (ERG1) 
reveals inwardly rectifying Kv currents23 with properties similar 
to cardiac IKr (see Table 3-1). Although there are several ERG 
(KCNH) subfamily members, only KCNH2 (which encodes 
ERG1) appears to be expressed in the myocardium.1 Heterolo-
gous expression of KCNQ1 (KvLQT1) alone reveals rapidly acti-
vating and non-inactivating Kv currents, whereas co-expression 
with the Kv accessory subunit, minK (see Table 3-2), produces 
slowly activating Kv currents that resemble the slow component 
of cardiac-delayed rectification, IKs.1,3,23

Accessory/Auxiliary Subunits of  
Myocardial Voltage-Gated K+ Channels

In addition to the Kv α-subunits, a number of Kv channel acces-
sory (Kv β) subunits have also been identified (see Table 3-2). 
The first of these subunits was KCNE1, which encodes a small 
(130-aa) protein (minK) with a single transmembrane spanning 
domain.24 It appears that minK coassembles with KvLQT1 to 
form functional cardiac IKs channels.23,24 Additional minK homo-
logs, MiRP1 (KCNE2), MiRP2 (KCNE3), and MiRP3 (KCNE4) 
have also been identified (see Table 3-2), and it has been sug-
gested that MiRP1 (KCNE2) functions as an accessory subunit 
coassembling with ERG1 to generate cardiac IKr.25 It has also 
been reported that the MiRP subunits interact with multiple Kv 
α-subunit subfamilies and modify channel properties.24 MiRP2, 
for example, coassembles with Kv3.4 in mammalian skeletal 
muscle,26 and MiRP1 coassembles with Kv4.x α-subunits when 
coexpressed in heterologous cells.27 These observations suggest 
that the MiRP (KCNE) accessory subunits can assemble with a 
variety of Kv α-subunits and contribute to the formation of 
multiple types of myocardial Kv channels. Direct experimental 
support for this hypothesis, however, has not been provided, and 
the roles of the various KCNE subunits in the generation of 

than in M cells.2 There are also regional differences in the func-
tional expression of IKr and IKs channels in guinea pig LV.13 In 
cells isolated from the LV free wall, for example, the density of 
IKr is higher in subepicardial than in midmyocardial or subendo-
cardial myocytes.13 At the base of the LV, in contrast, IKr and IKs 
densities are significantly lower in endocardial, than in either 
midmyocardial or epicardial, LV cells.13 Differences in Kv current 
densities contribute to the variations in action potential wave-
forms recorded in different regions (i.e., atria and ventricles, right 
and left ventricles, apex and base of the ventricles) of the heart, 
as well as in different layers (epicardial, midmyocardial, and 
endocardial) of the LV and RV walls.1-3,8-13

In rodent ventricles, there are additional components of IK 
with properties distinct from IKs and IKr (see Table 3-1). In mouse 
and rat ventricular myocytes, for example, there are novel delayed 
rectifier Kv currents that have been referred to as IK, IKslow and Iss 
(see Table 3-1).1,3 Mouse ventricular IK,slow was first identified as 
a rapidly activating and slowly inactivating K+ current with prop-
erties distinct from Ito,f, Ito,s and Iss expressed in the same cells.14 
In addition, IK,slow was shown to be blocked selectively by micro-
molar concentrations of 4-aminopyridine (4-AP), which does not 
affect Ito,f or Ito,s.14 Subsequent work, however, revealed the pres-
ence of two components of mouse ventricular IK,slow: IK,slow1, which 
is blocked by µM 4-AP; and, IK,slow2, which is blocked selectively 
by TEA.15-18 In addition, it has been demonstrated that IK,slow1 and 
IK,slow2 reflect the expression of distinct molecular entities.15-18 In 
contrast to the differential distribution of Ito,f and Ito,s, however, 
IK,slow1, IK,slow2, and Iss appear to be uniformly expressed in mouse 
atrial and ventricular myocytes.8-10,15-19

Inwardly Rectifying Myocardial K+ Channels 
Also Contribute to Repolarization

In addition to the Kv currents, Kir currents, specifically IK1 and 
the ATP-dependent K+ current, IKATP (Table 3-1), contribute to 
shaping myocardial action potential waveforms.20-22 Similar to the 
Kv currents, the densities of the Kir currents vary in different 
regions of the heart (e.g., atria, ventricles, conducting tissue).1,3 
In contrast to the Kv currents, however, myocardial Kir current 
densities are similar in myocytes in different regions of the ven-
tricles.1 In mammalian atrial and ventricular myocytes, IK1 plays 
a role in establishing resting membrane potentials and plateau 
potentials, and contributes to phase 3 repolarization (see Figure 
3-2). The fact that the conductances of IK1 channels are high at 
negative membrane potentials underlies the contribution of IK1 
to atrial and ventricular resting membrane potentials.20 Although 
the voltage-dependent properties of IK1 channels are such that 
conductance is low at potentials positive to approximately 
−40 mV, these channels nevertheless contribute outward K+ cur-
rents during the plateau phase of the action potential in ventricu-
lar cells,20 as well as during phase 3 repolarization (see Figure 
3-2), because the driving force on K+ is high at depolarized mem-
brane potentials.

Myocardial ATP-dependent K+ channels are weak, inwardly 
rectifying channels that are inhibited by (elevated) intracellular 
ATP and activated by nucleotide diphosphates.21 In ventricular 
myocytes, activation of IKATP channels during periods of hypoxia 
and ischemia results in action potential shortening, suggesting 
that these channels provide a link between cellular metabolism 
and membrane potential.21,22 The opening of IKATP channels 
appears to contribute to the cardioprotection resulting from is-
chemic preconditioning.22 In contrast with some ventricular Kv 
channels, IKATP channels appear to be distributed uniformly in the 
right and left ventricles and through the thickness of the right or 
left ventricular walls. Interestingly, IKATP channels are expressed 
at much higher densities than other sarcolemmal myocardial K+ 
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domains.31 When coexpressed with Kv4 α-subunits, each of the 
KChIPs increases K+ current densities, slows inactivation, speeds 
recovery from inactivation, and shifts the voltage dependence of 
current activation.31 In contrast, KChIP coexpression does not 
affect the properties or the densities of Kv1.4- or Kv2.1-encoded 
K+ currents, consistent with the suggestion that the modulatory 
effects of the KChIPs are specific for Kv4 α-subunit–encoded Kv 
channels.31 More recent studies, however, suggest that the 
KChIPs modulate the functional cell surface expression of Kv1.5-
encoded Kv channels,38 as well as myocardial Cav channels.39 In 
addition, although KChIP binding to Kv4 α-subunits is not Ca2+ 
dependent, mutations in EF hand domains 2, 3, and 4 eliminate 
the modulatory effects of KChIP1 on Kv4- and Kv1.5-encoded 
Kv currents,31,38 suggesting a role for voltage-dependent Ca2+ 
entry and intracellular Ca2+ levels in the regulation of functional 
cardiac (Kv4-encoded) Ito,f channels, as has been demonstrated 
for neuronal Kv4-encoded channels.40

The transmembrane diaminopeptidyl transferase-like protein 
6 (DPP6 or DPPX) has also been suggested as an accessory 
subunit of cardiac41 and neuronal42 Kv4-encoded channels (see 
Table 3-2). Lacking enzymatic activity, DPP6 increases the cell 
surface expression of Kv4 α-subunits, shifts the voltage depen-
dences of activation and inactivation of heterologously expressed 
Kv4 currents to more negative potentials, and accelerates the 
rates of current activation, inactivation, and recovery.41,42 Inter-
estingly, heterologous coexpression of DPP6 with Kv4.3 and 
KChIP2 produces Kv currents that closely resemble native 
cardiac Ito,f.41 Another member of the DPP-like subfamily of 
proteins, DPP10, has been demonstrated to associate with Kv4.2 

functional cardiac Kv26,27 and other non-Kv28 channels remain to 
be defined.

Another type of Kv channel accessory subunit was revealed 
with the isolation of low molecular weight (approximately 45 kD) 
cytosolic (Kvβ) subunits from brain.5 Three homologous Kv 
β-subunits, Kvβ1, Kvβ2, and Kvβ3 (see Table 3-2), as well as 
alternatively spliced transcripts, have been identified, and both 
Kvβ1 and Kvβ2 are expressed in heart.1 Previous studies have 
shown that Kvβ subunits interact with the intracellular domains 
of Kv1 α-subunits, and functional studies demonstrated that Kvβ 
subunits affect the biophysical properties and increase the cell 
surface expression of heterologously expressed Kv1 α-subunit–
encoded Kv currents.5 Because Kv α- and β-subunits appear to 
coassemble in the endoplasmic reticulum,29 the increase in func-
tional channel expression suggests that the Kv β-subunits affect 
channel assembly, processing or stability or, alternatively, func-
tion as chaperone proteins. Although Kvβ1 and Kvβ2 have been 
shown to associate with Kv4 subunits in the mouse myocardium 
and the targeted deletion of Kvβ1 results in the attenuation of 
Kv4-encoded Ito,f in mouse ventricular myocytes,30 the roles of 
Kvβ subunits in the generation of myocardial Kv channels in 
other species have not been explored.

A yeast two-hybrid screen, using the N terminus of Kv4.2 as 
the bait, led to the identification of accessory Kv channel interact-
ing proteins, (KChIPs) (see Table 3-2) in brain.31 Of the four 
KChIPs identified,31,32 only KChIP2 is expressed in heart,31,33 
although there are several KChIP2 splice variants.34-36 Interest-
ingly, the KChIPs belong to the recovering family of neuronal 
Ca2+-sensing (NCS) proteins,37 and contain four EF-hand 

Figure 3-3.  Pore-forming α-subunits and assembly of functional K+ channels. A, Linear sequences and transmembrane topologies of the pore-forming α-subunits encoding 
voltage-gated (Kv),  inwardly rectifying (Kir), and two-pore domain (K2P) K+ channels are  illustrated. B, The tetrameric assembly of Kv and Kir α-subunits and the dimeric 
assembly of K2P α-subunits are illustrated below the primary sequences of the α-subunits. C, Assembled, functional K+ channels composed of pore-forming α-subunits 
and one or more cytosolic and transmembrane accessory subunits. 
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α-subunits.61 The protein expression pattern of this putative Kv4 
channel accessory subunit has not been examined in canine or 
human hearts, and a role for NCS-1 in controlling functional 
myocardial Ito,f densities has not been determined directly. 
Although accumulating evidence suggests that cardiac Ito,f chan-
nels function in macromolecular complexes, comprising Kv4 
α-subunits and multiple cytosolic and transmembrane accessory 
subunits (Figure 3-4), the molecular compositions of native myo-
cardial Ito,f channels have not been determined. In addition, the 
functional roles of additional Kv accessory subunits, including 
members of the KCNE2762 and DPPX4145 subfamilies, in the 
generation of native myocardial Ito,f channels and in determining 
regional differences in myocardial Ito,f densities remain to be 
defined.

The kinetic and pharmacologic properties of the slow tran-
sient outward K+ currents, Ito,s, in ventricular myocytes are dif-
ferent from Ito,f (see Table 3-1), which is interpreted as suggesting 
that the molecular correlates of ventricular Ito,s and Ito,f channels 
are also distinct. Direct experimental support for this hypothesis 
was provided in electrophysiologic experiments on myocytes iso-
lated from mice with a targeted deletion of the Kv1.4 gene, 
Kv1.4–/–,63 demonstrating that Ito,s is undetectable in septum 
cells.64 The properties and the densities of Ito,f, IK,slow1, IK,slow2, and 
Iss in Kv1.4–/– left and right ventricular (and in atrial) myocytes, 
however, are indistinguishable from those measured in wild type 
cells.64,65 Interestingly, upregulation of Ito,s is evident in the ven-
tricles of Kv4.2DN-expressing mice in which Ito,f is eliminated.65 
Given the similarities in the time- and voltage-dependent proper-
ties of the slow transient outward K+ currents in other species 
with mouse Ito,s (1), it seems reasonable to suggest that Kv1.4 
likely also encodes Ito,s in ferret, rabbit, human, and canine ven-
tricular myocytes.

Molecular Determinants of Native Myocardial 
Delayed Rectifier Voltage-Gated K+ Channels

As noted earlier, ERG1 is the locus of mutations in LQT2, and 
heterologous expression of ERG1 reveals voltage-gated, inwardly 
rectifying K+-selective channels that are similar to cardiac IKr.23 
Alternatively processed forms of ERG1, with unique N- and 
C-termini, have also been identified in mouse and human hearts 
and suggested to have roles in the generation of native cardiac 
IKr channels.66-68 It has also been suggested that functional cardiac 
IKr channels are multimeric, comprising ERG1 and minK, and 
biochemical studies have demonstrated coimmunoprecipitation 
of ERG1 and minK from equine ventricles.69 It is not clear 
whether ERG1 and minK or other members of the KCNE family 
are also found in association in other species.

Although heterologous expression of KCNQ1, the locus of 
mutations in LQT1, reveals rapidly activating, non-inactivating 
Kv currents, coexpression with minK produces slowly activating 
Kv currents similar to cardiac IKs.23 These observations, together 
with biochemical data demonstrating that heterologously 
expressed KvLQT1 and minK associate, were interpreted as sug-
gesting that minK coassembles with KvLQT1 to form functional 
cardiac IKs channels.1,23 Direct biochemical evidence for the in 
situ coassembly of KvLQT1 and minK was recently provided in 
studies of equine ventricles.69 Similar data for human ventricular 
IKs are yet to be provided. Interestingly, it was reported that 
KvLQT1 modulates the distribution and properties of ERG1-
encoded channels, an observation interpreted as suggesting  
that cardiac IKs and IKr channels are regulated directly 
through Kv α-subunit–Kv α-subunit interactions.70 The molecu-
lar mechanisms controlling the cell surface expression of func-
tional IKs channels, the regional differences in functional 
ventricular IKs densities, and the interactions between cardiac IKs 

and KChIP3 in the rat brain and to have regulatory effects similar 
to DPP6 on heterologously expressed Kv4 (with and without 
KChIP) channels.43,44 In addition, DPP10 has been shown to be 
expressed in normal and failing human ventricles.45

Molecular Determinants of Native  
Myocardial Transient Outward  
Voltage-Gated K+ Channels

Considerable experimental evidence has accumulated demon-
strating a critical role for Kv α-subunits of the Kv4 subfamily in 
the generation of cardiac Ito,f channels. In rat and mouse ventricu-
lar myocytes exposed to antisense oligodeoxynucleotides targeted 
against Kv4.2 or Kv4.3, Ito,f density is reduced by approximately 
50%.46,47 Rat ventricular Ito,f density is also reduced in cells 
exposed to an adenoviral construct encoding a truncated Kv4.2 
subunit (Kv4.2ST) that functions as a dominant negative.48 In 
addition, Ito,f is eliminated in ventricular and in atrial myocytes 
isolated from transgenic mice expressing a pore mutant of Kv4.2, 
Kv4.2W362F (Kv4.2DN), which also functions as a dominant 
negative.49,50 Although biochemical and electrophysiologic studies 
suggested that Kv4.2 and Kv4.3 are associated in adult mouse 
ventricles and that functional mouse ventricular Ito,f channels are 
heteromeric,47 targeted deletion of Kv4.2 eliminates mouse ven-
tricular Ito,f,51 whereas elimination of Kv4.3 has no effect.52 In 
mouse ventricles, therefore, Kv4.2 is the critical α-subunit 
required for the generation of functional Ito,f channels.51 Given 
the similarities in the properties of Ito,f (see Table 3-1), it seems 
reasonable to suggest that Kv4 α-subunits also underlie Ito,f in 
other species. In canine and in human myocardium, however, the 
candidate subunit is Kv4.3 because Kv4.2 is barely detectable.53 
Although two splice variants of Kv4.3 have been identified,54 the 
expression levels of the two predicted Kv4.3 proteins and the 
functional roles of these variants in the generation of functional 
cardiac Ito,f channels have been determined.

It has also been demonstrated that the Kv channel accessory 
subunit KChIP2 coimmunoprecipitates with Kv4 α-subunits 
from adult mouse ventricles, which is consistent with a role for 
this subunit in the generation of Kv4-encoded mouse ventricular 
Ito,f channels.47 In ferret and canine hearts, a gradient in KChIP2 
message expression is observed through the thickness of the ven-
tricular wall,35,36 leading to suggestions that the differential 
expression of KChIP2 underlies the epicardial–endocardial dif-
ferences in Ito,f densities. Subsequent studies revealed that the 
patterns of expression of the KChIP2 message, the KChIP2 
protein, and Ito,f densities in canine ventricles are indeed similar,55 
which is consistent with an important role for KChIP2 in deter-
mining functional canine and human ventricular Ito,f densities. In 
contrast, in rat and mouse ventricles, there is little or no gradient 
in KChIP2 message or protein (51,56) expression, and it appears 
that regional differences in Kv4.2 expression underlie the hetero-
geneities in Ito,f densities in rodent ventricles.56,57 Molecular 
insights into the regulation of the observed regional variations in 
the expression of the Kv4.2 transcripts were provided with the 
demonstrations that the expression levels of the transcription 
factors, Irx5 and NFAT, are positively and negatively correlated, 
respectively, with the differences in Kv4.2 expression and Ito,f 
densities.58,59 Interestingly, approximately 25 transcription factors 
were subsequently shown to be differentially expressed in the 
ventricles,60 although the functional import of these findings 
remains to be determined.

A role for the KChIP2 splice variant, KChIP2b, in determin-
ing regional differences in ferret ventricular Ito,f densities has also 
been proposed.35 The KChIP-related (NCS family) protein, 
NCS-1, appears to be uniformly expressed in adult mouse ven-
tricles and, in addition, coimmunoprecipitates with Kv4 
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Molecular Determinants of Myocardial Kir 
and K2P Channels

In cardiac and other cells, inwardly rectifying K+ (IK1) channels 
are encoded by a large and diverse subfamily of inward rectifier 
K+ (Kir) channel pore-forming α-subunit genes,4 each of which 
encodes a protein with two transmembrane domains that assem-
ble as tetramers to form K+ selective pores (see Figure 3-3). Based 
on the properties of the currents produced in heterologous 
expression systems, Kir2 α-subunits were long thought to encode 
the strongly inwardly rectifying cardiac IK1 channels,20 and several 
members of the Kir2 subfamily are expressed in the myocar-
dium.71 Direct insights into the roles of Kir2 α-subunits in the 
generation of cardiac IK1 channels were provided in studies com-
pleted on myocytes isolated from mice lacking KCNJ2 (Kir2.1–/–) 
or KCNJ12 (Kir2.2–/–).72 Although Kir2.1–/– mice have cleft palate 
and die shortly after birth, precluding electrophysiologic studies 
on myocytes from adult animals, voltage-clamp recordings from 
isolated newborn Kir2.1–/– ventricular myocytes revealed that IK1 
is absent, whereas a quantitative reduction in IK1 was observed in 
adult Kir2.2–/– ventricular myocytes,72 suggesting that both Kir2.1 
and Kir2.2 contribute to mouse ventricular IK1 channels and that 
functional cardiac IK1 channels are heteromeric. The quantitative 
differences between the effects of the deletion of KCNJ2 and 
KCNJ12 further suggest that Kv2.1 (KCNJ2) is the critical 
subunit underlying (mouse) IK1 channels.72

Mutations in KCNJ2 have been linked to congenital long 
QT (Andersen-Tawil syndrome or LQT7) and short QT  
syndromes,73,74 and increasing expression of Kir2.1 in the 
mouse heart, which results in the upregulation of IK1, 

and IKr (and possibly other cardiac channels), however, remain to 
be determined.

Similar to the transient outward Kv currents, molecular 
genetic methods, in combination with biochemistry and electro-
physiology primarily in mice, have provided molecular insights 
into the basis of functional delayed rectifier Kv channel diversity 
in the murine myocardium. A role for Kv1 α-subunits in the 
generation of mouse ventricular IK,slow, for example, was revealed 
with the demonstration that IK,slow is selectively attenuated in 
ventricular myocytes isolated from transgenic mice expressing a 
truncated, dominant negative Kv1 α-subunit, Kv1.1DN.14 It was 
subsequently shown, however, that IK,slow is also reduced in ven-
tricular myocytes expressing a dominant negative Kv 2.1 mutant, 
Kv2.1DN,15 revealing that there are two molecularly distinct 
components of mouse ventricular IK,slow : IK,slow1 that is sensitive to 
micromolar concentrations of 4-AP and encoded by Kv1 
α-subunits, and IK,slow2 that is sensitive to TEA and encoded by 
Kv2 α-subunits.15 Subsequent studies revealed that IK,slow1 is elim-
inated in ventricular myocytes isolated from mice harboring the 
targeted disruption of the KCNA5 (Kv1.5) locus, revealing that 
Kv1.5 encodes IK,slow1.16 These findings, together with the previ-
ous studies completed on cells from Kv1.4–/– animals63 in which 
Ito,s is eliminated,64 reveal that, in contrast to the Kv4 α-subunits, 
Kv4.2, and Kv4.3,47 the Kv1 α-subunits, Kv1.4 and Kv1.5, do not 
associate in adult mouse ventricles in situ. Rather, functional Kv1 
α-subunit–encoded Kv channels in mouse ventricular myocytes 
are homomeric, composed of Kv1.4 α-subunits (Ito,s)63 or Kv1.5 
α-subunits (IK,slow1).16 The roles of Kv accessory subunits in the 
generation of functional Ito,s, IK,slow1 and IK,slow2 channels and the 
molecular mechanisms controlling the differential expression of 
these channels remain to be determined.

Figure 3-4.  Schematic of putative Kv4.3-encoded, myocardial Ito,f channel macromolecular complex. A, Cross section of a Kv4.3 channel in a membrane showing two Kv4.3 
α-subunits (blue), generated based on the structure of Kv1.2,91 each interacting with a cytosolic KChIP2 (red) and a cytosolic Kvβ (green) accessory subunit (1 : 1 : 1 :  stoichi-
ometry) through distinct, non-overlapping N-terminal domains. The transmembrane accessory subunits, DPP6/10 (brown)92 and MinK/MiRPs (yellow), which have also been 
proposed to interact with Kv4.3 α-subunits (1 : 2 stoichiometry) and to contribute to the formation of functional cardiac Ito,f channels. B, Structural analyses of Kv4.3N-KChIP1 
complexes93 revealed a 1 : 1 stoichiometry with each KChIP (red) bridging two adjacent Kv4.3 N termini (blue), anchoring hydrophobic Kv4.3 N terminal residues in a hydro-
phobic binding pocket in KChIP1. Protein structures illustrated were generated based on published structural data91-93 using PyMOL. 
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suggest that K2P subunits might contribute to background or 
“leak” K+ channels (i.e., channels with properties similar to the 
steady-state, non-inactivating K+ current [Iss] that is expressed or 
characterized in rodent myocytes).8,9,85-87 In recent studies com-
pleted on rat atrial and ventricular myocytes, roles for TASK188-90 
and TREK186,87 subunits in the generation of Iss have been sug-
gested. Clearly, experiments focused on testing these hypotheses 
are needed to provide clear insights into the molecular basis of 
Iss and to allow further study focused on defining the mechanisms 
controlling the physiologic and the pathophysiologic regulation 
of these (Iss) channels.

Conclusions

Cellular electrophysiologic studies have distinguished multiple 
types of voltage-gated inward and outward currents that contrib-
ute to action potential repolarization in mammalian cardiac cells 
(see Table 3-1). The outward (K+) currents are more numerous 
and more diverse than the inward (Na+, Ca2+) currents, and most 
cardiac cells express a repertoire of voltage-gated and inwardly 
rectifying K+ channels (see Table 3-1). In addition, several of 
these K+ channels are expressed differentially in different myo-
cardial cell types and through the thickness of the ventricular 
walls. Molecular cloning led to the identification of multiple 
voltage-gated (Kv), non–voltage-gated, inwardly rectifying (Kir), 
and weakly rectifying, non-inactivating (K2P) K+ channel pore-
forming α-subunits and a number of channel accessory (β) sub-
units (see Table 3-2) thought to contribute to the formation of 
the various cardiac K+ currents that have been distinguished elec-
trophysiologically (see Table 3-1). In recent years, considerable 
progress has been made in identifying the pore-forming Kv and 
Kir α-subunits contributing to the formation of most of the K+ 
channels expressed in mammalian cardiac myocytes (see Figure 
3-2). In addition, biochemical studies have provided some insights 
into the molecular mechanisms underlying the observed hetero-
geneities in the expression of myocardial Kv and Kir currents. 

is proarrhythmic.75,76 Previous studies have identified regional 
differences in myocardial IK1 expression and properties in adult 
mouse heart,77,78 and it has been suggested that these differences 
reflect the variable subunit compositions of the channels, as well 
as differences in polyamine concentrations.79 Studies focused on 
testing this hypothesis directly and on defining the molecular 
mechanisms controlling regional differences in the expression 
and functioning of native IK1 channels in species other than mice 
are also clearly warranted.

In the mammalian heart, IKATP channels appear not to have a 
prominent role in action potential repolarization, but are thought 
to be important in myocardial ischemia and preconditioning.21,22 
In heterologous systems, IKATP channels can be reconstituted by 
coexpression of Kir6.x subunits with one or more ATP-binding 
cassette proteins that encode sulfonylurea receptors, SURx.80 
Pharmacologic and mRNA expression studies suggested that 
cardiac sarcolemmal IKATP channels are encoded by Kir6.2 and 
SUR2A, and the essential role of Kir6.2 was demonstrated 
directly in experiments showing that IKATP channels are undetect-
able in ventricular myocytes isolated from Kir6.2–/– animals.81 In 
addition, cardiac IKATP channel activity is reduced in SUR2–/– 
myocytes82 and unaffected in SUR1-/- myocytes,83 suggesting an 
important role for SUR2. Interestingly, the properties of the 
residual IKATP channels in SUR2–/– myocytes are similar to those 
produced in heterologous cells on coexpression of Kir6.2 and 
SUR1,82 suggesting that SUR1 also contributes to the generation 
of functional cardiac IKATP channels by coassembling with Kir6.2 
α-subunits alone or with SUR2A. Biochemical and molecular 
genetic strategies will need to be combined to define the molecu-
lar components of native cardiac IKATP channels directly.

Although action potential waveforms in Kir6.2–/– and wild 
type ventricular myocytes are indistinguishable, the action poten-
tial shortening observed in wild type cells during ischemia or 
metabolic blockade is abolished in the Kir6.2–/– cells,81 consistent 
with the hypothesis that cardiac IKATP channels have a role under 
pathophysiologic conditions, particularly those involving meta-
bolic stress. Interestingly, action potential durations are largely 
unaffected in transgenic animals expressing mutant IKATP chan-
nels with markedly (fortyfold) reduced ATP sensitivity, suggest-
ing that there are additional inhibitory mechanisms that regulate 
cardiac IKATP channel activity in vivo.84 Similar to the strong 
inwardly rectifying myocardial Kir currents, IK1, further study is 
needed to provide molecular insights into the mechanisms con-
trolling regional differences in the functional expression of myo-
cardial IKATP channels.

In addition to Kv and Kir channel α-subunits that assemble 
as tetramers, a novel type of K+ α-subunit with four transmem-
brane spanning regions and two pore domains (see Figure 3-3) 
was identified with the cloning of TWIK-1.85 Both pore domains 
contribute to the formation of the K+ selective pore, and TWIK-1 
subunits assemble as dimers.86 A large number of two-pore 
domain K+ (K2P) channel α-subunit genes have been identified, 
and several are expressed in the mammalian myocardium (Table 
3-3). Heterologous expression of K2P subunits reveals currents 
with distinct biophysical properties and sensitivities to several 
potential intracellular and extracellular modulators, including 
anesthetics, change in pH, and fatty acids.85

The multiplicity of K2P α-subunits (see Table 3-3), the wide-
spread distribution of expressed subunits and the findings that 
the properties of the channels encoded by K2P subunits are regu-
lated by a variety of physiologically (and pathophysiologically) 
relevant stimuli suggest that K2P channels likely subserve a 
variety of important functions. As with other cell types, the physi-
ologic roles of these subunits and channels in the myocardium 
are just beginning to be explored. Both TREK-1 and TASK-1 
are detected in heart, and heterologous expression of these sub-
units gives rise to instantaneous, non-inactivating K+ currents 
that display little or no voltage dependence.85 These properties 

Table 3-3. Two-Pore K+ (K2P) Channel α-Subunits

Family Subfamily Protein Gene Cardiac 
Current

Two-Pore TWIK TWIK-1* KCNK1 ??

TWIK-2* KCNK6 ??

TWIK-3 KCNK7

TWIK-4 KCNK8

TREK TREK-1* KCNK2 ??

TREK-2 KCNK10

TASK TASK-1* KCNK3 IKp??

TASK-2 KCNK5

TASK-3 KCNK9

TASK-4 KCNK14

TASK-5 KCNK15

TRAAK TRAAK-1* KCNK4

THIK THIK-1 KCNK13

THIK-2* KCNK12 ??

TALK TALK-1 KCNK16

TALK-2* KCNK17 ??

*Expressed in the heart.
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roles of the various Kvβ and the K2P α-subunits in the genera-
tion of functional myocardial K+ channels and on defining the 
molecular mechanisms controlling the properties and the cell 
surface expression of myocardial K+ channels encoded by the 
various Kv α and β, Kir α and β, and K2P α-subunits. In addition, 
as numerous studies have documented changes in functional K+ 
channel expression in a variety of myocardial disease states, 
changes that could reflect modifications in channel properties, as 
well as alterations in the molecular compositions of the channels 
or the processing of the underlying channel subunits, it seems 
clear that a major focus of future research will be on defining 
these mechanisms in detail. There are numerous possible mecha-
nisms, including transcriptional, translational, and posttransla-
tional, that likely are important in regulating the functional 
expression and the properties of myocardial K+ channels in the 
normal, as well as in the damaged or diseased, myocardium. 
Defining these mechanisms will have an important effect on the 
field, leading to new insights into the mechanisms that regulate 
myocardial K+ channel expression and functioning and to the 
development of novel therapeutic strategies to prevent or reverse 
the remodeling of these channels associated with systemic or 
myocardial disease.

For cardiac Ito,f, regional differences in current densities are cor-
related with differences in Kv4.2 protein expression in adult 
mouse ventricles,57 whereas variable expression of the Ito,f channel 
accessory protein, KChIP2, has been suggested as underlying the 
transmural gradient in Ito,f densities in canine and human ven-
tricles.55 For cardiac IK1 channels, in contrast, recent studies 
suggest that differences in Kir channel α-subunit composition or 
differences in the concentrations of intracellular polyamines 
appear to have roles in regulating the functional diversity of these 
channels.78

Accumulating evidence suggests that native myocardial Kv 
channels likely function in macromolecular protein complexes 
(see Figure 3-4), comprising pore-forming α-subunits and mul-
tiple cytosolic and transmembrane accessory subunits (see Table 
3-2). The molecular compositions of native myocardial Kv chan-
nels, however, have not been determined. In contrast to the 
progress made in defining the Kv (and the Kir) α-subunits encod-
ing native myocardial Kv (and Kir) channels or currents, however, 
much less is known about the functional roles of the putative 
accessory subunits (see Table 3-2) of these channels, as well as 
about the functioning of the various K2P subunits (see Table 3-3). 
An important focus of future work will likely be on defining the 
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the resulting channels depends partially or solely on interactions 
with additional (accessory) proteins.2 From a functional perspec-
tive, there are three distinct classes of cardiac Kir channels (IK1, 
IKACh, and IKATP). As will be discussed later in this chapter, based 
on the degree of inward rectification the underlying channels  
can be considered as strong (IK1; KACh) or weak (KATP) inward 
rectifiers.2

There is ample molecular and electrophysiologic evidence for 
the expression of Kir2, Kir3, and Kir6 subfamily members in 
myocardial tissue, subunits representing the molecular correlates 
of IK1, IKACh, and IKATP, respectively. Given that the other members 
of Kir family (Kir1, Kir4, Kir5, and Kir7) are thought to be 
primarily important for K+ transport in other tissues, they will 
not be discussed further in this chapter.

Classical Cardiac Inward Rectifier  
Potassium Channels

Structure and Function

Kir2 Subfamily Underlies Cardiac IK1

The Kir2 subfamily consists of five members (Kir2.1-Kir2.5), of 
which only Kir2.1-Kir2.4 are expressed in the mammalian heart. 
Kir2.5 is expressed in the fish. As shown in Table 4-1, the follow-
ing genes encode the mammalian cardiac Kir channels: KCNJ2, 
KCNJ12, KCNJ4, and KCNJ14, for Kir2.1 through Kir2.4, 
respectively. There is evidence that in the mammalian heart 
Kir2.1-Kir2.3 isoforms are expressed in cardiac myocytes, and 
that Kir2.4 is probably only expressed in neuronal cells. It is well 
established that members of the Kir2 subfamily underlie IK1, 
although the subunit composition varies among species and cell 
types, and channel complexes are likely formed as hetero-
tetrameric structures.

Crystal Structure of Kir2 Channels
In recent years, x-ray crystallographic structures of both bacterial 
and mammalian homologs of several Kir channels have been 
obtained.5 Figure 4-2 highlights some important and common 
features of Kir channel structure based on the results of work 
with Kir2.1 and Kir2.2 mammalian channels.6 It is now firmly 
established that Kir channels are tetramers of distinct subunits, 
each having two transmembrane domains (M1 and M2), rela-
tively small N-terminal, and large C-terminal cytoplasmic 
domains, and a pore-forming structure between M1 and M2  
(see Figure 4-2). The pore structure contains pore helix directed 
toward the conduction pathway and the characteristic GYG (or 
GFG) motif, also known as K+ channel signature sequence, that 
contributes to the selectivity filter in all potassium channels. The 
M1 and M2 transmembrane domains in each subunit are arranged 
as an antiparallel coiled-coil and make contact with each other. 
Kir2 channels have a negatively charged amino acid (D172 in 
Kir2.1) located in approximately the middle of the pore, which 
has a critical role in the phenomenon of inward rectification 
discussed later.

Structural and Molecular Bases  
of Cardiac Inward Rectifier  

Potassium Channel Function
Anatoli N. Lopatin and Justus M.B. Anumonwo
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Background

Inwardly rectifying potassium (Kir) channels are important for 
stabilizing the resting membrane potential, establishing the 
threshold of excitation, and modulating the repolarization phase 
of the cardiac action potential.1 Inward rectification is a process 
in which the conductance of the Kir channel increases with  
membrane hyperpolarization, but decreases with depolarization 
to potentials positive to the potassium equilibrium potential.  
In essence, Kir channels behave as “bio-diodes,” preferentially 
passing current in one direction. The molecular basis of rectifica-
tion in Kir channels is a physical occlusion of the ion permeation 
pathway by depolarization-induced movement of intracellular 
cations, such as magnesium and polyamines.1 Only few Kir chan-
nels, however, display strong rectification.2 Strong rectification 
enables the Kir channels to stabilize the resting membrane poten-
tial, as well as to protect the cell from an excessive loss of K+ ions 
during the plateau phase of an action potential.1 The molecular 
correlates of these channels are primary subunits encoded by the 
KCNJ family of genes.3 Mutations in KCNJ genes have been 
associated with various channelopathies,2 demonstrating the 
importance of Kir channels in normal cardiac excitation. This 
chapter will focus on three well-studied Kir channels in the myo-
cardial cells: the classical inward rectifier potassium channels 
(IK1), the acetylcholine-activated potassium channels (KACh), and 
the adenosine triphosphate (ATP)-sensitive potassium channels 
(KATP). Additional information on the topics covered in this 
chapter can be obtained from recent review articles.2,4

A Family of Genes Encode Inward Rectifier 
Potassium Channels

Channels belonging to the Kir family are structurally and func-
tionally different from voltage-gated potassium channels.2,4 The 
genes that encode Kir channels are ascribed the KCNJ nomen-
clature and are categorized into seven subfamilies based on the 
gene products (Kir1-7; Table 4-1; Figure 4-1). In general, Kir 
channels consist of homomeric or heteromeric complexes of the 
respective Kir subunits, but as will be discussed, functionality of 
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allowing the helixes to bend and change the size of the pore at 
the bundle crossing.

The so-called slide helix formed by the N-terminus region 
just preceding the M1 helix is another unique and important 
regulatory feature of both bacterial and mammalian Kir chan-
nels.7 This helix intercalates between the inner leaflet of the 
plasma membrane and cytosol likely because of its amphiphilic 
nature. The important functional role of the slide helix is high-
lighted by the fact that many loss-of-function mutations associ-
ated with Andersen-Tawil syndrome (LQT7) are located in the 
slide helix.

A large C-terminal domain provided by four Kir2.x subunits 
consists primarily of β-strands and potentially strongly interacts 
with a smaller N-terminal domain. As shown in Figure 4-2, C- 
terminal domain forms a large intracellular vestibule, approxi-
mately 30 Å in length, for easy ion passage and likely provides 
binding sites for various intracellular agents. The cytoplasmic 
domain harbors a number of residues (e.g., E224 and E299 in 
Figure 4-2) known to contribute to inward rectification.

A membrane phospholipid phosphatidylinositol 4,5- 
bisphosphate (PIP2) is an important structural and regulatory 
component of Kir channels.8 In the membrane, PIP2 likely inter-
acts with hydrophobic amino acids on both M1 and M2 trans-
membrane helices as well as with a well-conserved (among Kir 
channels) RWR motif located just at the end of the M1 domain 
(see Figure 4-2). The interaction of PIP2 with a specific region 
in the CTD leads to an approximately 6 Å translation of the 
entire CTD toward the membrane associated with the movement 
of the M1 helix, which ultimately leads to the opening of the 
gate.6

Mechanism of Polyamine-Induced Rectification
The key experiments conducted in mid-1990s with the first 
cloned members of the Kir2 subfamily have clearly demonstrated 
that almost all essential properties of classical strong inward rec-
tification could be explained by a voltage-dependent block of the 
channel by ubiquitous intracellular organic cations, the poly-
amines.9 Micromolar concentrations of free polyamines (primar-
ily spermine and spermidine) are sufficient to reproduce the 
degree of rectification observed in native cells. The strength of 
rectification varies among the different members of the Kir sub-
family, and although every Kir channel shows some degree of 
inward rectification, they can be broadly grouped as either 
strongly rectifying (Kir2 and Kir3) or weakly rectifying (Kir1 and 
Kir6) channels. It is well established that the time-dependent 
activation of strong, inward rectifiers during membrane hyper-
polarization reflects the exit of polyamines (primarily sperimine) 
from the pore.

Rectification Properties Are Related to Electrostatic 
Interactions in the Cytoplasmic Pore of a Kir Channel
Early work with cloned Kir channels established that strong 
inward rectification by intracellular polyamines depends on three 
negatively charged residues located in the second transmembrane 
domain (D172; the rectification controller; see Figure 4-2) and 
in the C-terminal tail (E224 and E299; Kir2.1 amino acid [aa] 
numbering; see Figure 4-2). Positively charged polyamines enter 
the Kir channel pore to physically occlude it, a process aided by 
negative charges provided by aspartate and glutamate residues. 
Both electrophysiologic and structural data are consistent with 
the idea that channel block occurs in two sequential steps. A 
weakly voltage-dependent (shallow) blocking step involves entry 
of polyamine into the Kir2.1 pore at a site provided by a ring of 
negative charges (E224 and E299) in C-terminus. A more strongly 
voltage-dependent blocking step reflects the movement of poly-
amine to its deep binding site near D172 residue. It is also 
believed that the strong voltage dependence of the polyamine 
block arises not only from the high valency (z) of polyamines (z≈4 

Table 4-1.	 Diversity	of	α-Subunit	Proteins	in	the	Family	of	Inward	
Rectifier	Potassium	Channels

Subfamily Protein Gene Human Mouse Current

Kir1 Kir1.1 KCNJ1 11q25 ?

Kir2 Kir2.1 KCNJ2 17q23 11 IK1

Kir2.2 KCNJ12 17p11.2 11 IK1

Kir2.3 KCNJ4 22U IK1

Kir2.4 KCNJ14 19q13.4 ?

Kir3 Kir3.1 KCNJ3 2 IKACh

Kir3.2 KCNJ6 21q22

KCNJ7 16

Kir3.3 KCNJ9 1q21 1

Kir3.4 KCNJ5 11q25 9 IKACh

Kir4 Kir4.1 KCNJ10 1q21 1

Kir4.2 KCNJ15 21q22 16

Kir5 Kir5.1 KCNJ16 17q25

Kir6 Kir6.1 KCNJ8 12p11.1 6 IKATP

Kir6.2 KCNJ11 11p15 IKATP

Kir7 Kir7.1 KCNJ13 2 1 ?

(Modified	from	Nerbonne	JM,	Nichols	CG,	Schwarz	TL,	et	al:	Genetic	
manipulation	of	cardiac	K+	channel	function	in	mice:	what	have	we	learned,	
and	where	do	we	go	from	here?	Circ	Res	89:944–956,	2001).

Figure	4-1.  The family of inward rectifier potassium channels. All members of the 
Kir  family  share  significant  structural  similarity, but only Kir2 and Kir3  subfamilies 
represent channels carrying classical strongly rectifying currents. Four members of 
each Kir2 and Kir3 subfamilies were cloned in mammals. Heteromeric assemblies 
of Kir2.1, Kir2.2, and Kir2.3 subunits underlie IK1 current, and heteromeric assembly 
of Kir3.1 and Kir3.4 subunits underlies IKACh current. Weakly rectifying KATP channels 
are  composed  of  pore-forming  Kir6.1  and  Kir6.2  subunits  and  auxiliary  SUR1and 
SUR2 subunits. 

(Modified	from	Anumonwo	JM,	Lopatin	AN:	Cardiac	strong	inward	rectifier	potassium	
channels.	J	Mol	Cell	Cardiol	48:45–54,	2010.)
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There are at least three distinct regions of the intramembrane 
part of the pore: selectivity filter, a centrally located water filled 
cavity of approximately 10 Å in diameter, and the narrowing of 
the pore at the cytoplasmic side as the pore-lining M2 helixes 
come closer to each other (known as bundle-crossing). M2 helixes 
also possess a highly conserved glycine residue (a “hinge”; G168 
in Kir2.1) that likely contributes to the channel gating by 
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Kir2.1 and Kir2.3 channels. The voltage dependence of steady-
state rectification is different between Kir2.x channels, as are 
single-channel conductance and kinetics properties of the cur-
rents. In particular, polyamine unblock (activation) at negative 
membrane potentials in Kir2.3 channels is several-fold slower 
than in Kir2.1 and Kir2.2 channels. Single-channel conductance 
is smallest in Kir2.3 (approximately 10 pS), medium in Kir.2.1 
(approximately 25 pS) and largest in Kir2.2 (approximately 35 pS).

Cellular and Membrane Localization

IK1 currents, and thus the underlying Kir2.x subunits, display a 
distinct regional distribution in the heart. It has been shown that 
inward IK1 is generally more prominent in ventricular myocytes 
and Purkinje fibers and is significantly smaller in atrial myocytes 
(with one known exception of the mouse heart). The density of 
inward IK1 currents (i.e., currents normalized to membrane 
capacitance) is small in pacemaker cells of the sinoatrial node in 
mice and rats and essentially undetectable in the rabbit sinoatrial 
nodes. IK1 cannot be detected in atrioventricular node of rabbit 
but relatively large IK1 currents can be recorded in the guinea-pig 
atrioventricular node. Moreover, the density of inward IK1 varies 
across the ventricular myocardium. For example, in the mouse 
heart inward, IK1 is larger in apical myocytes compared with 
epicardial cells, and IK1 is larger in right ventricular than in left 
ventricular myocytes.

Molecular biologic studies are also consistent with location-
dependent expression of specific Kir2 isoforms. In particular, 
real-time reverse-transcriptase polymerase chain reaction  
analysis of Kir2 transcripts in the human heart showed the follow-
ing relative expression levels: in Purkinje fibers, Kir2.1 > Kir2.3 > 
Kir2.2; and in the right ventricle, Kir2.1 > Kir2.2 > Kir2.3; and 

for spermine) but also from a displacement (push) of K+ ions 
through the pore.10 Among the polyamines, spermine is the most 
voltage-dependent blocker and also has the highest potency for 
blocking the channel.

A characteristic feature of Kir2.1 and Kir3 channels is a flex-
ible cytoplasmic pore-facing G-loop (see Figure 4-2) that forms 
a girdle around the central axis of the Kir channel.11 It was 
estimated that this girdle constricts the ion permeation pathway 
to approximately 3 Å. Mutations in the G-loop were shown  
to disrupt inward rectification. In addition to the previously 
described E224 and E299 residues, it was shown that A255 and 
A259 located farther away from the pore axis are also involved in 
channel rectification. Electrophysiologic experiments using cys-
teine modifications in the pore region of a mutant Kir6.2 channel 
(N160D; equivalent to D172 in Kir2.1) showed that spermine 
binds at a deep site beyond the rectification controller residue 
D172, a site that is close to the extracellular mouth of the pore. 
In another study, refinement of the crystal structures of bacterial 
KirBac1.1 and KirBac3.1 allowed identification of the shallow 
polyamine binding sites at the cytoplasmic interface between the 
two subunits.12 These observations notwithstanding, the precise 
mechanism involved in rectification is still being worked out, and 
the exact location of polyamine binding sites in Kir channels is 
still a controversial issue.

Differential Properties of Kir2.x Subfamily
Consistent with their overall significant sequence homology, all 
Kir2 channels have the three mentioned residues (D172, E224, 
and E299) important for rectification at the equivalent positions. 
Recent studies, however, unexpectedly showed that rectification 
properties are rather different in the three Kir2 isoforms.13 Spe-
cifically, the data show that Kir2.2 channels display significantly 
stronger voltage dependence of rectification than that observed in 

Figure	4-2.  Architecture of a typical Kir channel. X-ray structure of chicken Kir2.2 crystallized in the presence of PIP2 (Accession code 3SPI, available in the Protein Data Bank; 
from  Hansen  et al.6).  Only  two  opposing  subunits  are  shown  for  clarity.  Right, The  structure  is  rotated  approximately  90  degrees  to  better  present  the  intracellular  ion 
conduction pathway and bound molecules of PIP2. Numbering of the amino acids corresponds to that  in Kir2.1. Red circles  represent K+  ions  in the selectivity filter. Blue 
circles show the location of three residues most critical for inward rectification. Spermine molecule (Spm) is shown in the middle at the same scale as the Kir2.2 structure. 
Analysis and visual presentation of the structures were performed using DeepView Swiss-PdbViewer and PyMol software. 
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intracellular pH (pHi) is dependent on the species and the type 
of tissue. For example, rat and guinea pig ventricular IK1 is not 
sensitive to physiologically relevant changes in pHi. In contrast, 
IK1 in sheep ventricular myocytes is inhibited by intracellular H+ 
with pKa of approximately 7.4. The difference in pH sensitivity 
is likely due to differences in subunit composition of IK1. For 
example, channels composed of Kir2.3 subunits exhibit strong 
sensitivity to pHi within a physiologically relevant range, whereas 
Kir2.1 and Kir2.2 channels are relatively insensitive to H+.

Pharmacologic tools for modulation of Kir2.x and IK1 channels 
are limited. The most useful research tool for studying Kir2 
channels is Ba2+ (inhibitory concentration of 50% [IC50] for 
inward currents, 0.5 to 10 µM). Ba2+ action is subunit dependent. 
For example, Ba2+ blocks Kir2.2 channels fivefold to sevenfold 
more efficiently than Kir2.1 channels. In the early 1990s, a com-
pound RP 58866 and its active enantiomer, terikalant, were 
shown to be selective blockers of IK1 (IC50, 5 to 20 µM). However, 
later studies revealed that terikalant also inhibits many other K+ 
channels, some with even higher potency (IC50 in submicromolar 
range for IKr channels). Similarly, it was found that LY97119 
compound (LY, a tertiary homolog of clofilium) blocks IK1 in the 
low micromolar range, but it also blocked Ito (transient outward 
current) at submicromolar concentrations. Perhaps chloroquine 
(an antimalarial drug) is the most potent blocker of IK1 with an 
IC50 of approximately 0.5 µM. However, chloroquine does not 
discriminate among IK1, IKACh, and IKATP, and it has been shown 
to affect other currents (e.g., INa) in the low micromolar range. 
Activators of Kir2 and IK1 channels were also described. In par-
ticular, flecainide, a widely used antiarrhythmic drug, increases 
Kir2.1 currents by approximately 50% at a concentration of 
1 µM, but has no effect on current carried through Kir2.2 and 
Kir2.3 channels.19 Arachidonic acid and the antiinflammatory 
agent tenidap were shown to specifically activate Kir2.3 channels, 
with a greater than twofold maximum increase in inward  
current with IC50 of approximately 0.5 and 1.3 µM, respectively. 
Zacopride, a gastrointestinal prokinetic drug, was recently found 
to be a selective IK1 channel agonist. The activating effect, 
however, is modest, with a maximum increase in IK1 of approxi-
mately 34% at a concentration of 1 µM.

Channelopathies

There are at least four known channelopathies associated with 
IK1 channels, all originating from mutations in KCNJ2: ATS, 
short QT (SQT) syndrome, familial atrial fibrillation (FAF) and 
catecholaminergic polymorphic ventricular tachycardia (CPVT) 
(Figure 4-3).2

ATS is characterized by a triad of pathologic clinical pheno-
types including morphogenesis and functioning of skeletal and 
cardiac muscle. One of the prominent features of ATS is cardiac 
electrical abnormalities, including brief episodes of ventricular 
tachycardia, multi-focal ventricular ectopy induced by adrenergic 
stimulation and prolongation of QT interval. ATS1 is used to 
differentiate ATS patients carrying mutations in KCNJ2. Many 
ATS1 patients display clear QT prolongation and have been 
referred to, perhaps questionably in some cases, as LQT7.

LQT7/ATS1 mutations are numerous (see Figure 4-3) and 
result in nonfunctional channels when exogenously expressed in 
heterologous system.20 Because affected patients are heterozy-
gous for the mutant and wild type (WT) alleles, and the channel 
is composed of four subunits, a dominant-negative effect of 
mutated subunit can lead to reduced IK1 current in cardiac myo-
cytes (and other cells). The dominant-negative effect of LQT7/
ATS1 mutations has been demonstrated using cloned channels. 
For example, coexpression of WT and D71V mutants results in 
barely measurable inward Kir2 currents compared with those 
produced by expression of WT subunits alone. The magnitude 

the sequence was reversed in right atrium, Kir2.3 > Kir2.2 > 
Kir2.1.14 Information on expression patterns of Kir2 subunits can 
also be gleaned from functional data using the unique properties 
of corresponding channels. For example, in cardiac atrial and 
ventricular myocytes, unitary conductance values display a wide 
spectrum ranging from 10 to 15 pS (as in Kir2.3 channels) to as 
high as 40 to 45 pS (as in Kir2.2 channels).

Evidence shows that IK1 channels are located not only in the 
non–T-tubular component of sarcolemma of ventricular myo-
cytes, but also in the intercalated discs and in the T-tubules. For 
example, accumulation and depletion of K+ only in T-tubules lead 
to changes in whole-cell IK1.15 IK1 accumulation/depletion phe-
nomena are not observed in atrial cells, which essentially lack 
T-tubules and in ventricular myocytes, in which T-tubules are 
removed by osmotic shock.15

Alternatively, Kir2.1, Kir2.2, and Kir2.3 subunits were  
localized to the T-tubular membrane using immunolabeling  
with specific antibodies. Intercalated discs were not studied elec-
trophysiologically in regard to the presence of IK1 channels, 
although labeling with various Kir2 antibodies can clearly be 
observed at this location. Moreover, there is evidence that in 
canine ventricular and atrial myocytes, Kir2.3 subunits are 
expressed at higher levels in intercalated disc membranes relative 
to T-tubules.

Pharmacology and Regulation

Kir2.x and IK1 channels can be regulated in a number of ways.2 
Most studies on adrenergic stimulation show that inward IK1 cur-
rents are suppressed by activation of both α and β receptors, 
although opposite effects were also described. In addition, adren-
ergic regulation is clearly dependent on the type of receptors and 
subunit composition of the channel.

Both isoproterenol and forskolin inhibit IK1 in human ven-
tricular myocytes, suggesting involvement of protein kinase A 
(PKA)-mediated phosphorylation of underlying Kir2.x subunits. 
Molecular details of the phenomenon, however, are contradic-
tory. For example, it has been shown that the application of a 
catalytic subunit of cyclic adenosine monophosphate (cAMP) 
dependent PKA leads to activation of Kir2.1 channels expressed 
in Xenopus oocytes, but to Kir2.1 inhibition when the channels 
they are expressed in a mammalian cell line (COS-7). The data 
on PKA regulation of native IK1 channels is limited and somewhat 
controversial; however, most of the studies show that IK1 channels 
are inhibited by exposure of the cytosolic side of the membrane 
to purified catalytic subunit of PKA. Studies in exogenous-
expressing systems also showed the involvement of PKC in nega-
tive regulation of Kir2.1 channels. Consistent with the latter, 
experiments using human atrial myocytes show that α1-adrenergic 
stimulation likely reduces IK1 via a PKC-dependent mechanism. 
Kir channels are also targets for phosphorylation by tyrosine 
kinases. In Kir2.1 channels, the site of downregulation was tar-
geted to a single Y242 residue in the C-terminus.16

PIP2 is an important component in membrane-delimited 
second messenger signaling system and a powerful activator of 
Kir channels.17 There is significant evidence that PIP2 regulates 
the channel gating primarily through specific electrostatic inter-
actions with the cytosolic part of the channel (see Figure 4-2).6 
It is also clear that various properties of Kir2 channels are  
modulated by PIP2. For example, pH sensitivity of Kir2.3 chan-
nels is strongly dependent on the strength of channel-PIP2 
interaction.

Various common cations, such as Ca2+ and H+, contribute to 
regulation of Kir2 channels as well.2 Intracellular Ca2+ blocks IK1 
channels in a voltage-dependent manner. There is evidence that 
a transient increase in intracellular Ca2+ during action potential 
can lead to significant blockage of IK1.18 Regulation of IK1 by 
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display a normal QT interval in contrast to patients affected by 
D172N mutation.

Mutations in KCNJ2 were also linked to another type of 
excitability disorder—catecholaminergic polymorphic ventricu-
lar tachycardia (CPVT).24 CPVT is a heritable disorder charac-
terized by frequent ventricular arrhythmias and sudden cardiac 
death associated with physical activity or adrenergic stimulation. 
Four KCNJ2 mutations associated with CPVT have been identi-
fied (see Figure 4-3). Three of them are located in the N-terminus 
and one in the distal C-terminus of Kir2.1. The electrical phe-
notype of these mutations included prominent U waves, ventricu-
lar ectopy, and polymorphic ventricular tachycardia. In contrast 
to closely located mutations associated with LQT7/ATS1 syn-
drome, CPVT mutations were not associated with dysmorphic 
features or with skeletal muscle abnormalities. Electrophysio-
logic analysis of exogenously expressed mutants showed that they 
did not produce any measurable current. In addition, two of the 
mutations (T75M, R82W) displayed strong dominant negative 
effects when coexpressed with WT channels. T305A mutation 
did not exert a significant dominant-negative effect on inward 
currents, but strongly increased the strength of inward rectifica-
tion, leading to a relative decrease in outward current. Finally, 
some mutations in KCNJ2 could not be easily classified into the 
four categories mentioned previously, and for this reason they are 
referred to as other in Figure 4-3. For example, C54F mutation 
was found in a patient who showed cardiac abnormalities 
(arrhythmia was not specified) upon corticosteroid intake.

Acetylcholine-Activated Potassium Channels

Structure and Function

In the heart, Kir3.1/Kir3.4 channels are responsible for the 
effects of acetylcholine and adenosine, and they act through a 
coupling mechanism involving a receptor, a G protein (Go/Gi 
family), and the potassium channel.2,25 Because channel gating 
requires a G protein, Kir3.1/Kir3.4 channels are considered a 
type of KG channel.4 For channel activation, the G-protein–
coupled receptor (Figure 4-4) can be a muscarinic (M2) or a 
purinergic (P1) receptor, which are activated by acetylcholine or 
adenosine, respectively. The ultimate result of channel activation 
is the opening of Kir3.1/Kir3.4 channels, which permits K+ efflux 
and consequently hyperpolarizes the cell membrane.

As in a typical potassium channel, ion selectivity in Kir3.x 
channels is conferred by the presence of the signature sequence 
(T-X-G-Y/F-G),4,26 and the mechanism of rectification involves 
an asparagine or an aspartate residue for interactions with the 
polyamines (details of rectification have been discussed previ-
ously). Thus, the mechanism of rectification is similar to that 
described for Kir2 channels, and Kir3.x channels belong to the 
class of strong inward rectifier channels.2 Membrane topology of 
Kir3 channels is similar to that described for Kir2 channels (see 
Figure 4-2).

Exactly how do Kir3.1/Kir3.4 channels and G proteins inter-
act to cause channel opening? First, a brief discussion of G pro-
teins is necessary. G proteins are complexes consisting of an α 
(molecular weight [MW], ~40,000), a β (MW, ~35,000) and a γ 
(MW, ~8000) subunit, which transduce signals from membrane 
receptors (e.g., muscarinic [M2]) to an effector, such as a KG 
channel.4,25 Four subfamily members of the guanosine diphos-
phate (GDP) Gα subunit dictate selectivity of signaling (activa-
tion of adenylate cyclase [Gαs], inhibition of adenylate cyclase 
[Gαi], and activation of phospholipase [Gq]).25 Normally, Gα is 
bound to GDP in the absence of an agonist, and the Gα/GDP 
complex is coupled to the receptor and has low GTPase activity. 
With vagal stimulation and ligand-receptor interaction, GDP is 

of dominant negative effect, however, is variable in different 
mutants.

SQT syndrome is characterized by an abnormally short QT 
interval (less than 300 ms) and increased risk of having fibrillation 
and sudden death. Currently, three forms of SQT syndrome have 
been described. SQT1 and SQT2 syndromes result from muta-
tions in genes underlying two voltage-gated potassium channels, 
HERG (KCNH2) and IKs (KCNQ1). A third variant of SQT 
syndrome (SQT3) originating from mutation in KCNJ2 has 
been described recently.21 Genetic analysis revealed a charge-
neutralizing substitution (D172N) in the critical place of the 
channel responsible for strong inward rectification (see Figure 
4-2). Accordingly, coexpression of WT and D172N mutant  
subunits showed decreased rectification of heteromeric channel. 
Computer simulations showed that reduced rectification of IK1 
can explain some of the characteristic features of an electrocar-
diograph, such as tall and asymmetric T waves, observed in 
affected patients.

Recently, a second mutation in KCNJ2 associated with SQT 
syndrome has been identified (M301K).22 In contrast to D172N 
mutation, exogenous expression of M301K subunits alone did not 
produce measurable currents. However, coexpression of both 
WT and M301K subunits resulted in large K+ currents displaying 
significantly reduced inward rectification (relatively larger 
outward currents). Given that the M301K mutation resides on 
KCNJ2, a gene already associated with SQT3 syndrome, it is 
reasonable to classify M301K as another SQT3 mutation.

One study described association of single V93I mutation in 
KCNJ2 with familial atrial fibrillation.23 Electrophysiologic 
experiments with cloned channels showed, in particular, that 
V93I mutation leads to a relative increase in the magnitude of 
the outward current, or a decrease in the strength of inward 
rectification. Regarding the inward rectification, the effect of 
V91I mutation on Kir2.1 current resembles that found in D172N 
mutant channels. However, patients carrying the V93I mutation 

Figure	4-3.  Channelopathies of  the classical  inward  rectifier channel,  IK1, associ-
ated with mutations in Kir2.1 subunit. Mutant residues are color coded to represent 
the long QT (LQT7/ATS1; black), catecholaminergic polymorphic ventricular tachy-
cardia (CPVT; red), familial atrial fibrillation (FAF; green), and short QT3 (SQT3; blue). 

(Modified	from	Anumonwo	JM,	Lopatin	AN:	Cardiac	strong	inward	rectifier	potassium	
channels.	J	Mol	Cell	Cardiol	48:45–54,	2010.)
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tissues.2,4 Following the cloning of genes underlying Kir3 chan-
nels in the early to middle 1990s, investigators have probed myo-
cardial tissues to examine localization of the gene products. 
Overall, these studies reported an abundance of Kir3.1 and Kir3.4 
mRNA in nodal and atrial, but not in ventricular tissues, which 
would be consistent with tissue distribution of IKACh. In one such 
study,28 a comprehensive analysis was performed using Western 
blot and immunofluorescence to examine channel distribution in 
sinus-nodal, atrial, and ventricular tissues, and showed similar 
results of expression pattern across species (rat, ferret, and guinea 
pig hearts). It was reported that, whereas there was minimal 
expression of Kir3.1 in the ventricles of all species tested, Kir3.1 
and Kir 3.4 were highly expressed in atrial tissue of all the species. 
It was noted that although there were relatively high levels of 
expression in the atria, significant quantitative differences in 
Kir3.1 and Kir3.4 protein levels were found in the different 
species. Furthermore, it was demonstrated that Kir3.1 and M2 
receptor colocalized in the sinoatrial node. In nodal and atrial 
tissue, immunofluorescence showed localization of Kir3.x/M2 
receptors more on the outer (lateral) membranes than in T-tubular 
membranes.28 Similar quantitative differences in expression have 
been reported for atrial versus ventricular tissues in the human 
myocardium.28,29

Pharmacology and Regulation

It is well established that Kir3.1/Kir3.4 are generally insensitive 
to classical potassium channel blockers such as or 4-AP or TEA.4 
However, experiments in cardiac myocytes isolated from rabbit 
hearts show that the toxin, tertiapin, is a selective blocker of 
IKACh.30 Channel block is highly potent, with an affinity in the 
nanomolar range. Cardiac Kir3.1/Kir3.4 channels are also inhib-
ited by quinine, quinidine, and verapamil; however, affinities of 
the these drugs are in the micromolar range.4 Based on the results 
of experiments in heterologous (oocyte) expression systems, 
current through Kir3.x channels is enhanced by “intoxicating” 
concentrations of ethanol, and an approximately 43-aa stretch on 
the C-terminus has been identified as important for the ethanol 
effect.31 Similarly, in a heterologous expression system, Kir3.x 
channels displayed sensitivity to intracellular acidification, an 
inhibitory effect that was dependent on histidine residues in the 
N- and C-terminal regions of the channels.4 A variety of other 
agents have also been shown to modulate Kir3.x channels. For 
example, similar to all Kir channels, Kir3.1/Kir3.4 require PIP2 
for channel activity.4 Curiously, however, the PIP2 effect is 
enhanced by other factors such as the G-protein Gβγ complex, as 
well as by intracellular cations. In general, Kir3.x channel activity 
is also sensitive to mechanical stretch, can be modified by phos-
phorylating agents, and is sensitive (negatively) to regulators of 
G-protein signaling.4

Channelopathies

Over four decades ago, a mouse with a striking locomotor defi-
ciency (weaving) was described, and the defect has subsequently 
been traced to a naturally occurring gain-in-function mutation 
in the Kir3.2 channel.32 Additional neurologic defects attendant 
to this mutation earned the weaver mouse the title of the “most 
cantankerous rodent.”33 There is relatively little information 
available on inherited cardiac channelopathies associated with 
Kir3.1/Kir3.4 channels. However, alterations in Kir3.1/Kir3.4 
channel activity have been reported in certain cardiac rhythm 
abnormalities.34 Electrical remodeling in atrial fibrillation patients 
has been shown to increase the constitutively active component 
of IKACh, which could cause an abbreviation of action potential 
duration. More recently, a study was performed in a Long QT 

exchanged for GTP and results in the uncoupling of Gβγ from 
Gα (see Figure 4-4, A). The released Gβγ subunits in turn activate 
the Kir3.1/Kir3.4 channels. There is a critical requirement for 
GTP for channel activation (see Figure 4-4, B). A variety of 
experiments have determined the precise molecular interactions 
involved in the Gβγ-induced Kir3.1/Kir3.4 channel gating, and 
have shown that the cytoplasmic region of the channel is inti-
mately involved with gating. For example, crystal structure analy-
ses of the cytoplasmic region of Kir3.1 suggest that the C-terminus 
of two neighboring Kir3 channels subunits bind to each other, 
and that an N-terminus is positioned between the two C-terminal 
domains.27 The study also showed that for Kir3.1 channels, the 
cytoplasmic residues L262, L333, and E336 are important in 
gating, and the equivalent residues are H64 and L262 in Kir3.4 
channels.

Cellular and Membrane Localization

There are tissue-dependent differences in expression of IKACh in 
the myocardium, with a very high density of expression in nodal 

Figure	4-4.  Activation of Kir3.1/Kir3.4 channels by muscarinic (M2) and purinergic 
(P1)  G-protein  coupled  receptors  (GPCRs).  A,  Membrane-delimited  pathway  for 
activation of acetylcholine (Ach) and adenosine (Ado) gated Kir channels. Ligand-
GPCR interaction enhances GTP association with G-protein α-subunit, and results 
in the release of the β/γ-subunits for the activation of the Kir channel. Potassium 
efflux  hyperpolarizes  the  cell  membrane.  B,  Requirement  of  GTP  for  Kir3.1/Kir3.4 
activation  by  ACh  (top  single  channel  traces)  and  Ado  (bottom  single  channel 
traces).  Holding  potentials  for  experiments  are  annotated.  Channel  activity  is 
present in the cell-attached patch mode, with ACh or Ado present in the pipette 
(top inset).  Patch  excision  (at  arrow;  inside-out  patch  configuration)  loss  of  GTP 
results in loss of channel activity. Subsequent application of GTP (100 µM; intracel-
lular side) restored channel activity. 

(A,	Modified	from	Breitwieser	GE:	GIRK	channels:	hierarchy	of	control.	Am	J	Physiol	
Cell	Physiol	289:C509–C511,	2005.	B,	Modified	from	Hibino	H,	Inanobe	A,	Furutani	K	
et	al:	Inwardly	rectifying	potassium	channels:	their	structure,	function,	and	physiolog-
ical	roles.	Physiol	Rev	90:291–366,	2010.)
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Kir2.1; N160D in Kir6.2) converts Kir6.2 into a strongly rectify-
ing channel.37 A defining property of KATP channels is their 
characteristic sensitivity to intracellular ATP (hence the name 
ATP-dependent K+ channels). Under normal conditions, both 
exogenously expressed Kir6.2/SUR2 channels and native chan-
nels in cardiac myocytes are inhibited by ATP in the micromolar 
range (10 to 100 µM) by direct binding to the channel rather 
than through phosphorylation mechanisms. In the absence of 
intracellular Mg2+ ions, adenosine diphosphate (ADP) and other 
nucleotides also inhibit the channel. Modeling studies suggests 
that the ATP binding pocket is located at the interface of the N 
and C terminus of each Kir6.x subunit; therefore, the KATP 
channel possesses four ATP binding sites.

The overall structure of auxiliary SUR subunit is presented in 
Figure 4-5, B. It is believed that SUR interacts with Kir6.x sub-
units to modulate channel gating through TMD0 domain and 
L0 linker region. Experimental data are consistent with the  
idea that intracellular ATP induces dimerization of nucleotide-
binding domains NBD1 and NBD2, converting them into a cata-
lytically active site for Mg2+-dependent hydrolysis of ATP (leading 
to MgATP). Hydrolysis of ATP is followed by a conformational 
change that is then transduced to the Kir6.x subunit; however, 
MgADP is an even more potent activator of the KATP channel. 
The latter puts the hydrolysis hypothesis into question. Accord-
ingly, it has been suggested that NBDs can be locked in a post-
hydrolytic state by MgADP and other nucleotides to sustain the 
active state of the channel.

Cellular and Membrane Localization

KATP channels are found in virtually every kind of cardiac tissues, 
but they are most prominent in cardiac myocytes and smooth 
muscle cells. Detailed experimental analysis reveals significant 
differences in various properties of native KATP channels, suggest-
ing different subunit organization in every case.38 A significant 
amount of evidence suggest that ventricular sarcolemmal KATP 
channels are likely composed of Kir6.2 and SUR2A subunits. In 
particular, functional sarcolemmal KATP channels are absent in 
Kir6.2 knockout mice, and various channel properties (including 
large single channel conductance, high sensitivity to pinacidil and 
cromakalim, and low sensitivity to diazoxide) are similar to those 

syndrome large Chinese family (49 individuals) with autosomal-
dominant Long QT syndrome (LQTS).35 The locus of the 
LQTS-associated gene was mapped to chromosome 11q23.3-
24.3. A combination of biochemistry and cell electrophysiology 
in heterologous expression systems was used to demonstrate that 
a heterozygous G387R mutation on the Kir3.4 (KCNJ5) identi-
fied in all affected family members was responsible for reduced 
channel expression on the sarcolemma.

ATP-Sensitive Potassium Channels

Structure and Function

Among all inward rectifiers, KATP channels are the most unique 
in their molecular architecture.36 As in other Kir channels, the 
ion conduction pathway is provided by a tetrameric arrangement 
of pore-forming subunits, but additional auxiliary regulatory sub-
units are necessary for the channel to be fully functional (Figure 
4-5, B). The two known isoforms of the pore-forming subunits 
are encoded by Kir6.1 (KCNJ8) and Kir6.2 (KCNJ11) genes. The 
two isoforms of auxiliary subunits are encoded by SUR1 (ABCC8) 
and SUR2 (ABCC9) genes (the SUR name originates from “sul-
fonylureas,” a class of drugs known to inhibit KATP channels by 
acting on the auxiliary subunit). SUR2 gene can be alternatively 
spliced at the very C-terminus (last 42 aa) leading to SUR2A and 
SUR2B isoforms. Genomic arrangements of SUR and Kir6 genes 
are unique as well. Specifically, SUR1 is followed by Kir6.2 in a 
close proximity on chromosome 11pp15.1, whereas while SUR2 
is followed by Kir6.1 on chromosome 12p12.1. The consequences 
of this arrangement regarding the regulation at a genomic level 
are not clear at this time. Although heteromeric assembly of 
Kir6.x subunits produces functional channels in vitro, it remains 
unclear whether heteromeric Kir6.x complexes exist in native 
tissues. In contrast, both SUR1/Kir6.2 and SUR2/Kir6.2 chan-
nels likely exist in native tissues. Membrane topology and general 
organization of Kir6.x subunits is highly similar to that in well-
characterized Kir2.x channels (see Figure 4-2).

KATP channels display weak rectification; however, it has been 
shown that just a single amino acid substitution in the so-called 
rectification controller region of inward rectifiers (see Figure 4-2, 

Figure	4-5.  Molecular structure of KATP channel. A, A pore-forming subunit of KATP channel is encoded by Kir6.x genes and contains two transmembrane helical domains 
TM1 and TM2, a pore-forming region (P-helix), a large C-terminal domain, and characteristic N-terminal domain (slide helix) interfacing inner leaflet of the membrane and 
cytoplasmic C-terminus. B, An auxiliary subunit to the channel is encoded by SUR1 and SUR 2A/B genes and consists of the seventeen transmembrane helices organized 
in several distinct domains and several important cytoplasmic regions. TMD0 domain and L0 region are responsible for the interaction with Kir6.x subunits and regulation 
of gating of the channel. TMD1 and TMD2 domains are followed by nucleotide binding domains, NBD1 and NBD2, which form two nucleotide binding sites at their interface. 
C, Arrangement of Kir6.x and SUR.x subunits in an octameric KATP channel complex. Modeling studies predict one adenosine triphosphate binding site at each of the Kir6 
interfaces and Mg2+-nucleotide binding sites in the NBD domains of SUR subunit. 

(Modified	from	Flagg	TP,	Enkvetchakul	D,	Koster	JC,	et	al:	Muscle	KATP	channels:	recent	insights	to	energy	sensing	and	myoprotection.	Physiol	Rev	90:799–829,	2010.)
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increased by stretch suggesting the involvement of channel-
cytoskeleton interactions. Intracellular pH is another potent 
regulator of native KATP channels with acidification leading to 
increase in channel activity.

KATP channels can be inhibited or activated by a variety of 
drugs, all acting on the SUR subunit. Sulfonylureas such as ace-
tohexamide, glipizide, glibenclamide, tolbutamide, and HMR 
1098 are prominent inhibitors. Clinically, sulfonylureas are used 
exclusively for the treatment of type 2 diabetes, but they are also 
a useful research tool in work with cardiac preparations.

KATP channel openers (KCO) include pinacidil, cromakalim, 
rimakalim, nicorandil, diazoxide, and minoxidil sulfate. In con-
trast to sulfonylureas, KCOs are useful in treating cardiovascular 
disorders such as myocardial ischemia and congestive heart 
failure. KCOs display strong selectivity to subunit composition 
of KATP channels. In particular, KATP channels in pancreatic β-cells 
(SUR1 based) are strongly activated by diazoxide, but not affected 
by cromakalim or nicorandil while ventricular KATP channels 
(SUR2A based) are strongly activated by cromakalim or nicor-
andil but not by diazoxide. Smooth muscle KATP channels (SUR2B 
based) are activated by all these drugs. Mitochondrial KATP chan-
nels are known to be potently activated by diazoxide and inhib-
ited by 5-hydroxydecanoate (5-HD).

Channelopathies

Mutations in genes underlying KATP channels have been associ-
ated with cardiovascular disorders. Specifically, F1524S and 
A1513T substitutions in the SUR2A gene (missense and frame-
shift, respectively) were linked to dilated cardiomyopathy. Both 
mutations were mapped to the locus of SUR2A, which is respon-
sible for catalytic activity of NBD2 domains, and likely exert their 
actions through reduced activation of KATP channel. The other 
reported mutation in the SUR2A gene was associated with adren-
ergic atrial fibrillation originating in the vein of Marshall, a well-
known location for this type of fibrillation. As in the previous 
case, the underlying missense mutation in the SUR2A gene 
(T1547I substitution) likely affects the functioning of NBD2 
leading to a compromised channel regulation by adenine nucleo-
tides. Recently, the novel gain-of-function mutation (S422L sub-
stitution) in the pore-forming Kir6.1 subunit (when coexpressed 
with SUR2A) was associated with ventricular fibrillation and 
linked to J-wave syndrome susceptibility.41

Conclusion

The biophysical and regulatory properties of Kir channels are 
crucial for cardiac electrical activity. Significant experimental evi-
dence clearly implicates several members of the Kir subfamily as 
molecular determinants underlying the three major inward recti-
fier potassium currents in native cardiac cells: IK1, IKACh, and IKATP. 
The general architecture of Kir channels has been well estab-
lished, and fine details of their structure and function have been 
revealed with the aid of several available crystal structures of 
cloned channels. Nevertheless, many important questions remain 
unanswered. For example, how do the differences in the bio-
physical and regulatory properties of Kir2 isoforms affect hetero-
meric channel complexes that underlie the native IK1 in different 
species and in different parts of the heart? What is the subunit 
composition of mitochondrial KATP channel? How are Kir chan-
nels sorted into microdomains in the sarcolemma, such as 
T-tubules or intercalated discs, and how do they interact with 
other proteins within these microdomains? These questions 
undoubtedly will be the focus of much investigation in the near 
future.

obtained from ventricular myocytes. The latter is also supported 
by a relatively low level of SUR1 (a pancreatic isoform) in the 
ventricles, and the finding that the activity of KATP channels is 
essentially unaffected in ventricular myocytes from SUR1 knock-
out mice. Recent experiments with mice showed, however, that 
SUR1 subunit of KATP channel may be a dominant isoform in 
atrial tissue. In particular, activity of KATP channels could not be 
detected in atrial myocytes isolated from SUR1 knockout mice, 
and the pharmacologic profile of atrial KATP channels is reminis-
cent of that conferred by SUR1 (higher sensitivity to diazoxide, 
lower to pinacidil) rather than SUR2 subunits. It remains unre-
solved whether this subunit composition exists in atrial tissue of 
other animals and humans.

KATP channels in smooth muscle display a number of proper-
ties distinct from that in cardiac myocytes, suggesting unique 
subunit composition.36 Significantly smaller channel densities (up 
to 100-fold per cell), generally low single channel conductance 
(~30 pS), and a lack of channel activity upon excision of the 
membrane patch are some of the common features of smooth 
muscle KATP channels. Studies with exogenously expressing 
systems showed that cloned KATP channels originating from coex-
pression of Kir6.1 and SUR2B subunits resemble native KATP 
channels in smooth muscle, for the most part. A strongest support 
for Kir6.1/SUR2B composition of smooth muscle KATP channels 
comes from experiments with genetically modified mice. Specifi-
cally, KATP currents cannot be recorded in aortic smooth muscle 
cells isolated from either Kir6.1 or SUR2 knockout mice, whereas 
the activity of KATP channels is preserved in these cells in Kir6.2 
knockout mice.

Mitochondrial KATP channels received a lot of attention since 
they were first described at this location in early 1990s. In  
contrast to sarcolemmal KATP channels, however, their molecular 
identity remains highly controversial.36 Although exogenously 
coexpressed Kir6.1 and SUR1 subunits produce KATP channels 
with many properties resembling those found in mitochondria, 
the activity of mitochondrial KATP channels in Kir6.1 knockout 
mice was not affected. Recent promising developments in this 
area include the identification of mitochondria-specific short-
form of SUR2 subunits generated by a nonconventional  
intraexonic splicing, which can underlie mitochondrial KATP 
channels.39 There is also strong evidence that the pore-forming 
subunit of mitochondrial KATP channels is encoded by KCNJ1 
(Kir1.140).

Pharmacology and Regulation

Pharmacology of KATP channels is extensive, and regulation is 
complex relative to other members of Kir family, which is in part 
due to the structural complexity of the channel.4 Cardiac KATP 
channels are regulated by a variety of mechanisms, and important 
quantitative details of their modulation surely depend on the 
specific subunit composition. The most prominent and charac-
teristic mechanism involves regulation by intracellular nucleo-
tides such as ATP and ADP. Intracellular ATP is a potent blocker 
of the channel while ADP (in the presence of Mg2+ ions) has an 
activating effect. An overwhelming level of ATP under normal 
conditions keeps the channel essentially shut (native channels in 
cardiac myocytes are half blocked by 50 to 100 µM ATP), whereas 
metabolic disturbances leading to both a drop in ATP levels and 
a consequent rise in ADP levels result in channel opening (in the 
presence of intracellular Mg2+ ions). Experiments with isolated 
membrane patches show that phospholipids, especially PIP2, are 
potent activators of native (and cloned) KATP channels while their 
hydrolysis reduces channel activity. Regulation of KATP channels 
by PKA-dependent phosphorylation is well documented in 
smooth muscles, but the data are limited in cardiac myocytes. It 
has been shown that the activity of atrial KATP channels can be 
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much more complex, but the basic E1/E2 nomenclature has been 
retained. Importantly, each step of the reaction cycle is reversible, 
so that ATP can be produced by reversing the direction of the ion 
transport process. Reversal of the SERCA pump, with production 
of ATP, had in fact already been demonstrated in one of the first 
experiments on the transport of Ca2+ by vesicular preparations of 
sarcoplasmic reticulum.5 A simplified version of the cycle, but 
adapted to Ca2+ pumps, is shown in Figure 5-1.

Several Ca2+ pump isoforms have been described in animal 
cells, differing essentially in tissue distribution, regulatory prop-
erties, and some mechanistic peculiarities. The isoform diversity 
reflects the existence of separate basic gene products, but also the 
occurrence of complex patterns of alternative splicing that 
increase very significantly the number of variants of each of the 
three pumps. The analysis of the differential properties of the 
Ca2+ pump isoforms is a vigorously investigated topic that has 
important linkages to the general process of cellular Ca2+ homeo-
stasis, which in animal cells is regulated by a number of nonmem-
brane Ca2+-binding proteins and of membrane-intrinsic Ca2+ 
channels and transporters. The transporters interact with Ca2+ 
with high or low affinity, and thus function either as fine tuners 
of cytosolic Ca2+ or come into play whenever the concentration 
of Ca2+ increases to levels adequate for their low affinity. The Na/
Ca-exchanger of the plasma membrane and the mitochondrial 
Ca2+ uptake and release systems are the low-affinity regulators of 
cytosolic Ca2+. The three pumps, by contrast, control Ca2+ effi-
ciently even in the low concentrations of the cytosol at rest. Pump 
activity is fundamental to the correct functioning of the machin-
ery of animal cells: dysfunctions, genetic or otherwise, of their 
operation might not necessarily induce cell death, but invariably 
generate disease phenotypes.

Sarco/Endoplasmic Reticulum Ca2+ ATPase

The SERCA pump is a key mechanism to adjust the Ca2+ homeo-
stasis in the endoplasmic reticulum (ER) lumen. Considering that 
the ER Ca2+ is involved in a multitude of signaling events and in 
housekeeping functions that control cell growth, differentiation 
and apoptosis, the activity of the SERCA pump is a key element 
in cell wellness.

The SERCA pump is inhibited by La3+ and orthovanadate, 
and the discovery of specific inhibitors such as thaspigargin,6 
cyclopiazonic acid,7 and 2.5-di(t-butyl)hydroquinone8 repre-
sented a significant advantage in the biochemical and structural 
characterization of the pump.

The SERCA protein is organized in the membrane with 10 
TMs: numerous mutagenesis studies and the solution of its 3D 
structure have clarified essential molecular details of its function, 
which will be summarized in this chapter. Full details are avail-
able in a number of more comprehensive reviews.9-11

Analysis of the 3D structure of the SERCA1 pump isoform 
has revealed that the single polypeptide chain folds in three 
cytosolic domains and in one transmembrane sector (M) 
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Ca2+-transporting adenosine triphosphatases (ATPases; Ca2+ 
pumps) have been described in animal and plant cells and in cells 
of lower eukaryotes. This chapter will focus on the ATPases of 
animal cells and on the disease processes linked to their dysfunc-
tion. The three animal Ca2+ pumps belong to the large superfam-
ily of P-type ATPases, which have been so defined because their 
reaction cycle is characterized by the formation of an acid-stable 
phosphorylated Aspartate (Asp) residue (the P intermediate) in a 
highly conserved sequence (SDKTGT[L/IV/M][T/I/S]).1 The 
family now contains hundreds of members and eight subfamilies.2 
The subfamilies have been identified based essentially on trans-
ported substrate specificity, the evolutionary appearance of which 
having been accompanied by abrupt changes in sequence. The 
changes, however, do not involve eight conserved structurally and 
mechanistically important regions that define the core of the 
superfamily. Five branches have been identified in the phyloge-
netic tree of the superfamily: two animal Ca2+ pumps belong to 
subgroup II A (the sarco/endoplasmic reticulum Ca2+ [SERCA] 
and secretory pathway Ca2+ [SPCA] pumps), one to subgroup II B 
(the plasma membrane Ca2+ [PMCA] pump). All P-type ATPases, 
including the three that transport Ca2+ in animal cells, are multi-
domain proteins that share the essential properties of the reaction 
mechanism, have molecular masses varying between 70 and 
150 kDa, and share the presence of 10 hydrophobic trans-
membrane (TM) spanning domains (however, some have only six 
or eight). The number of TMs being even and the N- and 
C-termini of all P-type pumps are on the same membrane side 
(i.e., the cytosol); one exception is a splice variant of the SERCA 
pump that has 11 TM). The P-type ATPases also share the sensi-
tivity to the transition state analog orthovanadate and, with some 
specific differences (see below), to La3+. Other inhibitors only 
affect selected members of the superfamily. The three-dimensional 
(3D) structures of four P-type ATPases have become available 
following the landmark solution of the 3D structure of the SERCA 
pump 12 years ago3: molecular modeling on templates of the 
SERCA pump structure has indicated that all P-type ATPases 
share the general principles of 3D structure. The reaction cycle of 
P-type ATPases originally envisaged only the E1 and E2 steps, 
characterized by distinct conformations and affinities for adenos-
ine triphosphate (ATP) and the transported ion. For example, 
Ca2+ pumps in the E1 state engage Ca2+ with high affinity at one 
side of the membrane, and in the state their E2 lowered affinity 
for Ca2+ releases it to the opposite membrane side.4 Later, addi-
tional intermediate states were added that made the reaction cycle 
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composed of the 10 formerly predicted TMs (Figure 5-2). The 
three cytosolic domains have been named according to their role 
in the reaction cycle: the nucleotide binding domain (N) binds 
ATP, the phosphorylation domain (P) drives ATP hydrolysis 
leading the phosphorylation of the catalytic Asp, and the actuator 
domain (A) catalyzes the dephosphorylation of the P-domain. 
The A and P domains are connected to the transmembrane M 
domain that contains the 2 Ca2+ binding sites: the SERCA pump 
transports 2 Ca2+ per ATP hydrolyzed. The N domain is instead 
connected to the P domain. During the cycle, phosphorylation 
and dephosphorylation events promote conformational changes 
that control the access of Ca2+ to the two binding sites (site I and 
site II), which exist in high- and low-affinity states (Figure 5-3). 
The two sites are located near the cytoplasmic surface of the 
membrane, but site I faces the cytoplasmic side and site II is 
closer to the luminal side. Once Ca2+ becomes bound to site I, a 
conformational change increases the affinity of site II and permits 
the phosphorylation of the catalytic Asp by ATP, leading to the 
transition E2→E1→E1•2Ca2+ E1P. The binding of ATP cross-
links the P and N domains, permitting the interaction of P 
domain with the A domain, which rotates inducing the opening 

Figure 5-1.  A  simplified  reaction  cycle  of  the  P-type  adenosine  triphosphatases 
(pumps) adapted to the Ca2+ pumps. The two original conformational states of the 
pumps are envisaged. The E1 pumps bind Ca2+ with high affinity at one membrane 
side (the cytosol), the E2 pumps have much lower Ca2+ affinity, and release Ca2+ to 
the opposite membrane side. Adenosine triphosphate phosphorylates a conserved 
Asp in the active site. 
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Figure 5-2.  The three-dimensional structure of the SERCA pump, showing the open configuration of the three cytoplasmic domains A, N, and P in the presence of Ca2+, 
and the more compact configuration of the cytosolic sector in its absence. The two purple spheres in the upper panel represent the two bound Ca2+. The E2 structure shown 
contains the inhibitor thapsigargin (TG). The TMs are the transmembrane domains. Several residues of importance not discussed in the text are also shown. 

(Modified from Toyoshima C: Structural aspects of ion pumping by Ca2+-ATPase of sarcoplasmic reticulum. Arch Biochem Biophys 476:3–11, 2008.)
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of the luminal gate that releases Ca2+ to the lumen and permits 
the E1P-E2P transition. The closure of luminal gate, and thus 
the E2P→E2 Pi transition, then occurs because a second rotation 
of the A domain locks it to the P domain. A highly conserved 
TGES motif in the A domain fills the gap between the N and P 
domains after the second rotation of the A domain, eventually 
permitting the release of Ca2+ into the lumen. The rearrange-
ments of transmembrane helices M1-M6 induced by the rotation 
of the A domain allow protons and water molecules to enter and 
stabilize the empty Ca2+ binding sites. The rearrangements also 
induce the retraction of the TGES from the phosphorylation site 
and the entrance of one water molecule to the phosphorylation 
site, inducing the release of phosphate (and Mg2+) and the com-
plete closure of the luminal gate.

Three SERCA genes generate three isoforms. Their number 
is increased by alternative splicing processes. SERCA1 is almost 
exclusively expressed in muscle tissues, specifically in fast-twitch 
skeletal muscles. Interestingly, the generation of truncated and 
less active SERCA1 variants has been described, contribute to 
reduce the Ca2+ concentration in the ER lumen and cause apop-
totic cell death. SERCA2b and SERCA2a are the two major 
SERCA protein isoforms, with the former having a housekeeping 
function and the latter having a more specialized function. 
SERCA2a is found in slow skeletal and cardiac muscles; it is also 
expressed in low amounts in smooth muscles and in neurons. The 
splice variants SERCA2c and SERCA2d have also been found in 
low amounts in the heart. The expression of the SERCA3 pump, 
which has a limited cell-type distribution, is variable. In several 
cell types this expression is induced by differentiation, and it is 
decreased during tumorigenesis and blastic transformation. In 
cells of hematopoietic origin and in various epithelial cells, the 
SERCA2 pump gene is coexpressed with that of the SERCA3 
pump. All SERCA3 splice variants (SERCA3a-f) have lower Ca2+ 
affinity than the SERCA2 pump, which raises doubts on their 
role in the presence of higher affinity SERCA pump variants. 
Differences in their spatial cellular distribution could justify their 
copresence. The SERCA3 pump is confined to environments 
with high Ca2+ concentration, such as those close to the plasma 
membrane of cardiomyocytes, at basal regions in epithelial cells, 
and in the membrane of acidic Ca2+ stores in platelets. Although 
the SERCA1a pump is the best characterized isoform in terms of 
structure-function relationship, the regulatory aspects of SERCA 
pumps have instead been better defined on the SERCA2 isoform.

The SERCA2a pump is the major isoform of developing and 
adult mammalian heart (SERCA2b is also expressed there, its 
level being unchanged during the development).12 SERCA2a is 
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would bind to the pump in transmembrane sites of PLB.14 Studies 
on SLN are still limited, but SLN overexpression in ventricle 
cells of animal models, where SLN is essentially absent, caused 
a decrease in the Ca2+ affinity of SERCA2a and slowed relaxation, 
suggesting that SLN is as effective an inhibitor of SERCA pump 
activity as PLB. Interestingly, the overexpression of SLN in the 
heart of PLB-null mice caused a decrease in the affinity of the 
SERCA2a pump for Ca2+ and impaired contractility. The finding 
that isoproterenol, a β-adrenergic agonist, relieved the inhibition 
suggests that SLN could mediate the β-adrenergic response in 
the heart. Ablation of the SLN gene increases the affinity of the 
SERCA pump for Ca2+, resulting in enhanced rates of SR Ca2+ 
uptake.15

The SERCA2b pump is the acknowledged housekeeping 
isoform, and it has a dual role. By transporting Ca2+ from the 
cytosol to the ER lumen, the SERCA2b pump contributes to the 
maintenance of cytosolic Ca2+ at the low resting levels (≈100 nM), 
at the same time ensuring the high Ca2+ levels (in the mM range) 
in the lumen of ER that make the ER the main intracellular Ca2+ 
store that controls cellular activities (e.g., contraction, prolifera-
tion, differentiation, cell death). The pump also ensures the 
proper internal Ca2+ ambient for the ER enzymes (e.g., those 
involved in protein folding and lipid synthesis).

The SERCA2b pump shares 85% sequence identity with the 
SERCA1a counterpart but differs functionally from it and from 
the SERCA2a isoform, which is characterized by a unique 
C-terminal extension—the so-called 2b-tail, which forms a 
luminal sequence extension and an additional TM segment 
(TM11).16 The extension has regulatory properties: the longer 
pump has a twofold higher affinity for cytosolic Ca2+ and a lower 
maximal turnover rate. According to a model based on the 
SERCA1a structure, and on the NMR structure of TM11, the 
interaction of TM11 with TM7 and TM10 has been proposed to 

the most abundant protein in the heart membrane; its increased 
sarcoplasmic reticulum (SR) expression during the development 
paralleled the increasing rate of Ca2+ uptake by the SR lumen and 
the shortening of the relaxation time in adults, with respect to 
neonatal heart. SERCA2a pump levels are higher in atria than in 
ventricles, partially accounting for the shorter duration of con-
traction in atrial than in ventricular tissues.

The expression and the activity of the SERCA2a pump have 
been studied extensively. The primary mechanism of the regula-
tion of the pump is mediated by phospholamban (PLB).13 PLB 
is a 52-residue protein composed of a hydrophobic helical 
C-terminal portion inserted into the SR membrane and a hydro-
philic N-terminal region that protrudes into the cytosol and 
contains phosphorylation sites (Ser16 and Thr 17) for PKA and, 
possibly, CAMKII. Dephosphorylated PLB binds to the pump, 
decreasing its Ca2+ affinity; phosphorylation by PKA, and possi-
bly CaMKII, releases the inhibition and increases the affinity of 
the pump for Ca2+ and thus Ca2+ transport. The hydrophilic 
N-terminal portion of PLB interacts with a domain close to the 
active site of the pump and, within the membrane, with trans-
membrane helices 2, 4, 6, and 9. It is generally believed that PLN 
exists both as a pentamer and a monomer. It is not clear how the 
conversion between the two forms occurs, but several lines of 
evidence indicate that monomeric PLB is the active form. 
However, structural observations indicate that pentamers can also 
interact with the pump.14

Another small (31 residues) transmembrane protein, sarco-
lipin (SLN), originally identified as it copurified with the 
SERCA1a pump, has recently also received attention. SLN is 
predominantly expressed in the atrial compartment of the heart, 
and its sequence is similar to that of the transmembrane sector 
of PLN. Modeling studies have revealed that the SLN and PLB 
interactions with the SERCA pump may be similar—that is, SLN 

Figure 5-3.  The conformational changes of the cytosolic and mem-
brane  domains  of  the  SERCA  pump  during  the  transport  of  Ca2+ 
across the molecule. 

(Modified from Toyoshima C: Structural aspects of ion pumping by 
Ca2+-ATPase of sarcoplasmic reticulum. Arch Biochem Biophys 476:3–
11, 2008.)
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(plasma membrane ATPase-related) and PMA1 (plasma mem-
brane H+-ATPase) by two independent groups. Later, it was 
detected in mammals and higher vertebrates.

Two basic SPCA genes have been found in higher vertebrates 
coding for the SPCA1 and SPCA2 pumps. Alternative splicing of 
the primary transcript has been described for SPCA1, but not for 
the SPCA2 pump.

The SPCA1 pump is the housekeeping Ca2+ and Mn2+ pump, 
because it is expressed in all cell types, even if with different levels 
in various tissues. The alternatively spliced SPCA1 mRNA gen-
erates SPCA1a-d proteins, which differ in the C-terminal portion. 
The expression of SPCA2 pump in human tissues is more 
restricted than that of the SPCA1 pump, suggesting a more spe-
cialized physiologic function for it. The SPCA2 pump is particu-
larly abundant in the gastrointestinal tract, trachea, prostate, and 
thyroid, salivary, and mammary glands.

The SPCA pump is also predicted to be organized in 10 TMs, 
with a large headpiece portion protruding into the cytosol. On 
the basis of the SERCA pump 3D structure, the cytosolic portion 
is divided in the three canonical A, P, and N portions (Figure 
5-4). The SPCA pump is shorter than the SERCA and PMCA 
pumps, because it does not have the long cytoplasmic C-terminal 
tail of the PMCA pump, and its intracellular loops are shorter. 
The SPCA pump differs from the SERCA pump in having only 
one Ca2+ binding site, corresponding to site II in the SERCA1 
pump. The suggested TM packing and possibly some distant 
residues would define the structure of the site, making it adequate 
to bind Mn2+ with high affinity and to transport it. This structural 
aspect is a peculiarity of the SPCA pump. Gln783 in TM6 and 
Val335 in TM4 appear to be essential for Mn2+ transport, because 
their mutation (in the Pmr1 yeast pump) abolished Mn2+ trans-
port. Another distinction of the SPCA pump with respect to the 
SERCA and PMCA pumps, which function as obligatory H+ 

stabilize the pump in the Ca2+-bound E1 conformation, with the 
high-affinity Ca2+ binding sites facing the cytosol. The TM11 has 
also been proposed as a novel regulator of the SERCA pump. The 
co-reconstitution of the 18-residue long TM11 with the SERCA1a 
protein in vitro reduced the maximum reaction rate (Vmax) and 
increased the Ca2+ affinity of the latter. The regulation of the 
SERCA pump by PLB and SLN, and by the 2b-tail in the 2b 
variant, resembles the interaction of the β- and γ-subunits of the 
Na+/K+-ATPase with the catalytic subunit α. The regulation also 
resembles the regulatory interaction of the PMCA pump with 
calmodulin, suggesting operationally similar molecular mecha-
nisms of P-type pump regulation.17 In addition, the C-terminal 
portion of the ePMCa pump can to some extent replace PLB as 
an inhibitor of the SERCA pump. Apart PLB and SLN, which are 
the best-studied regulators of the SERCA pump, other proteins 
interact with the pump. Those interacting at the luminal side have 
an important role. The two chaperones calreticulin and calnexin 
contain a globular N-domain that binds carbohydrates—an 
extended P-domain that mediates the binding of ERp57 and an 
acidic C-terminal domain, that in the case of calreticulin binds 
25 mol of Ca2+ per molecule of protein with low affinity (Kd, 
2 mM). Luminal Ca2+ buffering by calnexin is less significant, and 
the acidic C-terminus of the protein protrudes into the cytosol. 
Calreticulin and calnexin have been suggested to interact through 
their N-domain with a putative glycosylated residue present in the 
C-terminal tail of the SERCA2b pump, but absent in SERCA2a. 
Glycosylation-independent interaction with the SERCA2b pump 
has been shown to occur, and molecular modeling of the SERCA2b 
molecule has suggested that its 2b-tail is located in luminal loops, 
thus making it inaccessible to interacting proteins. ERp57, a 
member of the PDI family of proteins with thio-oxidoreductase 
activity, is recruited by the SERCA2b pump–chaperone complex 
to catalyze the formation of an inhibitory disulfide bridge between 
Cys875 and Cys887 in the luminal loop L7-8 of the SERCA2b 
pump.18 The formation of a disulfide bridge could be a regulatory 
mechanism, but the proposal is controversial, because mutations 
of either or both Cys residues resulted in the loss of Ca2+ transport 
but not of the activity in SERCA1.19

Two additional luminal Ca2+ binding proteins have been 
shown to interact with the SERCA2 pump: the ubiquitously 
expressed calumenin and the histidine-rich Ca2+-binding protein 
(HRC). Both decrease the apparent Ca2+ affinity of the pump. 
HRC binds Ca2+ with high capacity and low affinity and could 
mediate both SR Ca2+ uptake and release through its interaction 
with SERCA, when the SR Ca2+ is low, and with triadin, which 
is part of the RyR Ca2+ release complex when it is saturated by 
Ca2+.20

Secretory Pathway Ca2+ ATPase

The Golgi Ca2+ ATPase (the SPCA pump) shares with the 
SERCA pump the role of loading Ca2+ in the Golgi apparatus.21,22 
The relative contribution of the SPCA and SERCA pumps to the 
total Ca2+ uptake in the Golgi apparatus is cell-type dependent. 
The use of the SERCA pump selective inhibitor thapsigargin, 
which does not inhibit the SPCA pump, has confirmed that the 
SERCA pump contribution is significant in numerous cell types, 
but not in keratinocytes that mainly use the SPCA pump. This 
point is interesting because SPCA pump mutations that impair 
the function of the pump lead to a specific human disease, Hailey-
Hailey disease (discussed later). In contrast to the SERCA pump, 
the SPCA pump also transports Mn2+ and thus serves the dual 
function of supplying this metal to the Golgi lumen, where it acts 
as a cofactor for the glycosyl-transferases, and to remove it from 
the cytosol, where its accumulation could be toxic. The Golgi 
Ca2+ ATPase was originally discovered in yeast and named Pmr1 

Figure 5-4.  A  molecular  modeling  representation  of  the  structure  of  the  SPCA 
pump (white) superimposed on a template of the SERCA pump (red). 

(Courtesy L. Raeymakers, Leuven, Belgium.)



MAMMALIAN CALCIUM PUMPS IN HEALTH AND DISEASE  47

5 
detection of the PMCA in phosphate gels of membrane prepara-
tions containing much larger amounts of other P-type pumps). 
The other significant difference regarding the SERCA pump, 
which is shared by the SPCA pump, is the presence of only one 
Ca2+ binding site. The single site of the PMCA pump corre-
sponds to site 2 of the SERCA pump, and it coordinates Ca2+ to 
six residues (essentially the same of the SERCA pump) in TM4 
and TM6. The site that would correspond to site 1 of the SERCA 
pump is not operational in the PMCA pump, most likely because 
of the absence of an essential acidic residue in transmembrane 
domain 5. Interestingly, the insertion by mutagenesis of the 
missing acidic residue (or even of a Gln) in transmembrane 5 
confers to the PMCA pump properties (high cooperativity of 
Ca2+ binding, Hill coefficient approaching 2, and negative effect 
of La3+ on the phosphorylated Asp) that resemble those of the 
SERCA pump—that is, the second Ca2+ binding appears to have 
been made operational.27 All PMCA pumps are sensitive to the 
classical inhibitor of P-type pumps orthovanadate and are insen-
sitive to the specific inhibitors of the SERCA pump. Some sup-
posedly specific inhibitors have been described, such as eosin or 
caloxin, but their specificity, and thus their usefulness, does not 
match that of the SERCA pump inhibitors.

In mammals, the plasma membrane Ca2+ ATPase is the 
product of four separate genes, which encode four basic pumps 
(PMCA 1 to 4) that differ in tissue distribution, functional prop-
erties, and interaction with protein partners. PMCA 1 and PMCA 
4 have wide tissue distribution and have traditionally been con-
sidered as the housekeeping enzymes. This concept is still valid 
for the PMCA 1 pump, but has recently been challenged for the 
PMCA 4 pump, which has been shown to have critical Ca2+ sig-
naling roles in a number of cell types. For example, in the sper-
matozoon, where it is the predominant PMCA pump form and 
is required for hyperactivated sperm motility,28 ablation of its 
gene limits greatly sperm motility and generates male infertility.29 
In the heart, where it has a role in the contractility process that 
is unrelated to the beat-to-beat regulation of bulk cytosolic Ca2+, 
it modulates the activity of the Ca2+-dependent neuronal nitric 
oxide synthase (nNOS), which is important to the control of the 
excitation–contraction coupling of the cardiomyocyte.30

At variance with PMCA 1 and PMCA 4, the PMCA 2 and 
PMCA 3 have restricted tissue distribution: they are particularly 
represented in neurons, and have much higher affinity for 
calmodulin, which is the natural regulator of the PMCA pump, 
than the two ubiquitous isoforms (Table 5-1).

The PMCA pumps are organized in the membrane with the 
canonical ten TMs of Ca2+ pumps. The 3D structure of the 
PMCA pump has not yet been solved, but molecular modeling 
work on SERCA pump templates has predictably indicated the 
same structural organization, with the cytoplasmic A, N, and P 
domains (Figure 5-5). Differences are also evident, beginning 
with the long, unstructured C-terminal tail that contains the most 
important regulatory sites of the pump and a phospholipid 
binding stretch (discussed later) in the cytosolic loop that con-
nects TM 2 and 3.

As mentioned, calmodulin is the (most important) natural 
regulator of the PMCA pump and has been exploited to purify 
the enzyme using calmodulin columns.31 Calmodulin interacts 
with a domain in the C-terminal tail of the pump that has the 
amphipathic helix configuration of canonical calmodulin binding 
domains. The affinity of the domain for calmodulin is high (Kd 
in the nM range), and the interaction with the PMCA pump has 
characteristics that distinguish it from that of other targets of 
calmodulin regulation. The PMCA pump apparently only inter-
acts with the C-terminal portion of calmodulin,32 which does not 
collapse hairpinlike around its binding PMCA domain. The 
matter of the interaction of the PMCA pump with calmodulin 
has recently seen some unexpected developments. A second 
calmodulin binding domain, with much lower affinity for 

exchangers, is the finding that it does not appear to countertrans-
port H+. No specific SPCA pump inhibitors have been described, 
and no endogenous activators are known. Mutagenesis studies on 
the Pmr1 yeast pump have generated phenotypes that are impor-
tant tools that could provide information on the role of the SPCA 
pump in higher eukaryotic organisms. The expression levels and 
activity of SPCAs change in response to altered physiologic 
needs. SPCA1 pump expression and activity changed in the brain 
after an ischemic event,23 and the SPCA1 pump levels increased 
in mammary gland during lactation. This last finding is shared 
by the PMCA2 pump (discussed later). The role of the SPCA 
pump in the maintenance of Golgi Ca2+ homeostasis deserves a 
comment, because recent evidence have indicated that the Golgi 
apparatus is a heterogeneous and highly dynamic Ca2+ store.24 
The apparatus has been shown to be an InsP3-sensitive Ca2+ 
store, implying a role for it in the generation of local cytosolic 
Ca2+ signals. The specific distribution of the SPCA pump in the 
Golgi membranes appears important; it can vary with the cell 
type (i.e., in some cases it colocalizes with Golgi markers and in 
others with those of the trans-Golgi). However, a consensus has 
now been reached that the SPCA1 pump–containing Golgi sub-
compartment is insensitive (or mildly sensitive) to InsP3, and 
thus appears not to be involved in generating cytosolic Ca2+ 
signals. The kinetics of Ca2+ release from the Golgi apparatus 
differed from those of the ER. In particular, although the latency 
following agonist application and the initial rate of Ca2+ release 
were similar for the two organelles, the release of Ca2+ from the 
Golgi apparatus terminates faster than that from the ER. These 
findings would be compatible with distinct Ca2+ subcompart-
ments in the Golgi apparatus endowed with differentCa2+ regu-
lating molecular components.

Plasma Membrane Ca2+ ATPase

The plasma membrane Ca2+ ATPase (the PMCA pump) is a high-
affinity, low-capacity Ca2+ exporting system. Most of the initial 
work on the pump dealt with erythrocytes, but it gradually 
became clear that the pump is present and active in all animal 
cells, including those of excitable tissues (e.g., heart),25 where it 
is generally assumed that the export of Ca2+ was performed solely 
by the Na/Ca-exchanger. The discovery of a PMCA pump in 
heart sarcolemma came as a surprise, and a role for it in the regu-
lation of the bulk Ca2+ homeostasis in the cardiomyocyte was 
never considered realistic. According to solid and abundant evi-
dence, and thus to general consensus, the beat-to-beat export of 
bulk Ca2+ from heart cells is indeed performed by the Na/
Ca-exchanger. However, recent evidence has shown that the 
PMCA pump of heart sarcolemma has a specific role in Ca2+ 
signaling that is still related to the regulation of the excitation–
relaxation cycle, but that is not linked to the general regulation 
of the homeostasis of Ca2+ (discussed later).

A number of comprehensive reviews describe the properties 
of the PMCA pump9,26; for reasons of space limitations, this 
contribution will in most cases refer to them, rather than to 
specific reports. The general aspects of the reaction mechanism 
of the PMCA pump are those of all P-type pumps (see Figure 
5-1). However, the reaction cycle of the PMCA pump differs in 
two important aspects from that of the SERCA pump, which is 
normally taken as a reference because it is known in atomic detail. 
One concerns the effect of La3+ on the phosphorylated Asp inter-
mediate; in all P-type pumps, including the SERCA and SPCA 
pumps (see previously), La3+ is supposed to replace Ca2+ as the 
metal ion that activates the phosphorylation of the catalytic Asp, 
thus inhibiting the formation of the phosphoenzyme. In the 
PMCA pump, La3+ greatly increases the steady state level of the 
phosphoenzyme (a convenient observation that permits the 
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Figure 5-5.  A  molecular  modeling  of  the  structure  of  the  PMCA  pump  (yellow) 
superimposed  on  that  of  the  SERCA  pump  (red).  In  the  case  of  perfect  match 
between  the  two  structures,  one  sees  the  red  color  of  SERCA  pump.  The  long, 
unstructured  C-terminal  tail  of  the  PMCA  pump  is  not  represented. The  binding 
region  in  the cytosolic  loop connection TM2 and TM3 of  the PMCA pump  is  the 
most evident difference between the two pump structures. The following amino 
acids of the SERCA pump are highlighted with colored sphere: N-terminal metionin 
(green); threonine 242 (gray); lysin 400 (blue) and the C-terminal glycin (purple). 

(Modified from Krebs J, Helms V, Griesinger C: The regulation of Ca2+ signal by mem-
brane pumps. Helvetica Chimica Acta 86:3875-3388, 2003.)

Table 5-1. Tissue Distribution, Calmodulin Affinity, and Calpain Sensitivity of the Four Basic PMCA Pump Isoforms

PMCA 1b* PMCA 2b PMCA 3b PMCA 4b

Tissue distribution Ubiquitous Restricted (brain) Restricted (brain) Ubiquitous

Kd calmodulin (nM) 40-50 2-4 8 30-40

Calpain sensitivity High Low Low Low

*The notation 1b to 4b refers to the full-length pump, without splicing inserts. The information given in the table, such as calmodulin affinity, has been extracted from 
Enyedi A, Verma AK, Heim R, et al: The Ca2+ affinity of the plasma membrane Ca2+ pump is controlled by alternative splicing. J Biol Chem 269:41–43, 1994; Caride AJ, 
Filoteo AG, Penniston JT, et al: The plasma membrane Ca2+ pump isoform 4a differs from isoform 4b in the mechanism of calmodulin binding and activation kinetics: 
implications for Ca2+ signaling. J Biol Chem 282:25640–25648, 2007; Brini M, Coletto L, Pierobon N, et al: A comparative functional analysis of plasma membrane Ca2+  
pump isoforms in intact cells. J Biol Chem 278:24500–24508, 2003; Strehler EE, Zacharias DA: Role of alternative splicing in generating isoform diversity among plasma 
membrane calcium pumps. Physiol Rev 81:21–50, 2001.

calmodulin (Kd in the micromolar range) has been identified 
downstream of the canonical one.32a The function of this second 
domain, which appears to be present only in some splice isoforms 
of the pump, is still not established. However, regardless of the 
problem of the existence of one or two calmodulin-binding 
domains, it is generally accepted that the mechanism of calmodu-
lin activation depends on its ability to release the PMCA pump 
from the state of autoinhibition that prevails in its absence: the 
C-terminal tail of the pump, including the canonical calmodulin 
binding domain, folds over to bind to two sites next to the active 

site of the pump, locking it in an autoinhibited state.33,34 Calmod-
ulin would swing its binding domain, and presumably the entire 
C-terminal tail, away from the sites of auto-inhibition, restoring 
full activity to the pump.

One of the distinctive properties of PMCA pumps is the 
multiplicity of activating mechanisms. Next to calmodulin, the 
most important probably are acidic phospholipids, the most 
effective among them being the doubly phosphorylated deriva-
tive of phosphatidyl-inositol (PIP2). Acidic phospholipids bind 
to two sites: one is the basic C-terminal calmodulin binding 
domain, and the other is a stretch of approximately 40 predomi-
nantly basic amino acids in the cytosolic loop connecting trans-
membrane domains 2 and 3. The activation by acidic phospholipids 
could be important in vivo. It has been calculated that the con-
centration of phosphatidyl-serine in the surroundings of the 
pump would in principle be adequate for approximately 50% 
stimulation of its activity.35 The concentration of phosphatidyl-
serine in the membrane is not known to be modulated, and it 
thus appears unrealistic to propose a role for it in the reversible 
activation of the pump. PIP2, which is the most effective activa-
tor, instead becomes modulated in the membrane during Ca2+-
mediated signaling processes. A PIP2-mediated reversible process 
of pump activation could thus appear be a realistic possibility. 
Kinases have also been found to activate the pump by phosphory-
lating residues in its C-terminal tail. Meanwhile, protein kinase 
C acts on all pump variants, and protein kinase A acts on only 
one of the isoforms. An intriguing mechanism of pump activation 
is that generated by a dimerization (oligomerization) process that 
occurs through the C-terminal calmodulin binding domain; its 
physiologic significance is obscure. The concentration of the 
PMCA pump in the plasma membrane of all animal cells is 
extremely low (probably less than 0.1% of the total membrane 
protein); therefore the possibility of random association of two 
or more pump monomers in situ to generate dimers or oligomers 
appears unrealistic. All mechanisms of activation act by increas-
ing the Ca2+ affinity of the pump; in their absence, the Km (Ca2+) 
of the pump is as high as 20 µM, but drops to 0.5 µM or less in 
the presence of, for example, calmodulin or acidic phospholipids. 
The pump can be also activated irreversibly, and that occurs when 
its C-terminal tail, which includes the calmodulin binding 
domain, is shaved off by the Ca2+-dependent protease calpain. In 
this case, the activation is linked to the removal of the auto-
inhibitory C-terminal tail of the pump. The irreversible activa-
tion by calpain could become significant in conditions of 
pathologic Ca2+ overload that would demand the uninterrupted 
maximal ability of the pump to extrude Ca2+ from the cytosol.

In addition to these activating mechanisms, a number of 
protein partners have recently been shown to become reversibly 
associated with the PMCA pumps, sometimes even specifically 
with some isoforms.36 Interestingly, these interactions could 
either be activating or inhibitory. Among them of special interest 
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for PMCA2. A large exon of 172 bp can be inserted into its 
mRNA, again piecemeal, generating variants c and d (in frame), 
and, presumably, e (out of frame). The insertion of the full 172-bp 
exon generates the prematurely truncated form a, the mRNA 
without inserts generates form b (an additional, smaller 55 bp 
exon can also be optionally inserted in the case of PMCA 2). 
Information on the consequences of the slicing operation at site 
C on the activity of the pump is more abundant, and recent find-
ings can lead to important functional developments. The inser-
tion of the novel sequence roughly in the middle of the calmodulin 
binding domain leads, as expected, to the lowering of the calmod-
ulin affinity for the pump.39,40 The consequence of this decrease 
in affinity should lower the ability of calmodulin to remove its 
binding domain from the autoinhibitory sites in the main body 
of the pump, decreasing pump activity. However, predictions on 
the effects to be expected from the insertion of the novel sequence 
in the calmodulin binding domain are complicated by the unex-
pected observation that the insert tends to reconstitute the origi-
nal entire calmodulin binding domain; 8 of the first 10 residues 
of the insert are indeed either identical or conservative, with 
respect to those or the original C-terminal half of the calmodulin 
binding domain they replace.

The discussion of the splicing operation has shown that the 
PMCA 2 pump differs from the other three basic pump isoforms. 
Other properties of the PMCA 2 pump underscore the difference 
and set the PMCA 2 pump apart from the other three basic 
isoforms—for example, the high affinity for calmodulin (see 
Table 5-1) and the finding that the PMCA 2 pump has a pecu-
liarly high level of activity in its absence41,42 (Table 5-2). The 
anomaly is not due to the presence of tightly bound calmodulin 
in purified PMCA 2 pump preparations. It could thus be reason-
ably related to the reduced ability of the C-terminal tail of the 
PMCA 2 pump to autoinhibit the pump. Regardless of the mech-
anism, however, the anomaly generates a pump variant that 
would function nearly optimally in the absence of activation by 
calmodulin; this would satisfy the demands that particular cell 
types have for a continuous and vigorous Ca2+ exporting function 
not depending on pump activation. One last important point on 
the PMCA 2 pump is its high concentration in the mammary 
gland, where its levels increase during lactation (see earlier for 
the similar finding on the SPCA pump).

Ca2+ Pumps in the Disease Process

One of the distinctive properties of the Ca2+ signal is ambiva-
lence. As must be expected, the central role of Ca2+ in the regula-
tion of the most important cell activities demands its precise 

are those with the numerous proteins that contain the PDZ 
binding domain, which is recognized by the extreme C-terminal 
portion of most PMCA pump variants. The protein partners that 
are recognized by the PMCA pump via their PDZ domain 
include, among others, the MAGUK guanylate kinases and 
Ania-3, a member of the Homer family of scaffolding proteins. 
In addition to the C-terminal region, other portions of the 
PMCA molecule also interact with regulatory partners; for 
example, the main intracellular loop interacts with calcineurin 
and the N-terminal cytosolic region with protein 14.3.3. Of par-
ticular interest is the interplay of PMCA 4 with the nitric oxide 
synthase in heart.30 It has been shown that the pump tethers 
nNOS to a compartmentalized domain in which its activity would 
reduce the concentration of Ca2+ and thus the production of 
cGMP. The consequent increase of cAMP would then exert its 
well-known positive inotropic effects while the interaction of the 
pump with nNOS has a defined physiologic effect. In other cases, 
the effects are less well understood from a physiologic perspec-
tive; they vary from the modulation of activity, to the targeting 
to membrane domains, and to the recruiting of PMCA pump 
variants to cell components (e.g., the cytoskeleton).

As mentioned earlier, alternative splicing processes affect all 
four basic primary transcripts of the pump, greatly increasing the 
number of isoforms. Most of the splice variants described in  
the literature have also been documented at the protein level. 
The splicing operation occurs at two transcripts sites. Site A cor-
responds to the cytosolic loop of the pump molecule that con-
nects transmembrane domains 2 and 3, site C to the C-terminal 
calmodulin binding domain. The A site inserts are always in 
frame; they affect the properties of the pumps, but do not sub-
stantially alter their structure. Instead, the C site inserts might 
not maintain an open protein reading frame, thus resulting in the 
truncation of the pump molecule downstream of its regular 
C-terminus. The full details of the splicing operations and its 
complexities are discussed elsewhere.37 Only the aspects that are 
specially significant to the themes of this contribution will thus 
be considered here. At site A, one exon of 39 bp is apparently 
invariably inserted in the mature mRNA of pump 1, whereas an 
exon of 42 or 36 bp can be optionally inserted or excluded in the 
transcripts of pumps 3, and 4, respectively. The pump variants 
without the inserts are termed z; those with the extra exon are 
termed x. The A splice for PMCA2 is more complex: three exons 
of 33, 60, and 42 bp can be inserted or excluded; however, only 
some of the possible combinations have been detected in the 
messenger RNAs (mRNAs) of various tissues. For example, in 
humans only variant w (all exons included), variant x (only the 42 
bp exon included), and variant z (no extra exon included) have 
been detected. Only scarce information is available on the func-
tional consequences of the splicing operation at site A. Impor-
tantly, however, the splicing at site A has been found to alter the 
membrane targeting of the PMCA2 pump.38 The insertion of all 
three extra exons (45 residues, the w form) determined its apical 
targeting in polarized MDCK epithelial cells, whereas the inser-
tion of only one exon (14 residues, the x form) or the absence of 
inserts (the z form) determined the sorting of the pump to the 
basolateral plasma membrane.

The splicing at site C is more complex: a large exon (154 bp 
in PMCA1 and PMCA3, 175 bp in PMCA4) can be optionally 
included in a site corresponding to the middle of the calmodulin-
binding domain, leading to the loss of the open reading frame 
and to the premature truncation of the pump. The truncated 
pump is termed a, and the form without insertions is termed b. 
An additional smaller 68-bp exon can also be optionally included 
in PMCA3; however, the large extra exon contains multiple inter-
nal donor sites and can thus be inserted piecemeal. The inserts 
of 87 and 114 bp are in frame and generate the c and d forms, 
that of 152 and 154 bp are not and generates the truncated a 
form. Again, the splicing operation at site C is peculiarly complex 

Table 5-2. Calmodulin-Dependent ATPase Activity of PMCA 2 and 
PMCA 4

nM ATP per mg protein per min

– Calmodulin + Calmodulin

PMCA 2 4.21 5.87

PMCA 4 1.45 6.15

ATP, Adenosine triphosphate; ATPase, adenosine triphosphatase.
From Elwess NL, Filoteo AG, Enyedi A, et al: Plasma membrane Ca2+ pump 
isoforms 2a and 2b are unusually responsive to calmodulin and Ca2+. J Biol 
Chem 272:17981–17986, 1997; and Hilfiker H, Guerini D, Carafoli E: Cloning and 
expression of isoform 2 of the human plasma membrane Ca2+ ATPase. 
Functional properties of the enzyme and its splicing products. J Biol Chem. 
269:26178–26183, 1994.
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characterized by the loss of adhesion between epidermal cells and 
by abnormal keratinization. More than 130 mutations in the 
SERCA2 pump gene have been reported in human patients, 
distributed along all the pump sequence without evidence of 
clustering in specific regions.49 Impaired ability to transport Ca2+ 
and increased protein instability are considered the main conse-
quence of the mutations; however, the fact that the symptoms are 
confined to the skin suggests that specific elements of Ca2+ 
homeostasis in keratinocytes are important to the pathogenesis 
of the disorder. Alternatively, compensatory mechanisms for the 
SPCA pump defect could act in other tissues. No cardiac pheno-
types have been described in patients carrying the SERCA2 
pump mutations, even if the large majority of patients carry 
mutations in the region common to SERCA2a and 2b pump 
isoforms. Darier disease shares properties with Hailey-Hailey 
disease, a genetic skin disorder caused by SPCA pump mutations 
(discussed later), indicating that the maintaining of a proper Ca2+ 
pumping activity is of particular relevance to the epidermis.

Nongenetic disease phenotypes linked to altered SERCA 
expression or activity have also been described; those associated 
with heart failure and cancer are the best documented. A consen-
sus has been reached on the reduction in SERCA2a pump level 
or activity in failing hearts of both animal models and patients; 
however, the mutations have been ascribed mostly to PLB rather 
than the SERCA pump. A single report has described mutations 
in the SERCA2 gene that can predispose to heart failure.50 The 
relationship between cancer and the SERCA2 and SERCA3 
pumps has attracted increasing interest in the last years. Numer-
ous alterations in the SERCA2 gene have been found in patients 
with colon or lung cancer. However, as is frequently the case with 
nongenetic alteration of Ca2+ pumps, it is not clear whether they 
are primitive and directly involved in the early events of the 
carcinogenesis.

As for SERCA3, its expression becomes progressively lost 
during the multistep process of colon tumorigenesis, and its 
expression levels are inversely proportional to the loss of differ-
entiation of the lesions. Finally, studies on human liver tumors 
have shown that the hepatitis B virus DNA could be integrated 
in the SERCA1 pump gene causing the expression of a truncated 
mutant protein with consequent decrease in ER Ca2+ content and 
increase in apoptosis.51

SPCA Pump

Hailey-Hailey disease is the only known genetic disease associ-
ated with an SPCA1 pump mutation. The disease has a dominant 
autosomal inheritance and is phenotypically characterized by the 
increased propensity to the formation of skin lesions, mainly at 
the site of sweating and friction. The lesions are due to the loss 
of adhesion of keratinocytes and to the abnormal keratinization 
of the skin. At least 87 different mutations have been described, 
located all along the SPCA pump sequence.52 Some mutations 
are responsible for reduced Ca2+ transport activity, but the large 
majority lead to protein instability. When the mutant SPCA 
pump is overexpressed in model cells, its level of protein expres-
sion is extremely low, despite normal levels of mRNA, and correct 
localization to the Golgi compartment.53,54 As mentioned earlier, 
Hailey-Hailey disease shares phenotypic properties with Darier 
disease; however, at variance with the keratinocytes of patients 
with Darier disease, the keratinocytes of patients with Hailey-
Hailey disease show an abnormal response to extracellular Ca2+, 
possibly because the upregulation of the SPCA1 pump in Darier 
disease keratinocytes could compensate for the SERCA dysfunc-
tion. Hailey-Hailey disease is essentially benign, but squamous 
cell carcinoma can develop from the skin lesions. Interestingly, 
in mice the loss of SPCA pump function causes skin cancer, but 

spatial and temporal control. The vast array of Ca2+ binding 
proteins and Ca2+ transporters expressed in all animal cells under-
lies the concept. Defects in the control of Ca2+ unavoidably gen-
erate states of cell suffering that could culminate, in cases of 
massive and protracted Ca2+ overload, in the death of the cell; 
this is the meaning of the ambivalence concept. Having chosen 
Ca2+ as a determinant for function, cells undoubtedly benefit 
from its unlimited availability in their surroundings; however, the 
choice forces cells to live in a permanent condition of controlled 
risk. Increases of Ca2+ significantly greater than normal levels can 
be handled by cells if the increase lasts for a limited time, because 
of the existence of the uptake system of mitochondria, which can 
efficiently sequester for a while large amounts of Ca2+.43 However, 
if the overload situation persists, the fate of the cell becomes 
sealed. Apart from these extreme and obvious cases of Ca2+ catas-
trophe, the cellular homeostasis of Ca2+ can also become deregu-
lated in less dramatic ways by defects in the individual participants 
in the Ca2+ controlling operation. These defects are compatible 
with the continuation of cell life, but generate cell discomfort 
phenotypes with diverse degrees of severity. Among them, those 
generated by defects of the Ca2+ pumps are currently receiving 
increased attention. Several disease phenotypes caused by genetic 
and nongenetic defects of the Ca2+ pumps have been described. 
The problem with the nongenetic alterations is the frequent dif-
ficulty of deciding whether the detected defects are really the sole 
cause of the disease phenotype or whether they are primitive or 
secondary. By contrast, the pathologic genetic phenotypes are 
certainly causative and are mechanistically well defined. The dis-
cussion will thus focus essentially on these phenotypes, with a 
discussion of the nongenetic conditions limited to some special 
cases.

SERCA Pump

Two human diseases associated with genetic mutations in the 
SERCA pump have been described, but numerous nongenetic 
pathologic conditions (e.g., heart failure, cancer development, 
diabetes) have been associated with its malfunction or decreased 
level of expression. Humans and some large animals develop a 
similar muscular disease, termed Brody disease in humans and 
congenital pseudomyotonia in Chianina cattle, as a consequence 
of mutations in the gene of the SERCA1 pump. Brody disease is 
a rare recessive myopathy characterized by impaired relaxation, 
painless muscular cramps, and muscle stiffness following exercise. 
The clinical diagnosis is difficult because the symptoms are het-
erogeneous, but sometimes muscle biopsies show reduced 
SERCA1 pump expression. Six different mutations in the 
SERCA1 pump have been identified, four of them introducing a 
premature stop codon that truncates the pump, creating variants 
with higher instability.44,45

In the deficiency of SERCA1 pump function in skeletal 
muscles observed in Chianina cattle affected by pseudomyotonia, 
the SERCA1 pump activity was decreased by approximately 70%. 
Linkage analysis has shown that a mutation in the SERCA1 pump 
was associated to the phenotype, and subsequent mutation analy-
sis has revealed its association with a missense Arg164His muta-
tion in exon 6 of the gene.46 Arg164 is a strongly conserved 
residue in the SERCA1 pumps, but its role in the function of the 
pump has not been defined. Another mutation (Arg559Cys) in 
the SERCA1 pump has been described in Belgian Blue Cattle 
affected by congenital muscular dystonia 147 and in a Dutch 
Improved Red and White cross-breed calf.48 The disease pheno-
type is the same, suggesting that the loss of SERCA pump activity 
could be a common element in these different myopathies.

Another disease associated to SERCA pump mutations is 
Darier disease, a rare autosomal human dominant skin disorder 
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Finally, a disease phenotype has been identified recently for a 

defect in the PMCA3 pump gene in humans. The PMCA3 pump 
is the least known of the PMCA isoform. As mentioned, it is 
essentially restricted to brain, although it is also found in rat 
skeletal muscles; it is particularly abundant in the choroid plexus. 
A study using X-exome sequencing has recently identified a mis-
sense mutation in the calmodulin binding domain of the PMCA3 
pump in a family with X-linked congenital cerebellar ataxia.63 A 
molecular study of the mutant PMCA3 pump expressed in model 
cells has revealed its impaired ability to extrude Ca2+. A missense 
mutation (Tyr543Met) in the PMCA3 pump gene has also  
been detected in human pancreatic cancer cells.64 The effects of 
the mutation on the activity of the pump have not been 
investigated.

Conclusions

The pumps that transport Ca2+ across membranes control the 
homeostasis of Ca2+ in all animal cells. In those of nonexcitable 
tissues, which are not exposed to the periodical increases of cyto-
solic Ca2+ to levels that can reach the micromolar range, they are 
the most important or even the sole systems that maintain cyto-
solic Ca2+ at the physiologic nanomolar level. They can do so 
because they interact with Ca2+ with the appropriate high affinity. 
In excitable tissues, the ejection of Ca2+ from the cytosol is instead 
mostly performed by a larger, lower-affinity system, the Na/Ca 
exchanger. Ca2+ pumps still exist in the internal membranes of 
excitable cells, and even in their plasma membrane. Their role in 
the control of Ca2+ homeostasis, at least at the peak of the Ca2+ 
transients that are essential for the physiology of these cells, is 
overshadowed by the activity of the exchanger. The case of the 
heart is special. PMCA pumps have been conclusively docu-
mented in heart sarcolemma, but their role in the ejection of bulk 
Ca2+ from the sarcoplasm, especially in phase with the contraction–
relaxation cycle, has always been considered unrealistic. Recent 
evidence, however, indicates that the sarcolemmal Ca2+ pump 
(isoform 4) has a Ca2+ signaling role that is quantitatively unim-
portant, as expected in the control of bulk sarcoplasmic Ca2+, but 
that is still critical to the contraction–relaxation cycle in more 
subtle ways and is linked to the modulation of the cyclic nucleo-
tide balance. Perhaps, a role for the PMCA pumps in Ca2+ signal-
ing not immediately linked to the bulk ejection of Ca2+ will in 
the future be extended to other excitable cells as well.
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not the acantholytic skin disorder it causes in humans. This 
finding suggests that elements favoring the survival or the apop-
totic death depending on the keratinocyte type could have a role 
in the development of the disease.

Recently, linkage analysis on chromosome 16q has revealed 
an association between the SPCA2 gene and specific language 
impairment (SLI), a common developmental disorder character-
ized by difficulties in language acquisition in individuals  
with otherwise normal development.55 The linkage suggests a 
possible role of the SPCA pump in the context of language 
impairment.

PMCA Pump

Several genetic pathologies linked to the dysfunction of the 
PMCA pumps have been described; they affect animals (mice) and 
humans, and are either spontaneous (e.g., those in humans) or 
induced by the ablation, partial disruption, or mutations of PMCA 
genes. The first described disease phenotype related to a PMCA 
pump defect is a form of hereditary deafness that involves the 
PMCA2 isoform of the pump, which is abundantly expressed in 
the stereocilia of the hair cells of the Corti organ in the inner ear. 
As mentioned previously, PMCA2 has a peculiar characteristic: 
high activity even in the absence of calmodulin. This property 
evidently satisfies the necessity of maintaining a constant flow of 
Ca2+ from the stereocilia to the endolymph that bathes them. The 
tight control of the homeostasis of Ca2+ in the endolymph is essen-
tial for the functioning of the stereocilia bundle that gates mecha-
noelectrical channels through which K+ (and Ca2+) flow into the 
hair cell to generate (or modulate) the acoustic signals. The 
PMCA2 pump isoform of the stereocilia is the wa variant,56 which 
has the site A insert that targets it to the stereocilia, and is 
C-terminally truncated to depress even further the calmodulin 
response with respect to the wild type PMCA2 pump. The first 
indication of the role of the PMCA2 pump in the inner ear came 
from the deafness phenotype caused by the ablation of its gene.57 
Several spontaneous and induced mutations of the mouse gene 
were then described that confirmed the role of the PMCA 2 wa 
variant in the function of the outer hair cells.9 Two human families 
with an hereditary deafness phenotype caused by two different 
point mutations in the PMCA2 gene were then also described.58,59 
The defect of the PMCA2 pump was analyzed molecularly and 
was characterized as a specific impairment of the long-term ability 
of a mutant pump to export Ca2+ from the cell.59,60

The inhibition of sperm motility and the male infertility phe-
notype caused by the ablation of the PMCA4 gene in mice have 
been already mentioned. The ablation of the PMCA4 gene, 
however, also has important effects on the function of the heart. 
The contractility and the amplitude of the Ca2+ transient linked 
to the L-channel activity were increased in the cardiomyocytes 
of PMCA 4 null mice,30 supporting the suggestions for a role of 
the PMCA4 in the regulation of heart contractility. In addition, 
the ablation of the PMCA4 gene also impaired phasic contraction 
and caused apoptosis in the smooth muscle of the portal vein, but 
only in mice carrying a null mutation in one copy of the PMCA1 
pump gene.28

A recent Korean genome-wide association study aimed at 
identifying genetic factors that influence blood pressure and 
hypertension risk has located the most significant single nucleo-
tide polymorphism in the gene for the PMCA1 pump.61,62 Based 
on the observation mentioned previously suggesting that the 
PMCA1 pump gene can function as a modifier locus for  
the phasic vein contraction linked to the PMCA4 pump gene, the 
Korean authors looked for a gene-gene interaction between vari-
ants of the PMCA1 and PMCA4 pump genes in the genome-
wide association dataset. They found only modest evidence.
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participate in E-C coupling, different processes link membrane 
depolarization to Ca2+ release in cardiac and skeletal muscle. 
Some of these differences stem in part from the ultrastructural 
arrangement of the muscle fiber’s organelles. It is well accepted 
that E-C coupling in skeletal muscle is greatly dependent on Ca2+ 
release from the SR, with little or no Ca2+ entry across the sar-
colemma during a single twitch. Accordingly, the SR of skeletal 
muscle is robust and contains large saccular enlargements, 
whereas T-tubules, which are invaginations of the external mem-
brane that carry the depolarizing stimulus to the interior of the 
cell, are narrow (~20 to 40 nm) and elongated. By contrast, Ca2+ 
entry across the sarcolemma is an obligatory step for E-C cou-
pling in cardiac muscle.3 T-tubules, which not only carry the 
electrical stimulus to the interior of the cell but must serve also 
as Ca2+ reservoirs, are therefore larger in diameter (~200 nm) in 
cardiac muscle. The SR appears thinner and less organized than 
in skeletal muscle, but exhibits multiple points of contact with 
the sarcolemma and T-tubules.4 Depending on the animal species 
and the type of cardiac cell, the SR volume can be as high as 12% 
of cell volume (mouse atrium), to as little as 0.8% (finch ventri-
cle).1 These sharp differences likely reflect the relative impor-
tance of Ca2+ entry versus SR Ca2+ release for contraction among 
different cells: whereas mouse cardiomyocytes rely heavily on 
Ca2+ release from the SR, finch (and all avian) ventricular cells 
lack T-tubules altogether and thus rely almost entirely on Ca2+ 
fluxes across the sarcolemma.

Molecular Players of Excitation- 
Contraction Coupling

In both cardiac and skeletal muscle, the L-type Ca2+ channels or 
dihydropyridine receptors (DHPRs) are the voltage sensors of 
sarcolemma and T-tubules that initiate E-C coupling, and the SR 
Ca2+ release channels that provide the majority of Ca2+ for con-
traction are also known as ryanodine receptors (RyRs).4 The manner 
in which DHPRs trigger RyRs to open is particular to each 
muscle. Because skeletal muscle fibers can twitch in the absence 
of external Ca2+, and Ca2+ release follows sarcolemmal depolariza-
tion with virtually no delay, a physical coupling between DHPRs 
and RyRs is thought to initiate E-C coupling in skeletal muscle.5 
Indeed, identification of the structural domains of DHPRs and 
RyRs involved in their mechanical interaction continues in 
earnest,6 although the presence of proteins “sandwiched” between 
these channels has not been completely ruled out. By contrast, 
RyRs of cardiac muscle are closely apposed but do not appear 
mechanically joined to DHPRs4; instead, they are activated by a 
small influx of external Ca2+ (the inward Ca2+ current provided 
by DHPRs, or ICa), releasing greater amount of Ca2+ from the 
SR.7 This process, Ca2+-induced Ca2+ release (CICR),8 is a signa-
ture event of RyRs but is not exclusive to cardiac muscle. In fact, 
CICR was first described in skeletal muscle,9 where it apparently 
serves to activate RyRs that are not coupled to DHPRs.10

Again, the structural arrangement of DHPRs and RyRs is 
congruent with the type of E-C coupling they exert in skeletal 
and cardiac muscle. In the former, a great proportion of DHPRs 
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The Sarcoplasmic Reticulum

Structural Arrangement of the  
Sarcoplasmic Reticulum

The sarcoplasmic reticulum (SR) is a membrane-delimited intra-
cellular organelle present in striated muscle of almost all species.1 
Its name literally means “network of structures located in the 
cytoplasm of a muscle fiber,” referencing the interconnected 
network of tubules and vesicles that spans the sarcomere and 
wraps up the contractile myofilaments. The SR is not continuous 
with the external membrane, but recent data indicate that it is 
continuous with the nuclear envelope.2 In cardiac and skeletal 
muscle, the main function of the SR is to provide the majority of 
Ca2+ ions that are needed to activate the contractile proteins of 
the myofilaments, and to resequester Ca2+ from the myoplasm 
to allow for relaxation. The Ca2+ concentration within the SR 
([Ca2+]SR ) is approximately 1 mM, with a larger pool of Ca2+ 
bound to calsequestrin and other Ca2+-binding proteins.1 There-
fore, when myofilaments are relaxed and bathed in cytoplasmic 
milieu containing approximately 0.1 µM Ca2+, there is an approx-
imately 10,000-fold [Ca2+] gradient across the SR membrane. 
The compartmentalization of muscle fibers into small (~2 µm) 
structural-functional units (sarcomeres) ensures that Ca2+ diffu-
sion from release sites is not a limiting step in muscle contraction. 
Similarly, the enveloping of myofilaments by the SR ensures 
rapid reuptake of Ca2+, leaving rate-limit steps of relaxation to 
contractile proteins.

It is useful to compare the structural arrangement of the SR 
in cardiac and skeletal muscle to facilitate discussion of the mech-
anisms that trigger Ca2+ release in these two muscles. The series 
of events by which depolarization of the sarcolemma generates a 
mechanical contraction is termed excitation-contraction coupling 
(E-C coupling). Although common subcellular structures 
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is indispensable for the rational design of drugs for various RyR-
linked diseases, would be extremely difficult without single-
channel recordings in lipid bilayers. Nevertheless, it is important 
to recognize the limitations of this technique, most of which stem 
from the extremely difficult recreation of the conditions under 
which RyRs operate in situ. In their intracellular environment, 
RyRs are activated by fast and transient Ca2+ stimuli (as opposed 
to stationary Ca2+ levels as is routinely used in lipid bilayer experi-
ments), which modify RyR activity importantly (discussed further 
later). Furthermore, RyRs seldom work in isolation, as in single-
channel experiments, but are clustered in arrays that exhibit 
cooperativity and synergism.11,12 Lastly, various accessory pro-
teins of the RyR control its response to cytosolic and luminal 
Ca2+, and these proteins might not be present in reconstituted 
channels.

Confocal Imaging of RyR Ca2+ Fluxes

The optical detection of Ca2+ fluxes has provided new insight into 
the working principles of the supramolecular Ca2+ signaling 
system of many cells. The discrete, transient, and presumably 
elemental Ca2+ signaling events of cardiac myocytes, also known 
as Ca2+ sparks, are indisputable signs of RyR gating in situ.18 The 
introduction of fluorescein- and rhodamine-based Ca2+ indicators 
of high dynamic range and the arrival of low-cost versatile confo-
cal microscopes greatly facilitated the discovery of Ca2+ sparks, 
first detected in ventricular myocytes19 and later in smooth20 and 
skeletal21 muscle cells. The low myoplasmic [Ca2+] of resting cells 
keeps the open probability (Po) of RyRs extremely low; still, RyR 
channels open with a finite rate that depends on several factors 
(most notably, [Ca2+] on the cytoplasmic and luminal side of the 
RyR), giving rise to spontaneous Ca2+ sparks. An estimate of 
spontaneous spark rates in ventricular myocytes was initially 100/
cell/sec,18 which suggested an opening rate for RyRs of 10−4 s−1, 
assuming that a typical ventricular myocyte contains approxi-
mately 1 million RyRs.19 However, spark rates vary widely among 
investigators apparently using the same conditions and can even 
be influenced by experimental artifacts such as cell damage during 
isolation, making this estimate less reliable. Initially, Ca2+ sparks 
were thought to originate from the opening of a single RyR,18 
but the unitary RyR channel conductance in near physiologic 
conditions (~0.5 pA)22 appears to be too low to deliver the 
fluorescence signal mass of a typical Ca2+ spark.23 Additional 
studies detected smaller RyR-originated Ca2+ signals (e.g., “Ca2+ 
quarks,”24 “Ca2+ embers,”25 “Ca2+ syntilla,”26), somewhat demot-
ing the elemental adjective bestowed on Ca2+ sparks as indivisible 
events of E-C coupling in cardiac cells. Because Ca2+ sparks typi-
cally give rise to a twofold increase in fluorescence intensity in 
an area of approximately 2 µm, it is likely that they result from 
the coordinated opening of a portion of (or all) RyRs that are 
clustered in a couplon (~100). Regardless of the number of RyRs 
that intervene to form a Ca2+ spark, these Ca2+ signaling events 
have brought fresh insights into the mechanisms that modulate 
the activity of RyRs in their intracellular environment.

[3H]Ryanodine Binding As an Index 
of RyR Activity

Measurements of RyR density and activity can be readily obtained 
by performing [3H]ryanodine binding assays in purified SR ves-
icles or even in whole-tissue homogenates. This is possible 
because of the high affinity and specificity of [3H]ryanodine for 
its receptor, which yield an excellent signal-to-noise ratio, and 
because the alkaloid binds to open RyR channels only.27 The 
binding of [3H]ryanodine is enhanced by activators of Ca2+ release 
(Ca2+, adenosine triphosphate [ATP], caffeine) and decreased by 

appears organized as tetrads that rest on top of a single RyR 
channel in the junctional SR, the specialized region of the SR 
that is proximal to T-tubules.4 Because RyRs are homotetrameric 
protein complexes (discussed later), each DHPR in a tetrad is 
presumed to interact with one RyR monomer. RyRs, on the other 
hand, are clustered in a paracrystalline lattice where they touch 
each other at the corners.11 In this orderly array, every other RyR 
interacts with a tetrad of DHPRs and is directly activated by the 
physical coupling mechanism; the DHPR-free RyR is presum-
ably activated by CICR and cooperative interaction between 
RyRs.4,10 Multiple (i.e., 10 to 20) such DHPR-RyR interactions 
occur in a couplon, the structural domain of the junctional SR 
where E-C coupling actually takes place.12 In cardiac muscle, 
DHPRs are irregularly and sparsely distributed (not forming 
tetrads) in a couplon, but RyRs keep their lattice array, thus 
changing the stoichiometry and the mode of interaction of these 
two channels. A typical couplon in cardiac myocytes can contain 
approximately 100 RyRs and only approximately 20 DHPRs.1 
Thus, in principle, one DHPR injects Ca2+ into a couplon to 
activate approximately 5 RyRs, but current estimates indicate that 
E-C coupling is normally effected with a high safety factor—that 
is, only a portion of the existing DHPRs is needed to fully acti-
vate RyRs13 (discussed later ).

In addition to the junctional SR, DHPRs and RyRs interact at 
the peripheral couplings, the points of contact between SR and 
sarcolemmal surface.4 Despite the fact that T-tubules contain the 
highest density of DHPRs, couplons of the peripheral couplings 
apparently have DHPR/RyR stoichiometry that is similar to those 
of junctional SR couplons. Thus, RyRs of peripheral couplings are 
expected to release Ca2+ by a model similar to that described 
earlier for RyRs of junctional SR, although this has not been 
tested rigorously. A different mechanism, however, must operate 
to activate RyRs in the corbular SR, a basketlike form of SR that 
is connected to the SR network at one point only, and completely 
lacking T-tubular or sarcolemmal contacts. Activation of corbular 
RyR channels probably requires a combination of Ca2+ diffusion 
from release sites and a propagating wave of CICR. Corbular SR 
can contain up to approximately 35% of the total RyRs and is 
particularly prominent in atrial cells and Purkinje fibers.14

Methods of Recording Sarcoplasmic 
Reticulum Ion Channels

Reconstitution of Sarcoplasmic Reticulum  
Channels in Lipid Bilayers

Advancements in confocal imaging techniques have started to 
shed new light on SR ion channels in their cellular environment, 
but at present the majority of their functional and biochemical 
properties have been defined using isolated SR vesicles. Homog-
enization of cardiac and skeletal muscle produces fragmented SR 
that can be partially segregated by sucrose density centrifugation 
into RyR-enriched “heavy” SR (corresponding to junctional SR 
and peripheral couplings), and Ca2+ pump–enriched “light” SR 
(corresponding to longitudinal SR). Because RyRs are confined 
to regions of the cell that are largely inaccessible to patch elec-
trodes, reconstitution of heavy SR into artificial lipid bilayers 
remains the most versatile and effective method to characterize 
the biophysical and pharmacologic properties of RyRs at the 
single channel level.15,16 A vast body of knowledge has already 
been gained with this technique,16,17 which remains the method 
of choice in situations that require precise control of modulators 
on both faces of the channel (e.g., in cytosolic or luminal Ca2+ 
titrations), and in measurements of unitary channel conductance 
under quasi-physiologic conditions. In addition, defining the 
potency and mechanism (open- or closed-channel block), which 
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Molecular Structure of the Cardiac Ryanodine 
Receptor (RyR2)

RyRs are the main pathway for Ca2+ release from the SR, but they 
are not restricted to striated muscle. To gain the functional flex-
ibility necessary to respond to different triggering signals, at least 
three isoforms of RyR are expressed in mammals.17,29,31 RyR1 is 
expressed predominantly in fast- and slow-twitch skeletal muscle 
and in cerebellar Purkinje cells. RyR2 is found in cardiac muscle 
(presumably the only isoform expressed there), but is also robustly 
expressed in the brain and in visceral and arterial smooth muscle. 
RyR3 is the least understood of the RyR isoforms and appears to 
play its most important role during development, although in 
mature cells it is found in the diaphragm, epithelial cells, brain, 
and smooth muscle. Several structural and functional character-
istics confer to RyRs, a distinctive earmark. RyRs are homotet-
ramers of large molecular size (~2 million Da); they form 
Ca2+-gated Ca2+-permeable channels of large conductance,32 and 
they are distinctively affected by the plant alkaloid ryanodine.27 
Elucidating the structure of RyRs has been difficult because of 
the channel’s massive size; however, some details of RyR structure 
have been obtained through cryoelectron microscopy,6,33,34 com-
parative modeling,35 and recently x-ray crystallography of small 
RyR segments.36,37 In electron micrographs, RyRs are seen as 
quatrefoil or cloverleaf-shaped structures,33,34,38 or in three-
dimensional renderings as mushroom-shaped structures, with a 
large (27 × 27 × 12 nm) cytoplasmic assembly and a smaller 
transmembrane “stalk” spanning approximately 6.5 nm from the 
base of the cytoplasmic region and extending into the SR lumen38 
(Figure 6-1). The carboxyl-terminal segment crosses the SR 
membrane as few as four and as many as 10 times (depending on 
the model, although the consensus is for six transmembrane 

inhibitors of Ca2+ release (Mg2+, H+, calmodulin), suggesting that 
the alkaloid binds to a conformationally sensitive domain of the 
RyR protein.28 Therefore, [3H]ryanodine can be used as a probe 
of the functional state of the RyR channel. This approach has 
contributed to the purification of the RyR itself and to the iden-
tification of novel ligands, endogenous modulators, and accessory 
proteins of RyRs17,27,29; however, ryanodine also displays some 
disadvantages as ligand of RyRs. Mainly, ryanodine has slow 
association and dissociation rates, which require long incubation 
times to reach equilibrium (>15 h at room temperature) and 
predisposes the RyR to protein degradation. Furthermore, its 
sluggishness to bind to its receptor renders ryanodine incapable 
of tracking dynamic changes in RyR activity, which are usually 
transient and swift (discussed later). Despite these drawbacks, 
[3H]ryanodine binding is the assay of choice to measure the aver-
aged activity of literally billions of RyRs at the same time and 
under multiple conditions.

Electron Probe X-Ray Microanalysis of Ca2+ and 
Other Ions Within the Sarcoplasmic Reticulum

Ca2+ movements across the SR can be measured in situ by elec-
tron probe analysis of ultrathin cryosections of muscle rapidly 
frozen at different times in the contraction and relaxation cycle.30 
These pioneering experiments have provided critical data on the 
spatial and temporal movement of Ca2+ and its countercharge 
ions (mainly K+ and Mg2+) across the distinct regions of SR 
during the E-C coupling cycle. Foundational notions, such as the 
SR undergoing no charge deficit during Ca2+ release (and thus 
maintaining no transmembrane potential) and the terminal cis-
ternae being the main Ca2+ release site of the SR, were derived 
largely from electron probe analysis experiments.30

Figure 6-1.  Three-dimensional surface representations of the ryanodine receptor (RyR) channel. Surface representations of the RyR1 at 10 Å resolution as seen from the 
T-tubule (A), the SR side (B), and from the side (orthogonal to the SR membrane) (C). The inset is the magnified region indicated by the square, at a higher density threshold, 
and cut through the fourfold axis to better visualize the ion pathway. The cutting plane is indicated in blue. 

(Courtesy M. Samsó, Virginia Commonwealth University, Richmond, Va.).
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has been found to hold anchoring sites for PKA, PP2A, cyclic 
adenosine monophosphate (cAMP)-specific phosphodiesterase 
(PDE4D3) and CaMKII,50 underscoring the importance of RyR2 
regulation by phosphorylation. Thus, the RyR2 protein is not 
only capable of forming ordered multi-channel arrays,4,11 but is 
also at the center of a massive macromolecular complex that 
includes numerous regulatory proteins. Although the intrinsic 
function of each of these accessory proteins is known to some 
extent, it is still unclear how this complex of proteins interplays 
in situ to regulate Ca2+ release.

Ca2+ Regulation of RyR2 Channels

Regulation of Isolated RyR2 channels

Ca2+ is the most potent, versatile, and multifaceted regulator of 
RyR2 channels. Ca2+ ions turn on, turn off, and permeate through 
the RyR2. Ca2+ binds to cytosolic and luminal domains of RyR2s 
and regulates the activity of the channel in a concentration- and 
time-dependent manner. Because RyRs work cooperatively in 
their native environment and are activated by ICa, which is an 
extremely fast and transient Ca2+ stimulus, this mode of regula-
tion is extremely complex.

It is necessary to discuss the effect of Ca2+ on isolated RyRs 
before considering the intricacies of Ca2+ regulation of RyRs in 
situ. Under stationary (nonfluctuating) [Ca2+], the activity of 
single RyR2 channels is a bell-shaped function of cytosolic [Ca2+] 
(Figure 6-3) because of the presence of Ca2+-activating and inac-
tivating sites.17,29,51 Ca2+ in the range of 0.1 to 10 µM binds to at 
least one Ca2+-binding domain that activates RyR2s. Higher 
[Ca2+] (100 µM to 3 mM) then inactivates the channel.51 The 
affinity and cooperativity of the activating and inactivating Ca2+-
binding sites vary greatly under the presence of other relevant 
modulators (e.g., ATP, Mg2+, H+) and constitute powerful mecha-
nisms by which posttranslational modifications of the channel 
protein (e.g., oxidation, phosphorylation, nitrosylation) modulate 
Ca2+ release. Among the RyR isoforms, RyR2 is particularly 
recalcitrant to Ca2+-dependent inactivation, requiring supraphys-
iologic [Ca2+] (~10 mM) for complete inactivation.17,29,51 For this 
reason, the functional role of this process is questionable, 
although its participation in CICR termination has not been 
ruled out (discussed later). This overall picture represents the 
response of RyR2 channels to stationary levels of Ca2+, but is 
different from that obtained under dynamic (fast and transient) 
Ca2+ stimuli. In what are now landmark studies delineating CICR, 
Fabiato8,52 observed that the magnitude of Ca2+ release was 
dependent on the velocity of the Ca2+ pulse (d[Ca2+]/dt) applied 
to skinned cardiac fibers. Similarly, single-channel studies have 
revealed that a fast Ca2+ stimulus elicits a transient increase in the 
Po of RyR2s. If Ca2+ is applied rapidly but remains sustained for 
long periods, RyR2 Po will relax, or adapt, to a new steady state 
that follows the activation curve obtained under stationary [Ca2+]. 
Thus, Po–[Ca2+] curves of greater magnitude emerge from titra-
tion of RyR2 activity with fast, calibrated Ca2+ pulses compared 
with those obtained under similar but steady applications of Ca2+ 
(Figure 6-3).53-55 The implication of these findings is that there 
are components of RyR2 activity that remain undetected in most 
of the assays presently used, and these aspects of RyR regulation 
might explain seemingly discrepant results, as in the case of RyR2 
phosphorylation (discussed later).

Regulation of RyR2 channels by luminal (intra-SR) Ca2+ has 
gained preeminence as a control mechanism of Ca2+ release, but 
this process remains as complex as cytosolic Ca2+ regulation. The 
crucial observation in ventricular myocytes is that, beyond a 
certain threshold, small changes in SR Ca2+ load result in far 
greater increases in Ca2+ release, with the relationship described 

domains) and forms the Ca2+-permeable pore, whereas the bulk 
of the protein (~90%) protrudes into the cytosol to bridge a 15- 
to 20-nm gap between the SR and T-tubule membranes. The 
quatrefoil structure results from the symmetric arrangement of 
four identical subunits of approximately 5000 amino acids each; 
therefore, a single tetrameric channel encompasses approximately 
20,000 amino acids.

Accessory Proteins of the RyR2 Channel

The RyR2 channel can be viewed as a molecular switchboard that 
integrates a multitude of cytosolic signals, such as dynamic and 
steady Ca2+ fluctuations, β-adrenergic stimulation (phosphoryla-
tion), oxidation, and metabolic states and that transduce these 
cytosolic signals to the transmembrane domain to release appro-
priate amounts of Ca2+. Furthermore, Ca2+ release is critically 
influenced by luminal (intra-SR) factors such as Ca2+ content and 
protein interactions, thus conferring RyR2 channels an additional 
role as integrative switch-valves that offset cytosolic-luminal Ca2+ 
imbalances. Most of the signal-decoding structures are integral 
domains of the RyR2 protein. In addition to the huge structural 
tetrameric assembly being highly complex, RyR2 channels are 
also capable of protein-protein interactions that allow them to 
bind, in some cases steadily and in other cases in a time- and 
Ca2+-dependent manner, to small and independently regulated 
accessory proteins that add another layer of versatility (and com-
plexity) to regulation of Ca2+ release in vivo (Figure 6-2). The 
best-known RyR2-interacting proteins are calmodulin, which 
tonically inhibits Ca2+ release39,40; FKBP12.6, which presumably 
stabilizes RyR2 closures41,42,43; sorcin, which inhibits Ca2+ release 
in a Ca2+-dependent manner44-46; and the ternary complex triadin-
junctin-calsequestrin, which “senses” luminal Ca2+ content and 
modulates RyR2 activity by acting either as a direct channel 
ligand or as an immediate source of releasable Ca2+.47,48 S100A1,49 
like calmodulin and sorcin, inhibits RyR2 more conspicuously 
when [Ca2+] is high; therefore these three proteins might play a 
role in Ca2+-mediated CICR termination. More recently, RyR2 

Figure 6-2.  Three-dimensional  model  of  the  ryanodine  receptor  (RyR)  supramo-
lecular complex. The faded blue structure is the cryo-electron microscopy surface 
representation of the RyR1 protein at 10 Å resolution as shown in Figure 1, C. The 
multi-colored  proteins  are  represented  by  their  actual  crystal  structures.  Junctin 
and  triadin  were  generated  by  Song  et al.136  using  homology  modeling.  Binding 
sites for FKBP12.6 and calmodulin are based on cryo-EM data.33,34 The other protein 
interacting sites are idealized. Only some of the most relevant proteins that interact 
with the RyR2 channel are shown. 
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ICa and quickly terminates in intact cells. What counters the 
inherently positive feedback of CICR? At least three mechanisms 
have been proposed and, given the importance of CICR termina-
tion, it is likely that several mechanisms intervene (even redun-
dantly) to avoid overflowing the cytosol with Ca2+.

Ca2+-dependent inactivation of Ca2+ release was envisioned by 
Fabiato in his studies of CICR.3,8,52 The simplicity of this scheme 
makes it elegant. It involves two types of Ca2+ sites controlling 
the RyR2 channel: a fast-action, low-affinity Ca2+ activation site 
and a high-affinity but slow-action Ca2+ inactivation site.8 Accord-
ingly, a fast Ca2+ stimulus evokes a transient burst of RyR2 activity 
because the channel is activated by Ca2+ acting on the activation 
site and then shut down as Ca2+ slowly binds to the inactivation 
site. On the other hand, a slow Ca2+ stimulus binds to the higher-
affinity inactivation site and prevents channel openings, at least 
until the stimulus is removed. At sustained and high Ca2+ levels, 
estimated by Fabiato to be approximately 100 µM, the inactiva-
tion sites are saturated, leaving the channel in an absorbing inac-
tivated state.52 Thus, this straightforward scheme allows for 
activation of Ca2+ release by the fast ICa and termination of CICR 
by the [Ca2+] lingering in the couplon after Ca2+ release. Recovery 
(repriming) of RyR2 channels from this inactivated (refractory) 
state requires removal of Ca2+ from the couplon, as expected to 
occur on a beat-to-beat basis. As intelligible as it sounds, this 
mechanism has encountered experimental and theoretical chal-
lenges. First, SR Ca2+ release was shown to be independent of the 
interval between two consecutive Ca2+ stimuli,64 which was not 
expected if RyR2 channels were refractory for a certain time after 
the first stimulus. In addition, when a sustained Ca2+ stimulus was 
used to inactivate the RyR2 channel, a subsequent Ca2+ stimulus 
reactivated Ca2+ release,65 which again was unexpected of a refrac-
tory process. Perhaps the most irreconcilable data come from 
single-channel experiments in which RyR2 channels inactivate at 
[Ca2+] >1 to 3 mM, which are levels unlikely to be reached during 
a normal contraction. Still, it is possible that at least some level 
of Ca2+-dependent inactivation of Ca2+ release occurs in vivo, as 
mathematical models estimate the [Ca2+] in the dyadic cleft at 

as an inverse hyperbole with a high degree of cooperativity56 (see 
Figure 6-3). This is clearly an adaptive mechanism that promotes 
greater Ca2+ release (and stronger contractions) under conditions 
of increased Ca2+ uptake (such as occurs under β-adrenergic 
stimulation) and suggests that RyR2 channels increase their Po in 
response to elevated luminal [Ca2+]. The latter has been detected 
in single channel experiments,57,58 but the mechanism underlying 
luminal Ca2+ regulation at the molecular level remains uncertain 
and is possibly due to a combination of several of the following 
processes: (1) direct Ca2+ binding to RyR2 domains available only 
from inside the SR58,59; (2) activation of cytosolic sites by the Ca2+ 
ions being permeated by the channel (feed-through mecha-
nism)60; and (3) binding of Ca2+ to calsequestrin and subsequent 
regulation of RyR2 through junctin, triadin, or both.47,61,62

Regulation of RyR2 Channels In Situ

In each of the approximately 10,000 individual couplons that 
occur in a typical ventricular myocyte, RyR2 channels are packed 
forming a paracrystalline array that promotes synchronized Ca2+ 
release.4,11 Each of these couplons is independently activated by 
Ca2+ entering the cell through the juxtaposed DHPRs of the 
T-tubules (junctional SR) or sarcolemma (peripheral couplings).1,4 
The rapid spread of sarcolemmal depolarization into the interior 
of the cell by the T-tubules ensures that all individual couplons 
are simultaneously activated by ICa, generating a synchronized 
wave of Ca2+ release that spreads quickly to virtually all corners 
of the cardiomyocyte. In adult ventricular cells, ICa is insufficient 
to induce full contractions but is amplified threefold to eightfold 
(depending on the species) by Ca2+ release from the SR.1 Because 
Ca2+ is simultaneously the input and output signal of RyR2s, 
this amplification process (CICR) should intuitively be self-
regenerating and all-or-none.63 In other words, the Ca2+ released 
by an RyR2 channel should activate further the same channel or 
its neighbors in an apparently interminable cycle. However, this 
is not observed experimentally; instead, CICR is finely graded by 

Figure 6-3.  Modulation of RyR2 channel by Ca2+. (A) Activation of 
RyR2 by fast changes of the [Ca2+] surrounding the cytosolic side of 
the  channel. The  resting  [Ca2+]  was  0.1 µM  in  all  traces.  Calibrated 
steps increases of [Ca2+] were achieved by laser photolysis of caged 
Ca2+  (nitrophenyl-ethylene  glycol  tetraacetic  acid  [NP-EGTA]),  as 
described.54  The  RyR2  openings  were  elicited  by  fast  increase  of 
[Ca2+]  to  1 µM  (a  and  b)  or  to  10 µM  (c)  produced  by  single  laser 
pulses. Mg2+ (1 mM) was present in b and c. Traces in all panels were 
recorded from the same channel. (d) Ensemble currents were gener-
ated by the sum data of multiple sweeps. (e) The amplitude and time 
course of the change in [Ca2+]  in the cytosolic side of the channel. 
(B)  Ca2+-Po  curves  of  RyR2  channels.  Activity  was  measured  at  the 
indicated stationary concentrations of Ca2+  (steady-state) and right 
after a fast Ca2+ pulse (“peak”), as in A. (C) Activation of RyR2 channel 
by luminal [Ca2+]. 

(A, Modified from Valdivia HH, Kaplan JH, Ellis-Davies GC, et al: Rapid 
adaptation of cardiac ryanodine receptors: modulation by Mg2+ and 
phosphorylation. Science 267:1997–2000, 1995.)
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probability of triggering RyR2 channels to open also increases, 
and this increases SR Ca2+ release and the amplitude of the [Ca2+] 
transient. If [Ca2+]SR increases, the Po of RyR2s increases (see 
Figure 6-3) and SR Ca2+ release also increases. In this dynamic 
environment, what is the net effect of blockers or agonists of 
RyR2 channels? Combining experimental data and mathematical 
modeling, the Eisner group74,75 has elegantly advanced the notion 
that potentiating or decreasing RyR2 Po alone does not have 
lasting (steady-state) effects on the amplitude of the [Ca2+] tran-
sient. This notion appears counterintuitive at first, but it is rea-
sonable when all cellular Ca2+ fluxes that affect RyR2 activity are 
considered. Figure 6-4, A, shows the effect of caffeine, a RyR2 
agonist, on [Ca2+] transients and the concomitant effect on sar-
colemmal Ca2+ fluxes and [Ca2+]SR of rat ventricular myocytes. 
The addition of caffeine produces immediately an increase of the 
systolic Ca2+ transient. However, in the continued presence of 
caffeine, the amplitude of the Ca2+ transient decreases progres-
sively until it reaches a steady state. Remarkably, the amplitude 
of the Ca2+ transient in the new steady state is exactly the same 
as before the addition of caffeine. Thus, despite the maintained 
effect of caffeine on the RyR2 channel, the Ca2+ transient relaxes 
toward its control amplitude. The explanation of this apparent 
paradox lies on exquisite feedback mechanisms that operate in 
the cell. Before application of caffeine, net sarcolemmal Ca2+ flux 
is equal (Ca2+ influx – Ca2+ efflux = 0; see Figure 6-4, B). 
The addition of caffeine increases the amplitude of the Ca2+ 
transient and as a result, Ca2+ efflux becomes larger than influx 
(see Figure 6-4, B). A larger Ca2+ efflux leads to reduced [Ca2+]SR 

levels that are compatible with those required for partial inactiva-
tion of single RyR2 channels.66 In addition, RyR2 channels in situ 
may be more sensible to Ca2+ than those recorded under artificial 
environments.

SR Ca2+ depletion has attracted attention as a mechanism to 
terminate CICR, but nagging issues remain. Although it is clear 
that RyRs terminate Ca2+ release once the Ca2+ inside the SR 
drops to a certain threshold (~50% of the total Ca2+ inside the 
store),67,68 the mechanisms underlying luminal Ca2+ regulation of 
RyRs remains unclear. In his classical studies that characterized 
calsequestrin (the major Ca2+-binding protein of the SR), Ikemoto 
et al.69 observed that the amount and the speed of Ca2+ release 
from SR vesicles depended directly on vesicular calsequestrin 
content rather than Ca2+ content, thus implying that calseques-
trin “senses” the SR Ca2+ load and regulates the activity of RyRs. 
Boding well with this notion, Ca2+ sparks lasted longer or termi-
nated prematurely after overexpression or partial depletion of 
calsequestrin levels in ventricular myocytes, respectively.70 Fur-
thermore, purified RyR2 channels reconstituted in lipid bilayers 
exhibited little activation by luminal [Ca2+], but the addition of 
calsequestrin and its “anchors” junctin and triadin restored 
luminal Ca2+ sensitivity.57 Thus, the above data portrays calse-
questrin as an indispensable component of the signaling mecha-
nism that allows RyRs to terminate Ca2+ release upon [Ca2+]SR 
depletion; however, other data bestow little role on this protein. 
For example, RyR2 channels expressed in heterologous systems 
(and bearing no calsequestrin) exhibit robust luminal Ca2+ regula-
tion and are activated by Ca2+ overload (store-overload induced 
Ca2+ release).58,59 In addition, in direct contradiction with some 
of these data, recombinant RyR2 channels (calsequestrin-free) 
reconstituted in lipid bilayers were activated by luminal [Ca2+],59 
implying that luminal Ca2+ regulation is an intrinsic property of 
the channel protein. As a result, it is clear that RyRs are capable 
of sensing dropping levels of [Ca2+]SR to terminate Ca2+ release, 
but it is unclear whether they do it directly or through the 
calsequestrin-junctin-triadin ternary complex. As derangement 
of RyR refractoriness leads to Ca2+-dependent arrhythmias and 
may be involved in heart failure progression,71,72 luminal Ca2+ 
regulation of RyRs appears to be critical in the overall scheme to 
terminate CICR and likely depends on multiple factors.

Stochastic attrition, the random closing of individual RyR2 
channels, has been deduced from mathematical modeling as a 
potential mechanism to terminate CICR.63 High local [Ca2+] gra-
dients build up in the couplon immediately right after CICR, but 
they quickly dissipate.66 If the number of RyR2 channels in a 
couplon was only one, it should be obvious that a random closure 
of that one RyR2 channel could be responsible for Ca2+ release 
termination (and dissipation of the [Ca2+] gradient). Stern63 
inferred that stochastic attrition could terminate local Ca2+ release 
if the number of RyR2 channels in a couplon was fewer than 10, 
but higher number of channels would decrease its probability 
precipitously. Because ultrastructural and functional data esti-
mate this number to be close to 100,1,18 stochastic attrition as a 
means to terminate local CICR appears unlikely, at least math-
ematically. However, RyR2 channels have the intrinsic ability to 
join each other at their corners and form a paracrystalline 
lattice.4,11 It is therefore possible that RyR2 channels in a couplon 
gate in a coordinated, or coupled, manner73 and that the random 
closure of one channel promotes the closure of all channels in 
the lattice.

Self-Regulation of Sarcoplasmic  
Reticulum Ca2+ Release

As discussed earlier, RyR2 channels in their intracellular environ-
ment are regulated by ICa and [Ca2+]SR, both of which undergo 
dynamic changes during a single beat. If ICa increases, the 

Figure 6-4.  Transient effect of caffeine, a RyR2 channel agonist, on sarcoplasmic 
reticulum (SR) Ca2+  release. (A)  Intracellular Ca2+  transients before (i) and immedi-
ately after (ii) application of 500 µM caffeine (indicated by the bar). (B) Net sarco-
lemmal Ca2+ flux per pulse calculated as Ca2+ influx minus Ca2+ efflux. (C) Calculated 
time course of the SR Ca2+ content. (D) Fraction of SR Ca2+ released in each pulse. 

(Reproduced with permission from Trafford, et al.74)
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phosphorylation increases,54,82,83 decreases,54,84 or has no effect85 
on RyR2 activity. Several factors preclude an easy interpretation 
of phosphorylation results. First, RyR2 channels contain multiple 
phosphorylation sites that, depending on their phosphorylation 
state, can attenuate or synergize the effect of the other sites, or 
can require prior phosphorylation to activate the whole protein. 
To date, three phosphorylation sites have been recognized: 
Ser2809 (mouse RyR2 nomenclature) was first identified by 
Witcher et al.82 as a CaMKII site, and later, Wehrens et al. sug-
gested it as the only PKA site,86 although RyR2 from mice with 
genetic ablation of this site can still be phosphorylated by PKA.77 
Ser2815 and Ser2030 seem to be exclusively phosphorylated by 
CaMKII87 and PKA,88 respectively, although this exclusivity has 
not been rigorously tested in vivo. Second, as mentioned previ-
ously, RyR2 activity is strongly dependent on the speed of Ca2+ 
application, which in turn can greatly influence the overall effect 
of phosphorylation. For example, PKA phosphorylation of iso-
lated RyR2 increases a transient component of activity (peak 
activation) but accelerates the rate of adaptation to a lower 
steady-state level of activity (see Figure 6-3). In cellular settings, 
this effect would translate into greater and faster rates of Ca2+ 
release in response to a given Ca2+ entry. In agreement with this 
notion, experiments in which SR Ca2+ load and ICa were kept 
constant showed that β-adrenergic stimulation of ventricular 
myocytes accelerates the rate of Ca2+ release and has little effect 
on the magnitude of the [Ca2+]i transient.89 A recent study sug-
gested that differences in the redox state of RyR could account 
for some the reported discrepancies.80 Although appealing, this 
hypothesis still needs to be corroborated. Thus, more work is 
needed to resolve the role of RyR2 phosphorylation in cardiac 
performance in general, and SR Ca2+ leak and heart failure in 
particular. Further discussion of RyR2 phosphorylation appears 
under Role of RyR2 Channels in Heart Failure in this chapter.

Oxidation and Nitrosylation

RyR2 channels (as well as RyR1 channels) can be powerfully 
modulated in vitro by oxidative modifications of thiol residues in 
free cysteines, such as S-nitrosylation, S-glutathionylation, and 
disulfide oxidation.90-92 Both RyR2 and RyR1 channels contain 
approximately 100 cysteine residues per monomer, and although 
many are suitable for modification, only a few appear highly 
reactant to oxidants.93 In addition, whereas RyR2 and RyR1 
activities depend on pO2, RyR2 does not appear to be activated 
or S-nitrosylated directly by nitric oxide (NO) but requires 
S-nitrosoglutathione.92 The functional response of each RyR 
isoform varies depending on the cysteine residue being modified 
and the type of oxidative species that targets it.91,92,94 In addition, 
oxidative modifications can also affect the binding of accessory 
proteins. For example, exposing RyR1 to NO increases channel 
activity,95 an effect that is more pronounced in the presence of 
calmodulin, suggesting that S-nitrosylation of RyR1 leads to 
calmodulin detachment and therefore reversal of the inhibitory 
effect of CaM over RyR1. The cellular effects of NO donors are 
clear, but the molecular reactions underlying such effects are hard 
to pinpoint. The NO donor S-nitroso-N-acetyl penicillamine, 
which targets several EC-coupling proteins and increases inot-
ropy of cardiac myocytes at low concentrations, but decreases it 
at high concentrations.96 Reduced glutathione could quickly react 
with and scavenge NO in cardiac cells.92 Under these circum-
stances, nitroso-glutathione or other small nitrosylated molecules 
would be responsible for RyR2 oxidation.92 It is also possible that 
the close proximity of NO synthase (NOS)-3, xanthine oxidase, 
and RyR2 in cardiac caveolae creates a microenvironment capable 
of directly nitrosylating RyR2,97 although in physiologic condi-
tions the main targets of NOS seem to be other EC-coupling 
proteins.98

(see Figure 6-4, C), an effect that continues until the [Ca2+]SR is 
reduced to such a level that systolic Ca2+ amplitude becomes 
equal to control despite the potentiating effect of caffeine on 
RyR2 Po. The opposite effect occurs when caffeine is removed. 
Initially, the systolic Ca2+ amplitude decreases to below the 
control level because [Ca2+]SR is lower than in controls, but RyR2 
channels are no longer potentiated by caffeine. After a few con-
tractions, the amplitude of the Ca2+ transient is the same as the 
initial value. In this scenario, caffeine produces transient effects 
on systolic Ca2+ transients by modifying exclusively the fractional 
release (Ca2+ release/[ Ca2+]SR; see Figure 6-4, D). Thus, SR Ca2+ 
release has direct and immediate effect on sarcolemmal Ca2+ 
fluxes; this scheme precludes a persistent effect of RyR2 modula-
tors on SR Ca2+ release, because Ca2+ influx and efflux need to be 
equal over the long run. This mode of regulation has important 
implications for interpreting maneuvers that presumably modu-
late RyR2 activity in physiologic (phosphorylation) and patho-
logic states (discussed later).

Modulation of RyR2 Channel Function

Phosphorylation

Sympathetic stimulation of the heart during exercise or under 
emotional stress improves cardiac output by accelerating heart 
rate and increasing the force of contractions. Activation of the 
β-adrenergic receptor pathway by catecholamines triggers a 
cascade of events that increases cAMP, which in turn activates 
PKA. PKA then phosphorylates several target proteins in the 
sarcolemma, the SR, and myofilaments, notably, L-type Ca2+ 
channels/DHPR, phospholamban, RyR2, and troponin I and C, 
leading to increased Ca2+ entry, enhanced CICR, and faster Ca2+ 
uptake and relaxation rates, all of which contribute to the inotro-
pic and lusitropic effects of β-adrenergic stimulation on the 
heartbeat.7 RyR2 channels are structural scaffolds for important 
kinases and phosphatases,41,50 and in the heart, RyR2 is one of the 
first proteins to undergo phosphorylation during β-adrenergic 
stimulation.76-78 Thus, RyR2 channels appear to be integral com-
ponents of the multiprotein response that leads to increased 
cardiac performance during β-adrenergic stimulation, but the 
extent of their participation in the fight-or-flight response 
remains highly debated. Ca2+ release by RyR2 is steeply graded 
by ICa and the SR Ca2+ load, both of which increase during 
β-adrenergic stimulation because of PKA phosphorylation of 
L-type Ca2+ channels and phospholamban, respectively7; there-
fore, it appears that RyR2 channels need only be responsive to 
extrinsic cues (ICa and [Ca2+]SR) to increase Ca2+ release during 
sympathetic stimulation, but this passive compliance would not 
explain why RyR2 channels undergo direct protein phosphoryla-
tion, as observed experimentally.76-78 Some outstanding questions 
include: What are the intrinsic changes in RyR2 function brought 
about by PKA phosphorylation? Is this functional modulation 
necessary and sufficient to modify global Ca2+ transients, cardiac 
performance, and be a substrate for development of cardiac 
arrhythmias and heart failure progression? These important 
questions are difficult to answer at present, partly because all 
potential functional outcomes have been attributed to RyR2 
phosphorylation. On one hand, Li et al.79 found that PKA phos-
phorylation of RyR2 has little functional relevance for diastolic 
Ca2+ release if SR Ca2+ levels remain constant. On the other hand, 
other groups have suggested that PKA phosphorylation of RyR2 
is so essential to intracellular Ca2+ homeostasis that derangement 
of this process may be the basis for heart failure41,42,80 and cate-
cholaminergic polymorphic ventricular tachycardia (CPVT) epi-
sodes81 (discussed later). Between these two extremes, other 
results, mainly from in vitro experiments, imply that PKA 
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Cytosolic Modulators

In addition to Ca2+, which is uncontestably the preeminent mod-
ulator of RyR2 activity (discussed earlier), other cytosolic factors 
have important roles in regulating Ca2+ release, especially in 
pathologic states. The concentration of several cytosolic modula-
tors of RyR2 channels such as Mg2+, H+, and ATP does not 
change substantially during normal beat-to-beat contractions or 
in constant healthy conditions, but may do so under altered 
metabolic states (e.g., diabetes or ischemia). As expected from the 
identification of divalent cation- and nucleotide-binding sites in 
the RyR2 channel protein, most assays of RyR2 channel activity 
indicate that free Mg2+ (and H+) inhibit RyR2 channels, whereas 
ATP increases their activity. Mg2+ inhibits RyR2 by at least two 
mechanisms, one being an ineffective occupation of Ca2+-activa-
tion sites and the other being an effective occupation of Ca2+-
inactivation sites.99 ATP, however, binds to nucleotide-binding 
sites on the channel protein and promotes Ca2+ release by acting 
as a ligand (i.e., without undergoing energy-yielding hydroly-
sis).100 The fall in pH and ATP levels (plus the concomitant rise 
in free Mg2+) that are characteristic of prolonged ischemia is 
therefore expected to depress RyR2 activity and decrease Ca2+ 
release. Intuitively, this could deteriorate cellular contractility 
even more; however, the negative effect of these modulators on 
RyR2s may actually be protective for the heart by means of 
reducing energy consumption. This potential benefit needs to be 
assessed in experiments with intact cells and whole hearts. Other 
cytosolic molecules such as protamines, fatty acids, cyclic adenos-
ine diphosphate (cADP) ribose, and nicotinic acid adenine nucle-
otide phosphate are known to regulate some aspects of RyR2 
function, but their role in E-C coupling in particular and cardiac 
performance in general is less understood. Recent reviews cover 
most aspects of this regulation.31,101

Exogenous Ligands of RyR2 Channels and 
Drugs That Affect Sarcoplasmic Reticulum 
Ca2+ Release

Many toxins and drugs bind to the RyR2 channel and modulate 
its activity, but interestingly, there is not a single drug in the 
market specifically designed for this purpose (although some are 
in clinical trials). Despite the rich assortment of chemicals that 
affect the activity of RyR2 channels,102,103 only two classes of 
toxins bind to RyRs with high (nanomolar) affinity: ryanodine 
and its derivatives and a group of peptide toxins termed calcins 
(Table 6-1). This section discusses the most outstanding attri-
butes of these and other classical ligands of RyRs, as well as drugs 
that hold promise to treat RyR2-associated disorders.

Ryanodine is a small plant alkaloid (molecular weight, 494 Da) 
that has been an invaluable tool in defining the pharmacologic 
profile of RyRs.27 As described earlier, ryanodine binds to the 
open state of the channel, which allows experimenters to use [3H]
ryanodine as a probe of the functional state of the channel. This 
approach has contributed to the isolation of the RyR1 and RyR2 
channels themselves, and to the characterization of many phar-
macologic properties of RyR channels. However, ryanodine 
exhibits some undesirable characteristics. The effects of ryano-
dine on single RyRs are complex and highly dependent on its 
concentration. At low concentrations (5 to 50 nM), ryanodine 
increases the mean open time of the channel without modifying 
its unitary conductance.104 At intermediate concentrations (50 
nM to 10 µM), ryanodine locks the channel in an open subcon-
ductance state that is recalcitrant to dissociation. Higher concen-
trations (>10 µM) of the alkaloid fully and irreversibly close the 
channel.105 Thus, ryanodine can act as an agonist and a blocker 
of the RyR. Ryanodine also displays a slow association rate of 

binding106 that renders the onset of activation incompatible with 
the timeframe of many cellular experiments. In addition, the 
recovery of SR function after treatment with ryanodine is difficult 
to assess because its slow dissociation rate106 makes the pharma-
cologic effect essentially irreversible. Structurally speaking, 
ryanodine is intrinsically minimized (see Table 6-1); thus, conju-
gation of any of its major domains decreases substantially its 
affinity and specificity toward RyRs, and fluorescent derivatives 
that could effectively define RyR location and function such as 
BODIPY-ryanodine, have had limited success.

Scorpion toxins have traditionally been excellent sources of 
ion channels ligands. Valdivia et al.107 found in the venom of 
selected scorpions a set of peptide toxins displaying high affinity 
and exquisite selectivity against RyRs. Imperatoxin A (IpTxa), the 
founder of this novel group of toxins, is a small (3.7-kDa), highly 
basic (pH 8.9), globular and thermostable peptide that activates 
RyRs with high affinity (KD ≈ 5 to 10 nM) and specificity (no 
other target proteins known to date).108 The presence of IpTxa in 
scorpion venom was surprising because as a basic peptide (see 
Table 6-1), this ionized molecule was presumed to be incapable 
of penetrating cellular membranes to reach its intended target. 
However, IpTxa, like Maurocalcin (another scorpion peptide 
homologous to IpTxa)109 permeates cellular membranes of intact 
cardiac myocytes and mobilizes intracellular Ca2+ with remark-
able speed and with several degrees of potency,110 in effect enter-
ing the field as the first cell-penetrating peptide RyR-specific 
Ca2+ mobilizer of high dynamic range. IpTxa spawned the discov-
ery of calcins, a small but growing group of scorpion peptides 
that selectively mobilize Ca2+ from RyR-gated stores. The defin-
ing characteristic of calcins is their capacity to stabilize RyR 
openings in a long-lasting, subconducting state. This effect is 
nearly analogous to that of ryanodine, but unlike ryanodine, 
calcins bind rapidly to RyRs (fast association rate), freely dissoci-
ate from their binding site (reversible effect), display a dose- and 
sequence-variable effect, and are amenable for derivatization 
without undergoing major loss in receptor affinity.

Caffeine is a classical agonist of RyRs that is widely used to 
assess the presence and size of RyR-gated Ca2+ stores. In cardiac 
myocytes, caffeine readily permeates the external membrane and 
elicits Ca2+ release by increasing the sensitivity of RyR2 channels 
to cytosolic Ca2+.111 In addition, caffeine can increase the sensitiv-
ity of the channels to luminal Ca2+,112 but this is not firmly estab-
lished.113 Caffeine is easily available and when used at high doses 
(5 to 20 mM) it yields a fair estimate of the SR Ca2+ content, but 
as with other ligands, it has several disadvantages. Like ryano-
dine, caffeine is also an alkaloid, but unlike ryanodine, it is a  
poor activator of RyRs. Its EC50 on [3H]ryanodine binding, with 
“naked” RyRs (directly exposed) and under steady-state condi-
tions, is approximately 300 µM.111 Caffeine is, however, an effec-
tive inhibitor of cAMP phosphodiesterases and accelerates 
cellular metabolism by delaying cAMP turnover.114 This effect, 
however, is negligible when caffeine is used for short periods, but 
prominent under prolonged exposures. Caffeine increases the 
Ca2+ sensitivity of myofilament proteins, inhibits glycogen phos-
phorylase and adenosine receptors, stimulates the Na+/K+ pump, 
and impairs phosphoinositide metabolism114; it also quenches the 
fluorescence of common Ca2+ indicators such as Fluo-3. As a 
result, caffeine displays pleiotropic effects of which the cardiac 
electrophysiologist should be aware.

Tetracaine is a local anesthetic that blocks voltage-dependent 
Na+ channels with high affinity, but at high doses it also acts as 
an allosteric inhibitor of RyRs.115 Because tetracaine stabilizes the 
closed state of RyRs, it is used in cardiac myocytes as a versatile 
indicator of spontaneous Ca2+ sparks and to assess passive SR Ca2+ 
leak.116 Ruthenium red also inhibits RyR2 channels117 by prolong-
ing the time the channel spends in the closed state.118 It inhibits 
RyRs with an EC50 of approximately 1 µM, but it cannot perme-
ate membranes and binds to multiple targets. These attributes 
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Table 6-1. Ligands of RyR channels and Drugs that Affect SR Ca2+ release by modulating RyR2 channel activity. (Proof & electronic file on art CD)

Ligand Chemical Structure Mode of Action Main Properties

Ryanodine Binds to a conformationally sensitive 
state of the channel and “locks” the 
channel in a subconductance state28

High affinity and specificity for the RyR but 
slow association and dissociation 
rates104,106; dual mode of action105; 
intrinsically minimized

Imperatoxin A Binds to open RyRs; stabilizes the 
channel in a subconductance state; 
unlike ryanodine, fast and reversible 
effect

33-amino acid basic peptide with high 
affinity (~5-10 nM) and specificity for the 
RyR108; fast association rate; cell-
penetrating peptide110; reversible effect; 
amenable for derivatization without major 
loss in RyR affinity108

Caffeine Increases the open probability of RyR 
channels by increasing their 
sensitivity to cytosolic Ca2+ (111)

May be used to assess the amount of Ca2+ 
inside RyR-gated Ca2+ stores; fast 
association rate but low affinity and 
specificity; several off-target effects114

Tetracaine Decreases the open probability of 
RyRs by stabilizing the channel in the 
closed state115

Can be used to assess passive SR Ca2+ 
leak116; displays low affinity for RyRs but 
high affinity for voltage-dependent Na2+ 
channels

Ruthenium red Decreases the open probability of 
RyRs by producing “flickery” block of 
the channel118

Moderately high affinity for RyRs (~1 µM); 
membrane impermeable; inhibits several 
ion channels and transporters or 
cardiomyocytes with high affinity118

Doxorubicin Increases the open probability of 
RyRs by increasing their sensitivity to 
cytosolic Ca2+.119

Similar effect as caffeine, but with higher 
affinity for RyRs; anticancer drug with 
potent cardiotoxic effects119

K201 (JTV-519) Stabilizes the RyR2-FKBP12.6 
interaction124

Prevents Ca2+ overload-induced cell 
death122; in cardiac myocytes it blocks INa, 
IK1, ICa, and Ikp SERCA2a and PKC103; effect 
on RyR2 not clearly defined123-126

S107 Stabilizes the RyR2-FKBP12.6 
interaction128-129

Presumably of higher affinity and 
specificity for RyR2 channels compared 
with K201129

Flecainide Decreases the open probability of 
RyR2 channels by producing open 
channel blockade131

Prevents tachyarrhythmias in CPVT 
patients and mice130; does not Increase SR 
Ca2+ load; blocks Na+ channels with high 
affinity; mechanism of action to prevent 
arrhythmias is controversial132

Carvedilol Decreases the open probability of 
RyR2 channels by decreasing their 
mean open time134

Prevents tachyarrhythmias in CPVT mice; 
suppresses store overload-induced calcium 
release134; combined action as β-blocker 
and RyR2 channel blocker

RyR, Ryanodine receptor; SR, sarcoplasmic reticulum.
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spontaneous Ca2+ waves was also shown in normal rat ventricular 
myocytes, indicating that flecainide inhibits the activity of normal 
and CPVT mutant RyR2 channels, thus extending its potential 
therapeutic range to all RyR2-generated arrhythmias. In single 
RyR2 channel experiments, flecainide produced a fast open 
channel blockade,131 an effect that differed from that of other Na+ 
channel blockers that also suppress RyR2 activity, such as the 
local anesthetic tetracaine. Unlike tetracaine, flecainide does not 
seem to increase SR Ca2+ content despite its RyR2 blocking 
properties. These characteristics might partly explain the supe-
rior effect of flecainide on RyR2-triggered arrhythmias over 
other Na+ channel blockers. However, Priori’s group132 has pro-
posed that the beneficial effects of flecainide in preventing 
arrhythmias are due to the drug’s ability to block Na+ channels 
and increase the threshold for triggered activity, rather than by 
its direct effects on RyR2 channels. Therefore, it seems clear that 
flecainide effectively blocks RyR2s in vitro, but it is debatable 
whether targets other than RyR2 are required for the antiar-
rhythmic effects of flecainide in the heart.

Carvedilol is a classical, nonselective β-adrenergic receptor 
blocker (β-blocker) that was also found to prevent redox-
dependent Ca2+ leak in failing cardiomyocytes by inhibiting 
the RyR2 channel.133 Chen’s group demonstrated that carvedilol 
effectively suppresses arrhythmogenic spontaneous Ca2+ release 
in isolated ventricular myocytes.134 Because carvedilol also sup-
presses store overload–induced Ca2+ release in heterologous cells 
expressing RyR2 channels and it blocks the open duration of the 
isolated RyR2 channel,134 the antiarrhythmic effect of this drug 
is probably due to its combined β-blocking activity and RyR2 
channel inhibition. However, the carvedilol analog VK-II-86, 
which exhibits minimal β-blocking activity but retains its capacity 
to inhibit RyR2 channels, prevented stress-induced ventricular 
tachyarrhythmias in a mouse model of CPVT (RyR2-R4496C+/−), 
although it did so more effectively when combined with either 
of the selective β-blockers metoprolol or bisoprolol.134 Thus, 
direct inhibition of RyR2 channels is probably an essential com-
ponent of effective antiarrhythmic therapy in CPVT, but effec-
tiveness may be greatly increased by inhibition of upstream 
effectors of Ca2+ release, such as the β-adrenergic receptor (carve-
dilol) or the voltage-dependent Na+ channel (flecainide).

RyR2 Channels in Disease

RyR channels are involved in several genetic diseases affecting 
cardiac and skeletal muscle. This section discusses only CPVT 
and heart failure as inherited and acquired, respectively, RyR2-
linked syndromes.

Catecholaminergic Polymorphic  
Ventricular Tachycardia

More than 160 different mutations (and increasing) in RYR2, the 
gene encoding the RyR2 channel protein, have been associated 
with CPVT, an autosomal-dominant inherited cardiac syndrome 
characterized by exercise- or stress-induced tachyarrhythmia epi-
sodes in the absence of apparent structural heart disease or  
prolonged QT interval.121,135 The clinical features of CPVT are 
discussed elsewhere in this book. This section reviews the molec-
ular and cellular basis of the cardiac arrhythmias resulting from 
the RyR2-associated CPVT mutations. Excessive Ca2+ release 
from the SR, especially during diastole, is accepted as the under-
lying mechanism that gives rise to ventricular tachyarrhythmias 
in CPVT.59,121 However, there is no consensus on whether the 
excessive Ca2+ release occurs via a reduction in the threshold 
for activation of mutant RyR2 channels by luminal Ca2+,59,121 

decrease its usefulness in cellular experiments. Doxorubicin and 
other anthraquinones are potent stimulators of Ca2+ release that, 
like caffeine, sensitize the RyR channel to cytosolic Ca2+.119,120 
Doxorubicin and caffeine likely bind to different sites in the RyR 
channel, but both are presumed to modify the redox state of the 
RyR protein, thereby inducing similar effects.

A prevalent hypothesis in RyR2-mediated arrhythmogenesis 
is an increased in diastolic SR Ca2+ leak,103,121 and several drugs 
are being tested with the aim of stopping this process. K201, also 
known as JTV-519, is a diltiazem derivative first described by 
Kaneko122 as a drug that prevents Ca2+ overload-induced cardiac 
cell death. The drug has demonstrated pleiotropic effects, affect-
ing several sarcolemmal ion currents including INa, IK1, ICa, and 
IKr and other targets such as PKC, SERCA2a, and annexin V.103 
Given that K201 was originally advanced as a drug to prevent 
calcium overload in cardiac cells, Yano et al.123 used K201 in a 
canine model of heart failure with the rationale that RyR2-
mediated SR Ca2+ leak owing to FKBP12.6 dissociation (as 
advanced by Marks’ group)124 was critically involved in the patho-
genesis of this syndrome. K201 preserved left ventricular systolic 
and diastolic function and prevented left ventricular remodeling, 
effects attributed to restoration of the RyR2-FKBP12.6 stoichi-
ometry toward control (nonfailing) levels. Later, Wehrens et al.124 
reported that K201 prevented ventricular tachycardia and  
sudden death in mice with reduced expression of FKBP12.6 
(FKBP12.6–/+), but had no effect on mice with complete ablation 
of FKBP12.6 (FKBP12.6−/−), which is consistent with the notion 
that K201 prevents SR Ca2+ leak by stabilizing the RyR2-
FKBP12.6 interaction, but at odds with other studies that have 
found that FKBP12.6 is not required for K201 effects on RyR2 
channels.125 Regardless of the exact mechanism, these studies 
assign to correction of RyR2 dysfunction a critical role for K201 
therapeutic effect, but this conclusion should be tempered by the 
fact that the drug modulates multiple targets that affect SR func-
tion. In addition, K201 was found ineffective in preventing 
RyR2-mediated Ca2+ leak in another canine model of heart 
failure126 and in a mouse model of human CPVT 
(RyR2-R4496C).127

S107 is a novel derivative of K201128 that reportedly stabilizes 
the RyR2-FKBKP12.6 interaction at nanomolar concentrations 
but lacks the pleiotropic effects of K201 when used at concentra-
tions as high as 10 µM129; however, data documenting the selec-
tivity of S107 have not been published. S107 prevented 
exercise-induced arrhythmias in another mouse model of CPVT 
(RyR2-R2474S)129 and preserved ejection fraction (postmyocar-
dial infarction) in a mouse with decreased RyR2-FKBP12.6 inter-
action owing to constitutive phosphorylation of RyR2-S2808 
(RyR2-S2808D+/+).80 Thus, according to these results, S107 acts 
exclusively by stabilizing the RyR2-FKBP12.6 interaction. 
Because this interaction (and its counterpart reaction in skeletal 
muscle, the RyR1-FKBP12 interaction) is reportedly faulty in 
several diseases, including heart failure, ventricular arrhythmias, 
atrial fibrillation, brain seizures, age-related muscle weakness and 
muscular dystrophy, the potential therapeutic value of this drug 
is tremendous. However, a number of studies do not support the 
link between RyR2 PKA-mediated hyperphosphorylation and 
dissociation of FKBP12.6 from RyR2 and disagree on the relative 
importance of the phosphorylation site (Ser2030 vs. Ser2808) at 
which RyR2 is phosphorylated by PKA.75,77-79,85,88

Flecainide is a class 1c antiarrhythmic drug classically used to 
treat tachyarrhythmias (atrial fibrillation, supraventricular tachy-
cardia) that has been found recently to prevent CPVT episodes 
by blocking RyR2 channels.130 Experiments in mice and humans 
support the therapeutic value of flecainide in CPVT.130 In cardiac 
myocytes isolated from a calsequestrin knockout mouse model of 
CPVT, flecainide decreased the frequency of isoproterenol-
induced diastolic Ca2+ waves caused by spontaneous openings 
of RyR2 channels.130,131 The ability of flecainide to suppress 
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some find alterations in RyR2 function.142 Although naturally a 
system to increase efficiency and competence of the heart during 
acute periods of stress or altered hemodynamics, chronic 
β-adrenergic signaling may ultimately be damaging to the heart 
by altering Ca2+ regulatory protein function, leading to impaired 
Ca2+ cycling. There is growing consensus that Ca2+ mishandling 
leads to altered gene transcription, resulting in maladaptive struc-
tural transformations (cardiac hypertrophy) that eventually 
hamper basic cardiac functioning (congestive HF). In fact, HF is 
an inexorable evolving stage in transgenic mice with constitutively 
activated PKA143 or CaMKII overexpression.144 Conceivably, 
hyperphosphorylation of Ca2+ cycling proteins in these animals 
eventually results in abnormal Ca2+ homeostasis. Marks’ group 
has advanced the hypothesis that RyR2 channels are hyperphos-
phorylated in HF, which leads to enhanced diastolic Ca2+ 
leak.41,42,50,86,124 In this scheme, PKA hyperphosphorylation of 
RyR2-S2809 causes FKBP12.6 dissociation from the RyR2 and 
altered RyR2 gating, analogous to that reported for displacement 
of FKBP12.6 from the RyR2 by FK506 or rapamycin.41,42 In 
single-channel recordings, overall RyR2 Po was increased in HF, 
and most openings were to subconducting levels. The net effect 
was greater ion flux, which in cellular terms would translate into 
increased diastolic SR Ca2+ leak and be a primary cause of reduced 
SR Ca2+ content. They attributed these alterations in HF to a 
hyperadrenergic state and loss of RyR2-associated phosphatases 
despite increased global myocyte phosphatase activity. More 
recently, Wehrens’ group reported that preventing phosphoryla-
tion of RyR2-S2814 (CaMKII site) improves cardiac performance 
after pressure overload-induced HF, but has no protective effect 
after myocardial ischemia-induced HF.145 Overall, then, this is an 
interesting hypothesis, but many of its central tenets have not 
been confirmed by others.103,142,146,147 Therefore, more research is 
needed to determine whether RyR2 channels are central players 
in the pathogenesis of HF or mere bystanders. Natural gain-of-
function RyR2 mutations that produce “leaky” RyR2 channels can 
generate life-threatening arrhythmias and sudden death,121,135 but 
none have been reported to lead to overt HF.

Monovalent Cation Channels

Based on early electron microprobe analysis in skeletal muscle, it 
was postulated that SR Ca2+ release could not possibly generate 
large electrical potentials across the SR membrane because the 
equilibrium potential for Ca2+ would be rapidly reached, limiting 
further Ca2+ release.148 This hypothesis was incompatible with the 
sustained Ca2+ release observed during a tetanic stimulation. 
Therefore, a countercharge movement was necessary to maintain 
electroneutrality across the SR membrane, and extensive move-
ment across the SR of K+ (but not Na+ or Cl–) during SR Ca2+ 
release were observed.30 Indeed, several types of K+ and Cl– chan-
nels from SR vesicles have been functionally characterized after 
reconstitution in lipid bilayers, but their most outstanding struc-
tural features (molecular organization, amino acid sequence, and 
structural domains) remain a mystery. A trimeric intracellular 
cation channel (TRIC) of cardiac and skeletal SR has been char-
acterized in detail at the molecular level. This channel is the most 
viable candidate to mediate at least a portion of the K+ conduc-
tance in the SR membrane and will be discussed separately. An 
alternative hypothesis on the identity of the ion channels respon-
sible for countercurrent movement posits that RyR channels 
themselves conduct most of this countercurrent,149 but this is 
mostly based on theoretical models and needs further experimen-
tal testing.

The SR membrane apparently contains several K+ channels, 
but prominent among them is a Cs+-blocked large-conductance 
K+ channel that is also blocked by decamethonium, gallamine, 

enhanced dissociation of FKBP12.6,124,129 defective RyR2 inter-
domain interaction,123,125 or a combination thereof (see next 
section). Whatever the mechanism, the enhanced diastolic Ca2+ 
leak can overload the Na+/Ca2+ exchanger, which generates an 
inward current as it extrudes the released Ca2+. The inward 
current, in turn, gradually depolarizes the cell to threshold, favor-
ing delayed after depolarizations (DADs).121 During depolariza-
tion, lack of Ca2+-dependent inactivation of ICa due to previous 
depletion of the SR leads to higher Ca2+ entry and reloading of 
the SR, which triggers another DAD in the next beat. Successive 
repetition of this altered Ca2+ cycle could probably result in par-
oxysmal tachycardia and arrhythmias even if only a few foci of 
ventricular cells are involved.

Although the hypothetical scheme logically relates RyR2 dys-
function with ventricular tachycardia, it is unclear exactly what 
mechanism induces a group of apparently normal RyR2s to 
behave aberrantly and to generate sudden tachycardia. Because 
infusion of catecholamines also triggers CPVT, it is likely that 
activation of the β-adrenergic system plays an important role. In 
this regard, it has been suggested that phosphorylation of RyR2 
by PKA, the kinase linking β1-adrenergic receptor activation to 
cellular effects, dissociates FKBP12.6,* an accessory protein that 
presumably stabilizes RyR2 in the closed state. Phosphorylation 
of a mutant RyR2 would therefore remove a stabilizer from a 
channel on the verge of dysfunction and would cause the patho-
genic events described here. However, others have found no 
evidence of FKBP12.6 dissociation in CPVT mutation-harboring 
RyR2.59 Thus, structural alterations of the RyR2 channel complex 
seem to be more important than dysregulation by accessory 
factors in the pathogenesis of CPVT. Consistent with this notion 
is the fact that CPVT-associated mutations of RYR2 occur in 
domains corresponding exactly to mutation-containing domains 
that give rise to malignant hyperthermia, a RyR1-linked syn-
drome that affects skeletal muscle.137 Although some of these 
mutations are close to the apparent FKBP12.x-binding domain, 
the majority are not. Recent studies indicate a predominant role 
of Purkinje cells in the genesis of ventricular arrhythmias.138,139 
Whatever the triggering mechanism, SR Ca2+ load and release 
seem to be crucial, because mutations in CSQ2, the gene encod-
ing for cardiac calsequestrin, also generate CPVT.140 Accordingly, 
a prominent hypothesis, advocated mainly by Chen and collabo-
rators, proposes that cardiac myocytes have a threshold SR Ca2+ 
load for spontaneous Ca2+ release, and that CPVT-associated 
mutations decrease the sensitivity to luminal Ca2+ (i.e., decrease 
the threshold).121,134 Therefore, during β-adrenergic stimulation, 
when SR Ca2+ load increases as a result of enhanced Ca2+ entry 
and uptake, CPVT mutant channels reach their threshold and 
generate spontaneous Ca2+-release waves, creating a substrate 
favorable for Ca2+-dependent arrhythmias. Alternatively, CPVT-
related mutations could increase the SR load, making it easier to 
reach the threshold upon adrenergic stimulation.141

Role of RyR2 Channels in Heart Failure

A broad array of primary insults to the cardiovascular system can 
ultimately lead to the syndrome of heart failure (HF). The patho-
genesis of contractile dysfunction at the cardiomyocyte level 
remains unclear, although alterations in E-C coupling seem to be 
a consistent and important feature of all animal models of HF and 
in the limited number of studies examining failing human myo-
cardium.42,102,103,142 Most studies reveal a blunted Ca2+ transient in 
HF cells that explains, at least partly, the characteristic contractile 
dysfunction of HF. Most studies also find alterations in SR Ca2+ 
transport, with decreased SERCA2a expression and function, and 

*References 41, 42, 81, 86, 124, 129.
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past their adolescent age, but homozygous ablation of TRIC-B 
is lethal as the TRIC-B-/- mice die at neonatal stage. Aggravated 
embryonic lethality is observed with the TRIC-A-/-TRIC-B-/- 
mice, suggesting an important role of TRIC channels  
in development.156 Cardiomyocytes isolated from TRIC-A–/–

TRIC-B–/– embryos have swollen SR structures and abnormally 
small Ca2+ oscillations. In addition, skeletal muscle fibers of 
TRIC-A knockout mice display abnormal Ca2+ sparks and 
impaired CICR.156 These findings suggest that TRIC-A has an 
important role in providing the countercharge movement that 
sustains SR Ca2+ release in cardiac and skeletal muscle.

Chloride Channels

Most of the functional characterization of SR Cl– channels has 
been conducted using skeletal muscle, perhaps because of its 
more robust SR network compared with cardiac muscle. Based 
on their most elemental biophysical properties, two types of Cl– 
channels are prominent in skeletal muscle SR: a large-conductance 
(250 pS) channel and a small-conductance (70 pS) channel.157 It 
is not clear whether exact functional counterparts of these chan-
nels occur in cardiac SR, but one study found a cardiac Cl– 
channel that conducts larger anions, such as phosphate and even 
adenine nucleotides.158 It is important to consider that these 
studies were conducted using purified SR vesicles reconstituted 
in lipid bilayers. Although markers of SR such as RyRs and 
SERCA are indeed greatly increased in these preparations, it is 
difficult to eliminate contamination with other organelles such as 
mitochondria or nuclear membranes. Therefore, the exact origin 
of these channels needs to be verified by independent techniques. 
In addition, the physiologic role of Cl– channels remains unclear 
because the Cl– concentration inside the SR does not change 
appreciably during Ca2+ release, at least in skeletal muscle.30

neomycin and, more physiologically relevant, Ca2+ in the milli-
molar range.150-152 Thus, SR Ca2+ release could possibly relieve 
Ca2+ block of these channels, thereby promoting K+ entry across 
the SR membrane and facilitating the countercharge movement 
necessary for sustained Ca2+ release. One study reported that a 
canine cardiac SR K+ channel is blocked by 4-aminopyridine 
(4-AP),153 but another study could not detect 4-AP sensitivity in 
an SR K+ channel isolated from human and sheep cardiac 
atrium.154 It is possible that these are in fact two different types 
of channels, but this is an understudied area and more work is 
needed to answer this and many other questions.

Trimeric Intracellular Cation Channel

Using an ingenious approach based on a monoclonal antibody 
library against triad junction proteins, Takeshima et al.155 identi-
fied several proteins (collectively termed mitsugumins, Japanese 
for “triad junction”) that reside inside the SR or are closely asso-
ciated with the RyR macromolecular complex.155 The role of a 
33-kD protein (previously termed mitsugumin 33) has started to 
emerge. This novel protein forms a TRIC channel that resides 
in the SR and endoplasmic reticulum membranes.156 Two iso-
forms of this protein have been described. TRIC-A is predomi-
nantly expressed in the SR of muscle cells and is particularly 
relevant to this discussion, and TRIC-B, which is expressed in 
the endoplasmic reticulum of many tissues. Single-channel 
recordings of TRIC-A reconstituted in lipid bilayers show that 
this channel has a K+ conductance of approximately 110 pS (in 
200 mM K+) but discriminates poorly other physiologically rel-
evant cations (K+/Na+ permeability ratio, 1.5). TRIC-A is not 
blocked by Ca2+ or decamethonium; therefore, this channel seems 
pharmacologically different from the SR K+ channel described in 
the preceding paragraph. Mutant mice lacking TRIC-A survive 
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7 
different Ca2+ affinity, uptake kinetics, and pharmacological char-
acteristics from the original MCU theory (see review3) (Figure 
7-1, C). These distinct properties are critical for enabling mito-
chondria to carry out multiple Ca2+-mediated functions with 
optimal spatial and temporal effectiveness. Among these studies, 
RyR1 was found as the first mitochondrial Ca2+ influx mechanism 
with a known molecular identity reported from our group (Figure 
7-1, C). IMiCa was recently recorded from mitoplasts (used mito-
chondria without the outer mitochondrial membrane [OMM]),5 
providing direct electrophysiological evidence for the existence 
of a Ca2+ selective ion channel, which would possibly fit he origi-
nally predicted channel nature of MCU. Through RNA interfer-
ence studies, several groups have recently proposed novel 
candidate proteins that are involved in mitochondrial Ca2+ uptake 
mechanisms such as leucine zipper-EF-hand containing trans-
membrane protein 1 (Letm1)6 and mitochondrial calcium update 
(MICU1),7 in addition to our RyR1 discovery (Figure 7-1, C). 
Finally, two very recent articles reported that the coiled-coil 
domain containing protein 109A (CCDC109A) is the MCU 
molecular identity.8,9

In addition to Ca2+, the movements of various electrolytes and 
metabolites across the inner mitochondrial membrane (IMM) as 
well as the OMM are important for the regulation of major 
mitochondrial functions, including ATP synthesis, Ca2+ homeo-
stasis, and reactive oxygen species (ROS) and nitrogen species 
(RNS) generation. Unlike other organelles, mitochondria possess 
unique double-membrane structures with distinctive phospholip-
ids and protein compositions, which allow mitochondrial mem-
branes to maintain a mitochondrial membrane potential (Δψm) 
and unique architecture including cristae (see next section). It is 
interesting to note that IMM and OMM have different sets of 
ion channels/transporters, as summarized in Figure 7-1A. These 
include (1) proton (H+) movement related to ETC activity and 
uncoupling proteins (UCPs) for the maintenance of Δψm at IMM; 
(2) K+-selective and anion-selective pathways at IMM and across 
the two membranes, such as the mitochondrial permeability tran-
sition pore (mPTP), which are important for the maintenance of 
mitochondrial volume; (3) the movement of metabolites includ-
ing ATP, adenosine diphosphate (ADP), and phosphate (Pi) at 
IMM and OMM, and (4) release of proapoptotic proteins, which 
potentially leads to cell death mainly at OMM (see III) or mPTP. 
In this chapter, we summarize recent progress in mitochondrial 
ion channel/transporter research; this is followed by an overview 
of cardiac mitochondrial ion channel/transporter biophysics and 
cardiac physiology and pathophysiology.

Overview of Mitochondrial Bioenergetics and 
Mitochondrial Membrane Potential

The most prominent contribution of mitochondria to cellular 
metabolism is based on their capacity to generate ATP through 
the tricarboxylic acid (TCA) cycle and OXPHOS through the 
ETC, which is a concerted series of redox reactions catalyzed by 
four multi-subunit enzymes embedded in the IMM (complexes 
I-IV) and two soluble factors, cytochrome c (cyt c) and coenzyme 

Structural and Molecular Bases of 
Mitochondrial Ion Channel Function

Jin O-Uchi, Bong Sook Jhun, and Shey-Shing Sheu

CHAPTER OUTLINE

Ion Channels/Transporters at Mitochondrial  
Inner Membrane 74

Ion Channels/Transporters at Mitochondrial  
Outer Membrane 78

Mitochondrial Ion Channels/Transporters in Cardiac  
Function and Dysfunction 80

Closing Remarks 82

Historical Overview of Mitochondrial Ion 
Channel/Transporter Research

Mitochondria are the power plants of all kinds of tissues/cells. In 
heart/cardiomyocytes, mitochondria use glucose and fatty acids 
to produce adenosine triphosphate (ATP) that drives muscle con-
traction and relaxation for pumping blood that circulates through 
the entire body during each heart beat unceasingly, up to a cen-
tenary human life. Indeed, mitochondria were originally found 
and studied mostly as a cellular “powerhouse” in the first half of 
the 20th century. Soon it was also recognized that Ca2+ stimulates 
oxidative phosphorylation (OXPHOS) and electron transport 
chain (ETC) activity, which results in the stimulation of ATP 
synthesis1 (Figure 7-1, A, B). Early studies in the 1960s to 1970s 
revealed that isolated mitochondria can take up a large quantity 
of Ca2+. It is surprising to note that super-physiological high Ca2+ 
concentrations ([Ca2+]) (10 to 100 µM) were required to activate 
Ca2+ uptake into isolated mitochondria (see reviews2-4). However, 
in the intact cells, less than a 10-µM [Ca2+] global increase in the 
cytosol propagated into the mitochondria matrix. This discrep-
ancy between isolated mitochondria and intact cells was partially 
resolved by the finding of high cytosolic [Ca2+] ([Ca2+]c) at the 
microdomains between mitochondria and endoplasmic reticulum 
(ER)/sarcoplasmic reticulum (SR) during ER/SR Ca2+ release via 
inositol triphosphate (IP3) receptor and/or ryanodine receptor 
(RyR), as a result of the juxtaposition of these two organelles. 
These seminal discoveries have finally positioned mitochondria 
as one of the key players in the dynamic regulation of physiologi-
cal Ca2+ signaling and have promoted research in the field of 
mitochondrial Ca2+ channels/transporters. Soon it was also dis-
covered that a Ca2+ efflux mechanism exists to dump the accu-
mulated matrix Ca2+ into the cytosol. Although the functional 
characteristics of mitochondrial Ca2+ influx/efflux mechanisms 
were functionally discovered more than 50 years ago, the molecu-
lar identities responsible for these mechanisms have remained a 
mystery until very recently. The mitochondrial Ca2+ influx was 
dogmatically considered to result from a single transport mecha-
nism mediated by a mitochondrial Ca2+ uniporter (MCU) prin-
cipally as the result of nearly complete inhibition by ruthenium 
red (RuR) and lanthanides, and its channel nature was originally 
proposed more than 30 years ago.2,4 However, subsequent studies 
have identified additional Ca2+ uptake pathways, which exhibit 
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Figure 7-1.  Overview of Mitochondrial Ion Channels/Transporters A, Major ion movements in mitochondria. Ca2+-dependent ion channels/transporters and 
enzymes are indicated with stars. 

Q10 (Co Q10), which function as electron shuttles within the 
mitochondrial intermembrane space (IMS) (see Figure 7-1, B) 
(see I.A and II.D). In a healthy eukaryotic cell, more than 90% 
of the total intracellular ATP is generated by mitochondria. The 
main driving force of OXPHOS is known as “chemiosmosis,” 
which is generated by proton (H+) movement across IMM that 
creates a membrane potential (Δψm, negative in the matrix) and 
a pH gradient (ΔpH, alkaline in the matrix). Chemiosmosis is the 
movement of ions across a selectively permeable membrane, 
down their electrochemical gradient (protonmotive force: Δp), 
which is determined by both Δψm and ΔpH components across 
the IMM (Δp =Δψm + ΔpH). The chemiosmotic hypothesis was 
first proposed by Peter D. Mitchell in 1961.10 The basic assump-
tion of this chemiosmotic theory is derived from the important 
observation that the IMM is generally impermeable to ions, but 
it keeps the permeability of H+. The composition of the OMM 
is similar to those of sarcolemma (SL) and ER/SR in eukaryotic 
cells, whereas the IMM does not possess cholesterol but has a 
unique dimeric phospholipid, cardiolipin, which is a typical com-
position for bacterial membranes. Cardiolipin has a unique ability 
to interact with proteins, including several mitochondrial respira-
tory chain complexes (I, III, IV, and V), and support their activi-
ties11 while also contributing to maintaining the structure of 
cristae, which enhances the efficiency of ETC activity, possibly 
through facilitating the formation of super-complexes of respira-
tory chain at the IMM.12 The unique structure of cardiolipin 
serves as an H+ trap at the IMS near the IMM, maintains the pH 
change near the IMM, and efficiently pools H+ or releases H+ to 
the mitochondrial ATP-synthase (complex V) at IMM (Figure 
7-1, B).10,11 It is interesting to note that the IMM and the OMM 

not only have different phospholipid compositions, but they show 
different protein-to-lipid ratios (for OMM, about 0.5 : 0.5; and 
for IMM, about 0.8 : 0.2). This may allow the proteins at the 
IMM to possess enzymatic and/or transport functions compared 
with those at the OMM, thus the IMM is much less permeable 
to ions and small molecules than is the OMM, which also pro-
vides the cellular compartmentalization between the mitochon-
drial matrix and cytosol. As is shown in Figure 7-1, B, complexes 
I, III, and IV are engaging with the translocation of H+ from 
matrix to IMS, which establishes Δψm and ΔpH, as well as Δp. 
Therefore, Δψm is usually highly negative (around −180 to 
−190 mV) compared with the resting potential at plasma mem-
branes. Finally, according to the mentioned mechanisms, this 
large driving force for H+ influx (Δp) is used by complex V to 
produce ATP (see Figure 7-1, B). Other important roles for Δp 
in addition to ATP synthase at the IMM are that (1) ΔpH drives 
pyruvate transport through pyruvate carrier (PYRC) into the 
matrix; (2) ΔpH drives Pi transport through Pi carrier (PIC) into 
the matrix; and (3) Δψm drives ATP/ADP exchange through the 
adenine nucleotide translocator (ANT) (see Figure 7-1, A, B).

As mentioned above, Ca2+ uptake into the mitochondrial 
matrix stimulates ATP synthesis (see Figure 7-1A). At the resting 
state, the electrochemical driving force for Ca2+ uptake is also 
provided by Δψm across the IMM. For MCU, Ca2+ is taken 
into the mitochondrial matrix down its electrochemical gradient 
without transport of another ion. Basically, for each Ca2+ 
transported through MCU, there is a net transfer of two  
positive charges into matrix, resulting in a drop in Δψm, which is 
energetically unfavorable. However, the Ca2+-stimulated respira-
tion not only will compensate the loss of Δψm by the efflux of H+ 
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form a diverse array of additional ROS and RNS.13 High 
levels of ROS and RNS are known to promote cell damage  
and death, but the production of low to moderate levels of ROS/
RNS is critical for the proper regulation of many essential cel-
lular processes, including gene expression, signal transduction, 
and cardiac excitation-contraction (E-C) coupling.14 ROS are 
generated by several different cellular sources: (1) membrane-
associated nicotinamide adenine dinucleotide phosphate 
(NADPH) oxidase, (2) cytosolic xanthine and xanthine oxidase, 
and (3) the mitochondrial ETCs at IMMs.

Superoxide is the primary oxygen free radical produced in 
mitochondria via the slippage of an electron from the ETC to 

through ETC, it will also produce a net gain of ATP. In addition, 
multiple Ca2+ efflux mechanisms work in concert to expedite a 
transient and an oscillatory nature rather than a tonic and a steady 
state change of matrix [Ca2+] ([Ca2+]m).

Overview of Mitochondrial ROS Generation  
and Mitochondrial Membrane Potential

Superoxide and nitric oxide are ROS and RNS, respectively, 
produced in cells under normal physiological conditions;  
both species react with other molecules and with each other to 

B, Mitochondrial electron transport chain (ETC) and possible sites of superoxide production. Red “explosion” symbols indicate places where superoxide 
production occurs. ETF-QF, electron transferring flavoprotein-quinone oxidoreductase; Q, coenzyme Q10. C, Ca2+-influx/efflux mechanisms: The channels/transporters for 
which  molecular  identities  are  still  unknown  are  shown  as  black.  Red arrows  show  Ca2+  movements,  and  blue arrows  show  other  ion  movements.  DroCRC,  Ca2+-release 
channel in Drosophila mitochondria; RaM, the rapid mode of uptake. 

(©O-Uchi J et al: Perspectives on: SGP symposium on mitochondrial physiology and medicine: Molecular identities of mitochondrial Ca2+ influx mechanism: Updated passwords 
for accessing mitochondrial Ca2+-linked health and disease. J Gen Physiol 139:435–443, 2012. Originally published in Journal of General Physiology, doi:10.1085/jgp.201210795.)

Figure 7-1, cont’d. 
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molecular oxygen during OXPHOS (see Figure 7-1, B). This 
“constitutive” superoxide generation is central to proper cellular 
redox regulation. Recent studies from our collaborating groups 
detected a “stochastic” and “transient” superoxide burst from 
either single or restricted clusters of interconnected mitochondria 
across a wide variety of cell types, termed a mitochondrial superoxide 
flash (mSOF).15 A transient depolarization of Δψm is associated 
with each mSOF. The proposed mechanism of mSOF in cardiac 
muscle cells is as follows: A small increase in constitutive ROS 
production transiently opens a large channel named the mPTP to 
cause Δψm depolarization, which subsequently stimulates the 
ETC to produce a burst of superoxide production. This idea is 
similar to the previous observation that the mPTP opens and 
closes transiently (“flicker”) at its low conductance state and can 
release Ca2+ from matrix2. The frequency of mSOFs varies widely 
across different cell types and experimental conditions (disease 
models), suggesting that these flashes act as biomarkers of cellular 
metabolic activity and oxidative condition in physiological and 
pathophysiological conditions.16 Future studies will clarify the 
contribution of altered mSOF activity to ROS overproduction 
and metabolic dysfunction in a wide range of mitochondrial dis-
eases and oxidative stress–related disorders. Finally, it should be 
noted that there is controversy surrounding whether the mSOF 
might reflect oscillations in mitochondrial pH.17 Based on chemi-
osmotic theory, one can envision that whenever a significant drop 
in Δψm occurs, there should be an alkalization in ΔpH. Thus, the 
interrelationship between mSOF, pH transients, and Δψm fluctua-
tions will be an important research topic in the future.

Overview of Mitochondria-Induced Apoptosis and 
Mitochondrial Ion Channels

Programmed cell death is genetically designed for self-killing of 
individual cells and is one of the critical mechanisms for main-
taining homeostasis of multicellular organs/tissues, including the 
heart.18 Apoptosis is a well-established mechanism of programmed 
cell death activated by a variety of cellular stresses and signals.19 
In mammalian cells, the activation of caspases (a family of cyste-
ine proteases) is the central mechanism for apoptosis. Under the 
resting condition, caspases are tightly kept inactive as a “proen-
zyme” form and/or by binding to inhibitory proteins (named 
inhibitors of apoptosis) in the cytosol. During apoptosis, caspases 
are activated by cleavage that changes the “proenzyme” form to 
the enzyme form and by dissociation of the inhibitors of apop-
tosis.20 One of the major apoptotic pathways is derived from 
mitochondria, and this contributes to the activation of caspases 
in the cytosol. This mechanism is initiated by the release of 
proapoptotic factors from mitochondria, including cyt c, Smac/
Diablo, and HtrA2/Omi. Cyt c released to cytosol activates cas-
pases through its binding to apoptotic protease activating factor 
1 (Apaf-1). Smac/Diablo and HtrA2/Omi bind to the inhibitory 
proteins to remove their inhibitory effects from caspases. The 
apoptotic DNases, including apoptosis inducing factor (AIF) and 
endonuclease G (Endo G), are also released from mitochondria, 
as are the aforementioned proapoptotic factors. The release of 
these proapoptotic factors is regulated under the tight control of 
mitochondrial membrane permeability.21 This mitochondrial 
membrane permeabilization is mediated via at least three distinct 
mechanisms: (1) physical rupture of the OMM as a result of 
mitochondrial swelling (usually linked to mPTP opening) (II.B.2), 
(2) modification of the structure of the voltage-dependent anion 
channel (VDAC) through interaction with proapoptotic proteins 
such as the Bcl-2 protein family, and (3) formation of a new pore 
as a consequence of oligomerization and membrane insertion  
of proapoptotic proteins, including the Bcl-2 family of proteins. 
The first pathway involves Δψm depolarization and swelling of 
the matrix space, followed by loss of OMM integrity and rupture 

spilling of proapoptotic proteins into the cytosol. In contrast, the 
other two pathways occur without Δψm depolarization.

Ion Channels/Transporters at Mitochondrial 
Inner Membrane

Mitochondrial Ca2+ Channels/Transporters 
Regulating Mitochondrial Ca2+ Influx

Mitochondrial Ca2+ Uniporter (MCU)
At first, an important regulatory protein of the mitochondrial 
Ca2+ uptake mechanism was identified using bioinformatics and 
siRNA screening, termed MICU17. MICU1 has two Ca2+-bind-
ing EF-hands, but has only one single membrane-spanning 
domain, which seems unlikely to form a channel pore and to be 
an MCU itself rather than a modulator of MCU (see Figure 
7-1, C). Finally, two recent articles from two different groups 
simultaneously reported CCDC109A as the molecular identity 
of the MCU.8,9 The main characteristics of the MCU are as 
follows: (1) CCDC109A has two transmembrane domains, which 
seem likely to make a channel pore; (2) knock-down of 
CCDC109A dramatically reduces mitochondrial Ca2+ uptake, 
and this effect was rescued by overexpression of MCU;  
(3) CCDC109A knock-down itself does not affect mitochondrial 
O2 consumption, ATP synthesis, Δψm, and morphology, even 
though Ca2+ influxes are critical for regulating these functions; 
(4) reconstituted MCU in lipid bilayers shows RuR-sensitive  
Ca2+ current with 6-7 pS single-channel activity9; and (5) site-
specific mutations at the MCU pore region show loss of function. 
Regarding the structure of MCU, the topology of MCU is  
still under debate. CCDC109A seems to possess two transmem-
brane domains that oligomerize to become a Ca2+ channel. Riz-
zuto’s group proposed that C- and N-terminals face to the IMS, 
whereas Mootha’s group proposed that they face the opposite 
direction.22 The discrepancy in the topology of MCU will 
need to be resolved for an understanding of the modulation of 
MCU functions by signaling molecule from the cytosol or from 
the matrix.

Mitochondrial Ryanodine Receptor (mRyR)
One of the candidates for the mitochondrial Ca2+ uptake mecha-
nism with a known molecular identity is the mitochondrial RyR 
in cardiac cells reported from our group.23 There are three dif-
ferent RyR isoforms (RyR1, 2, and 3) with different physiological 
and pharmacological properties. In cardiac cells, intracellular 
Ca2+ release during E-C coupling was mainly controlled by RyR2 
located in the SR (see Figures 7-1, A-C). Although RyR1 is also 
detectable at mRNA and protein levels in cardiac tissue, its func-
tional and physiological roles in the heart have not been fully 
understood for a long time. We first showed that a low level of 
functional RyR is also expressed at the heart IMM, and this has 
a role in the fast Ca2+ uptake pathway24 (see Figures 7-1, B and 
7-2). Furthermore, RyR in cardiac mitochondria exhibits remark-
ably similar biochemical, pharmacologic, and functional proper-
ties to those of RyR1 in skeletal muscle SR, but not to those of 
RyR2 in cardiac SR. Therefore, we termed this as mRyR1 (mito-
chondrial RyR1)(see review3). The molecular identity of mRyR1 
was carefully analyzed and confirmed by a variety of functional 
and biochemical experiments using not only native heart, but also 
the RyR1 knockout mouse heart. Recent studies from our lab 
using electrophysiological techniques directly demonstrated the 
existence of mRyR1 and clearly showed the predicted channel 
nature of skeletal RyR1. In a conventional lipid bilayer of mRyRs 
purified from a heart IMM, the activity of RyR1 but not of RyR2 
was observed.25 The biophysical and pharmacologic properties of 



Figure 7-2.  Activation/Deactivation Patterns of Ca2+-Influx/Efflux Mechanisms A, At first, the rapid mode of uptake (RaM) (black)  is activated at the very 
initial phase of Ca2+ transient at microdomains between mitochondria and ER/SR ([Ca2+]ER-mito) transient (red line) (<200 nM) with faster Ca2+ uptake kinetics (ms time scale). 
B, Letm1 (orange) starts to uptake Ca2+ at ≥200 nM [Ca2+]ER-mito. C, mRyR1 (red) starts open at ≈1 µM [Ca2+]ER-mito with a 5-fold faster Ca2+ transport compared with the MCU, 
and deactivates before [Ca2+]ER-mito reaches the peak. D, Finally, MCU (blue) starts to activate at >1 µM [Ca2+]ER-mito, and the activity increases in a [Ca2+]ER-mito,-dependent manner. 
At this point, Letm1 (orange) shifts from Ca2+-uptake mode to Ca2+-efflux mode. E, mPTP (black) and NCX (purple) contribute to Ca2+ efflux in mammalian cells and form 
the decay phase of [Ca2+]m transient (blue line). Letm1 also works as a Ca2+-efflux pathway at this phase. 

(©O-Uchi J et al: Perspectives on: SGP symposium on mitochondrial physiology and medicine: Molecular identities of mitochondrial Ca2+ influx mechanism: Updated passwords 
for accessing mitochondrial Ca2+-linked health and disease. J Gen Physiol 139:435–443, 2012. Originally published in Journal of General Physiology. doi:10.1085/jgp.201210795.)
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Ca2+-efflux mechanism is Na2+-dependent in cardiac 
mitochondria.28

Mitochondrial Permeability Transition Pores (mPTP)
The mPTP is a large, nonspecific channel that opens at the IMM 
and is known to form under mitochondrial stress conditions such 
as mitochondrial Ca2+ overload and elevated oxidative stress, 
which causes the release of huge amounts of Ca2+ and proapop-
totic proteins from mitochondria, subsequently leading to cell 
death.29 Pioneering studies showed that solutes up to 1.5 kDa can 
pass through this channel, suggesting that the pore diameter is 
≈3 nm. One of the important consequences of the mPTP opening 
is that the IMM no longer maintains a barrier to H+, which leads 
to Δp dissipation and thus inhibits ATP production. Because of 
its pore size, mPTP opening also results in equilibration of cofac-
tors and ions across the IMM, including the release of accumu-
lated Ca2+. This leads to disruption of metabolic gradients 
between mitochondria and cytosol, and influx of water concomi-
tantly occurs, resulting in swelling of the mitochondria until the 
OMM eventually ruptures. The OMM rupture releases cyt c and 
other proapoptotic proteins, potentially leading to apoptotic cell 
death. The mPTP opening plays a significant role in the genera-
tion not only of apoptotic cell death but also of necrotic cell 
death, both of which are involved in the etiology of myocardial 
infarction. It is now widely recognized that mPTP opening is a 
major cause of reperfusion injury and is an effective target for 
cardioprotection.

It is interesting to note that the mPTP has been also shown 
to open and close transiently (“flicker”) at its low conductance 
state, and this may play a physiological role in the Ca2+-efflux 
mechanism2. Therefore, the mPTP is also considered one of the 
important Ca2+-efflux mechanisms both in physiological and 
pathophysiological conditions (see Figures 7-1 and 7-2). The 
properties of the mPTP are well defined, as summarized in 
Figure 7-3, A. However, despite extensive research by many labo-
ratories, its exact molecular identity remains uncertain (Figure 
7-3, B). On the basis of previous biochemical and pharmacologic 
studies, the mPTP was proposed to consist of (1) the VDAC in 
OMM, (2) the ANT in IMM, and (3) cyclophilin-D (CypD) in 
the matrix (Figure 7-3, B). Indeed, pharmacologic inhibitors of 
ANT or CypD also inhibit mPTP opening (see Figure 7-3, A). 
However, recent genetic studies using knockout mouse models 
reveal that mPTP opening can still occur in the absence of 
VDAC and ANT, but much higher concentrations of Ca2+ are 
required to trigger pore opening.29 Therefore, these proteins 
have been currently established as regulatory components of the 
mPTP, and only CypD remains potentially an essential compo-
nent of mPTP. A remaining fundamental question of mPTP 
research is how to clarify the molecular identities of this channel. 
It might be possible to use CypD as bait to fish out channel 
proteins among CypD partnering proteins using proteomic tech-
nologies. Halestrap’s group has proposed that the PIC may be 
one of the components of the mPTP.29 However, PIC knockdown 
in HeLa cells could not abolish mPTP opening, and an essential 
role for the PIC in mPTP formation remains unproven.30 Simi-
larly, genetic screens in yeast and Drosophila might be able to add 
further information to the molecular identities of mPTP compo-
nents. Bernardi’s group found that Drosophila mitochondria 
possess another selective Ca2+-release channel with unique fea-
tured characteristics, including (1) intermediate pharmacologic 
properties between the mPTP of yeast and mammals, such as 
inhibition by Pi but not by ADP and cyclosporin A (CsA), as in 
the mPTP of yeast mitochondria; and (2) the existence of voltage- 
and redox-sensitive regulatory sites, as in the mPTP of mam-
malian cells31 (see Figure 7-1, C). Taken together, these novel 
technologies will provide us with further information related to 
the molecular identities of the mPTP, as well as its physiological 
and pathophysiological properties in cardiomyocytes.

native single mRyR1 channels were further characterized in heart 
mitoplasts using patch-clamp techniques.26 We observed a novel 
225-pS cation-selective channel in heart mitoplasts that exhibited 
multiple subconductance states, which was blocked by high con-
centrations of ryanodine and RuR, the known inhibitors of RyRs. 
Ryanodine exhibited a concentration-dependent modulation of 
this channel, with low concentrations stabilizing a subconduc-
tance state and with high concentrations abolishing activity. The 
channel properties of Ca2+-dependent [3H]ryanodine binding and 
the channel modulation by caffeine in isolated cardiac mitochon-
dria24 are suggesting that the topology of mRyR1 is the same as 
that of RyR1 at SR because of these agonist-binding sites; C- and 
N-terminals face to the IMS (corresponding to the cytoplasmic 
side of RyR1 at SR), and S1-S2, S3-S4, and S5-S6 linkers face to 
the mitochondrial matrix side (corresponding to the SR luminal 
side of RyR1 at SR). However, further studies will be needed to 
confirm the topology of mRyR1 using other modulators from 
both the matrix side and the cytosolic side.

Unlike MCU, RyR is a poorly Ca2+-selective, large cation 
channel.26 Therefore, opening of mRyR1 might collapse Δψm, 
which is energetically unfavorable. This dichotomy would be 
explained as follows: (1) The expression number of RyR1 in a 
single mitochondrion is very small, and the changes in Δψm might 
be minimized locally, ensuring maintenance of a Ca2+-driving 
force; (2) the rapid Ca2+-activation and -inactivation profile of 
this channel (see Figure 7-2) would minimize the Δψm change 
instantly; and (3) any small decrease in Δψm can be readily com-
pensated by the Ca2+-dependent activation of dehydrogenase 
during the TCA cycle and ATP synthesis. Taken together, the 
mRyR may be uniquely poised to sequester Ca2+ during a tran-
sient and rapid excitation-contraction coupling process in cardiac 
muscle cells.

Letm1 (Ca2+/H+ Antiporter)
Letm1 was first found as a K+/H+ exchanger (KHX). Recently, 
with the use of siRNA genome-wide screening in Drosophila, it 
was proposed also as an H+/Ca2+ exchanger (HCX) at the IMM, 
importing 1 Ca2+ and extracting 1 H+6 (see Figures 7-1 and 7-2). 
Knockdown of Letm1 abolished only the initial fast mitochon-
drial Ca2+ uptake but still showed sustained Ca2+ increase, sug-
gesting that Letm1 works at low [Ca2+]c for Ca2+ uptake (see 
Figure 7-2). Letm1 activity was inhibited by both RuR, an inhibi-
tor of MCU, and CGP37157, an inhibitor of the Na+/Ca2+ 
exchanger (NCX). This report seems like the revival of the story 
by Moyle and Mitchell in 1977 and raises several points of discus-
sion: (1) 1 Ca2+ for 1 H+ antiporter does not favor Ca2+ influx 
physiologically according to the electrochemical gradients of 
Ca2+ and pH; (2) Ca2+ influx by Letm1 might be mediated in part 
by changes in Δψm through K+ fluxes because of Letm1 being 
itself a KCX; and (3) CGP37157 has not been shown to inhibit 
an IP3-mediated [Ca2+]m increase (see review3).

Mitochondrial Ca2+ Channels/Transporters 
Regulating Mitochondrial Ca2+ Efflux

Mitochondrial Na+/Ca2+ Exchanger (NCLX)
The main mitochondrial Ca2+-efflux pathways are Na+/Ca2+ 
exchanger (NCX) and/or H+/Ca2+ exchanger (HCX) (see Figures 
7-1 and 7-2). Na+- or Li+-dependent Ca2+ transport (NCLX) was 
first cloned as a sixth member of the K+-dependent NCXs sug-
gested to be located at the ER or plasma membrane. Recently, 
NCLX was shown as the candidate for the mitochondrial NCX.27 
The NCLX expression is particularly robust in excitable cells, 
whereas the activity of the HCX is primarily found in nonexcit-
able cells, suggesting the existence of tissue-specific mitochon-
drial Ca2+-efflux mechanisms. Indeed, the primary mitochondrial 
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mitochondrial proteomic approach.35 This novel finding will 
need to be followed up using in vivo cardiac disease models. 
Because human ROMK mutations are well known as one of the 
responsible genes for the salt-wasting nephropathies (such as 
Bartter’s syndrome), further observations will be required before 
we can understand the mechanism for the sudden cardiac arrest 
and ventricular arrhythmias occasionally reported in these 
patients.

Mitochondrial KCa Channel (mitoKCa)
Mitochondrial Ca+-activated K+ channel (mitoKCa) was function-
ally identified using the direct patch-clamp of mitoplasts obtained 
from cardiac myocytes36 (see Figure 7-1, A). This channel shows 
≈300 pS conductance and is inhibited by K+ channel toxin cha-
rybdotoxin, which exhibits channel properties similar to Ca2+-
activated K+ channel found in SL (sarcKCa). Similar to mitoKATP, 
mitoKCa is thought to be essential for IPC and cardioprotection, 
but the molecular identity of this channel remains unclear.34 Gen-
erally, big conductance Ca2+-sensitive K+ (BK) channels are ubiq-
uitously expressed in various cell types, but these channels are 
not functionally expressed in cardiac SL. A recent study showed 
that BK channel subunits are expressed in the IMM of brain and 
cardiomyocytes, and that activation of this channel protects 

Mitochondrial K+ Channels

Mitochondrial KATP Channel (mitoKATP)

More than 20 years ago, one of the K+ channel openers, nicor-
andil, was demonstrated to protect hearts against ischemia-
reperfusion (I/R) injury (see review32). Earlier studies had 
indicated that the K+ channel openers including nicorandil were 
targeting ATP-sensitive K+ channels (KATP) at SL (sarcKATP) using 
pharmacologic and genetic approaches in small animals. Later, it 
became clear that in larger species including humans, sarcKATP 
has a minor role in protecting the heart during ischemia, sug-
gesting that other targets of these drugs such as mitochondria 
have essential roles in protection of the heart from metabolic 
stress. Indeed, by using the direct mitoplast patch-clamp tech-
nique, the presence of KATP activity was reported at the IMM 
named the mitochondrial KATP (mitoKATP) (see Figure 7-1, A), 
exhibiting channel properties similar to sarcKATP.33 Currently, 
mitoKATP is thought to be essential for cardioprotection 
induced by ischemic preconditioning (IPC).34 O’Rourke’s 
group recently reported that one of the splice variants of the renal 
outer medullary K+ channel (ROMK) (Kir1.1) is a suitable can-
didate for the pore-forming subunit of mitoKATP using the 

Figure 7-3.  Mitochondrial Permeability Transition Pores (mPTP) A, List of known mPTP effectors. Probable sites of action for the effectors are shown as black 
boxes, red boxes, yellow boxes, and a blue box, indicating the effects to mPTP (activation, inhibition, and both effects, respectively). B, Scheme illustrating the proposed role 
of CypD, ANT, and PIC in formation of the mPTP structure. 
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Figure 7-4.  Voltage-Dependent Anion Channel (VDAC) A, Schematic diagram of predicted phosphorylation sites in VDAC1 structure. B, Comparison of biophysi-
cal properties between VDAC, other OMM channels  (MAC and TOM), mPTP, and a  reconstituted “Bax channel.” Bax channel  function was observed  in  the  reconstituted 
channel using purified human Bax protein. TOM, Translocase of the outer membrane of mitochondria. 

normoxic infant rabbit hearts.37 Further studies including genetic 
approaches will be needed to confirm whether the protein of 
mitoKCa is identical or similar to the BK channels at SL.

Proton Fluxes and Uncoupling Proteins

Electron flow through the ETC is carried out by four enzyme 
complexes at the IMM, the cyt c, and the mobile carrier Co Q10 
(see Figure 7-1, A, B). Electron transfer processes through com-
plexes I, III, and IV produce Δp that in turn are used to drive 
ATP synthase (complex V) (see Figure 7-1, B). When Δp increases, 
electron transport in complex III is partially inhibited, resulting 
in the increased backup of electrons to Co Q10 for binding to 
molecular oxygen, and leading to the generation of superoxide. 
The main route for the proton flow, driven by the electrochemi-
cal gradient, is through complex V and “proton leak.” The proton 
leak is attributed by UCPs, which can modulate the ATP/ADP 
ratio.38 Indeed, proton leak is known to contribute significantly 
to the control of respiration in mitochondria in state 4 and to 
some extent in state 3. Therefore, UCPs are crucial to sustaining 
proton leak, preventing excessively high H+ gradient, and ulti-
mately avoiding excessive ROS production. There are three iso-
forms of UCPs (UCP1, 2, and 3) with ≈60% homologies, but the 
isoform-specific roles of UCPs are still not clear.39 UCP2 is 
ubiquitously expressed, including in the heart, whereas UCP3 is 
highly expressed in skeletal muscle, adipose tissue, and, to a lesser 
extent, the heart. The proton leak pathway via UCPs might be 
one of the mechanisms responsible for the cardioprotective effect 
of IPC, but very little is known about the function or the regula-
tion of UCPs in the adult heart. Further investigations with 
sophisticated approaches such as genetic ablation of these pro-
teins in cardiomyocytes will be required to advance this impor-
tant field of research.

Anion Channels and Mitochondrial Volume Control

Mitochondrial volume has been proposed to modulate the rate 
of substrate oxidation, and mitochondrial swelling is a key issue 
in cellular pathophysiology, such as during mitophagy40 and I/R 

injury.41 mPTP opening is involved in the mechanism of mito-
chondrial swelling. Since the 1970s, the mitochondrial K+ cycle, 
especially counterbalancing MCU activity with the KHX, has 
been identified as an important component of mitochondrial 
volume homeostasis.40 Not only cation movements but also anion 
movements into the matrix induce mitochondrial swelling. Mito-
chondrial swelling experiments show that an anion-selective 
channel is present in the IMM. This channel is activated by 
matrix Mg2+ depletion and alkalization and is named the IMM 
anion channel (IMAC).42 The physiological role of IMAC is still 
unknown because IMAC appears to conduct ions only under 
alkaline matrix conditions. However, this anion efflux through 
IMAC may be well designed to enable mitochondria to restore 
their normal volume following pathological swelling. We reported 
that single channel recordings of the heart IMM show a variety 
of types of anion-selective conductance; the most prominent is 
the centum picosiemen conductance channel, which matches the 
channel properties of IMAC.26 Currently, the molecular identity 
of IMAC is still unknown.

Ion Channels/Transporters at Mitochondrial 
Outer Membrane

Voltage-Dependent Anion Channel (VDAC)

VDAC is the most abundant protein in the OMM43 and serves 
as the main pathway for metabolite/ion transport between the 
cytosol and the IMS of mitochondria (see Figure 7-1, A, C). Cur-
rently, three distinct VDAC isoforms are known to have high 
sequence homology (65% to 70% identity) and similar struc-
ture.44 The recombinant VDAC1 and 2 isoforms are able to form 
pores in lipid bilayers, but recombinant VDAC3 has no evident 
pore-forming ability. Usually, VDAC is seven times more perme-
able to Cl− than to K+. VDAC channels can also exist in a variety 
of functional states that differ in their ability to pass nonelectro-
lytes and to conduct ions.45 VDAC exhibits ≈3 nS in 1 M NaCl 
in full conductance open state (Figure 7-4, B). In the open 
state, it shows a significant preference for anions and especially 
favors metabolic anions. The closed state favors cations. The 
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Figure 7-5.  Overview of Mitochondrial Structure and Function in Heart A, Cardiac mitochondrial structure observed by fluorescence microscopy. Mouse 
ventricular tissue was stained by CypD antibodies. B, Cardiac mitochondrial ultrastructure observed by electron microscopy. Mouse papillary muscle obtained from left 
ventricle was observed by transmission electron microscopy. C, Schematic diagram of cardiac excitation-contraction coupling including mitochondrial structure and ion 
channels. Left panel shows mitochondrial Ca2+-influx mechanisms at systole, and right panel shows mitochondrial Ca2+-efflux mechanisms at diastole. 
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mechanisms. The first pathway is mediated by mPTP opening 
(see Figure 7-3), and the second pathway via modification of 
VDAC through the interaction of Bcl-2 families. The third 
pathway is the mitochondrial apoptosis–induced channel (MAC), 
which forms in the OMM during an early stage of apoptosis and 
directly provides a route for cyt c to release from the IMS to the 
cytosol (see review50). Unlike VDAC, MAC is partially cation-
selective and has voltage-independent gating (see Figure 7-4, B). 
The pore size of MAC is sufficient to be permeable to 10 to 
17 kDa proteins, which allows the passage of 12 kDa cyt c. MAC 
is regulated by the Bcl-2 family. Studies using reconstituted pro-
teins and knockout cell lines show that MAC activity is tightly 
connected to Bax/Bak expression and to their insertion and oligo-
merization in the OMM, suggesting that at least these two pro-
apoptotic proteins are crucial structural components (pore) of 
MAC (see Figure 7-5, B). Because the molecular mass of oligo-
merized Bax obtained from mitochondrial membranes is of a very 
large size, MAC might associate with other mitochondrial pro-
teins at the OMM.51

Mitochondrial Ion Channels/Transporters  
in Cardiac Function and Dysfunction

Overview of Mitochondrial Structure  
and Function in Heart

In adult cardiomyocytes, mitochondria are the dominant intra-
cellular organelle, numbering in the range of ≈7000 per cell with 
their mass occupying up to 35% of the cell volume.52 Three dif-
ferent subpopulations of mitochondria of unique size and shape 
are found in the adult heart: interfibrillar, subsarcolemmal,  
and perinuclear mitochondria.53 Interfibrillar mitochondria are 
aligned in longitudinal rows between myofibrils in close proxim-
ity to SR Ca2+ release sites. They often span a single sarcomere 
from Z-band to Z-band and are relatively uniform in size and 
shape (see Figure 7-5, A, B). This unique spatial localization of 
interfibrillar mitochondria enables a privileged Ca2+-mediated 
crosstalk between SR and mitochondria (see Figure 7-5, C). In 
contrast, subsarcolemmal and perinuclear mitochondria appear 

permeability of VDAC to small anions by free diffusion includes 
K+ and Na+ and the double positive charge ion Ca2+. Ca2+ perme-
ates through both open and closed states of VDAC; the double 
positive charge does not exclude Ca2+ from the open state because 
anion selectivity is not very high in VDAC. Small nonelectrolytes 
can also pass through the open channel, allowing the passage of 
metabolites (ATP, ADP, and Pi). VDAC gating has a bell-shaped 
voltage-dependent profile, with peak currents around −10 mV.43 
A variety of factors are reported to modulate VDAC function, 
including colloidal osmotic pressure, protein(s) at the IMS, poly-
anions such as charged proteins and nucleic acids, NADH and 
MgNADPH, tBid, actin, tubulin, and phosphorylation by intra-
cellular signaling.45 VDAC was identified as a target of various 
protein kinases, and specific phosphorylation sites have been 
identified (Figure 7-4, A). It has been reported that the phos-
phorylated state enhances tubulin binding to VDAC, followed by 
blockage of channel activity.46

Recent studies have focused on the regulation of OMM per-
meability by a physiological or pathophysiological mechanism. 
Although VDAC is excluded as a component of the mPTP, 
VDAC is indeed one of the major factors involved in the regula-
tion of cell death signaling (see Figure 7-3, B). VDAC interacts 
with apoptosis regulators, Bcl2-family members, hexokinases, 
and the cytoskeleton system, including tubulin, which changes 
VDAC channel activity.47 For instance, Bax forms hetero-
oligomers with VDAC and activates VDAC; this is followed by 
cyt c release from IMS. Hexokinase-I has been shown to directly 
interact with VDAC1, which induces antiapoptotic effects. The 
contribution of VDAC to cell death can be isoform- and stimulus-
dependent: VDAC1 serves as a proapoptotic protein, whereas 
VDAC2 protects from apoptosis.48 De Stefani and colleagues 
showed that the proapoptotic effect of VDAC1 is due to its physi-
cal interaction with the IP3 receptor and to its formation of the 
molecular route for transferring Ca2+ signals to mitochondria in 
apoptosis.49

Apoptosis-Induced Channels

The release of these proapoptotic factors including cyt c is regu-
lated by OMM permeability and by at least three distinct 

Model l

Model II

Cyto

Mito

D
Figure 7-5, cont’d. D, [Ca2+]m oscillation models in cardiomyocytes. 
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microdomains involved in this coupling process, including RyR2, 
VDAC, MCU, and mRyR1.

A second controversy related to the kinetics of [Ca2+]m is 
whether mitochondria can take up and release Ca2+ in each heart-
beat (an oscillator) (see Figure 7-5, D, Model I), or if they act as 
an integrator by taking up Ca2+ gradually, resulting in a steady 
state [Ca2+]m increase (see Figure 7-5, D, Model II).59 It is inter-
esting to note that rabbit and guinea pig adult cardiomyocytes 
respond to [Ca2+]c transients on a beat-to-beat basis (Model I), 
but rat cardiomyocyte mitochondria respond to [Ca2+]c transients 
with a gradual [Ca2+]m increase without obvious beat-to-beat 
[Ca2+]m transients (Model II). This incapability of mitochondria 
to respond to [Ca2+]c transients might be due in part to the slow 
kinetics of the mitochondrial Ca2+-efflux mechanism, but the 
mechanisms underlying these species differences in the kinetics 
of [Ca2+]m are still unknown. Although mitochondria occupy 35% 
of the cytosolic space and are well known to perform uptake of 
Ca2+, it remains controversial whether mitochondrial Ca2+ uptake 
contributes to the kinetics of beat-to-beat CaT formation in 
cardiomyocytes.60 Shannon and colleagues estimated that the 
mitochondria contribute to only ≈1% of total Ca2+ removal from 
the cytosol during CaT.61

The view that MCU is not the sole mechanism for transduc-
ing the changes of [Ca2+]c into changes of [Ca2+]m has been gaining 
recognition. Moreover, it has been recently reported that cardiac 
mitochondria contain two modes of Ru360-sensitive Ca2+ uptake: 
a high Ca2+ affinity rapid uptake mode, and a low Ca2+ affinity 
slow uptake mode, which are responsible for modulating 
OXPHOS and Ca2+ buffering, respectively.28 Half-maximal acti-
vation (K0.5) of MCU current (IMiCa) observed in the mitoplast 
patch-clamp is ≈20 mM in cases where single-channel activities 
of MCU were specifically dissected by recognizing its unique 
biophysical and pharmacological characteristics.5 This K0.5 for 
purified MCU current is quite different from that determined in 
isolated cardiac mitochondria, which ranges from 1 to 189 µM. 
This discrepancy might be due in part to the differences in 
experimental conditions. However, the combination of multiple 
Ca2+ influx mechanisms with different K0.5 in isolated mitochon-
dria could also lead to this variation. It is interesting to note that 
IMiCa density in the heart appears to be much smaller than in other 
tissues, and that mRNA for MICU1 is also particularly low in 
the heart, raising an important question about the relative con-
tribution of MCU and other Ca2+ influx mechanisms, especially 
in cardiac mitochondria (see review3). Indeed, recent studies on 
molecular identification in MCU, which employed nonexcitable 
cells, show a 100-times slower and longer time course of mito-
chondrial Ca2+ transients than those recorded from cardiomyo-
cytes,8,9 strongly suggesting that cardiac mitochondria contain 
not only MCU but also other Ca2+-influx mechanisms, which 
have greater Ca2+ sensitivity and faster Ca2+ uptake kinetics 
during the heartbeats, such as mRyR1 and the rapid mode of 
uptake (RaM). We previously showed that this Ca2+ uptake mode 
exhibits a much greater magnitude and rate of [Ca2+]m than those 
observed in response to slow [Ca2+]c pulses and is more sensitive 
to ryanodine (see review3). Moreover, the [Ca2+]c-mRyR1 activity 
relationship is bimodal (see review3). These unique properties 
lead us to hypothesize that mRyR1 is an ideal candidate for 
sequestering Ca2+ quickly and transiently during the heartbeat, 
whereas MCU would be an ideal candidate for sequestering Ca2+ 
slowly and steadily in the higher and plateau phases of Ca2+ 
pulses, such as sustained increases in the resting [Ca2+]c.

In cardiomyocytes, mitochondria are the main source of ROS 
production and have crucial roles in ROS signaling in physiologi-
cal and pathophysiological conditions. Recent studies discovered 
mSOFs in adult cardiomyocytes, which is mediated through tran-
sient openings of the mPTP triggered by a small increase in 
constitutive ROS production at the ETC. Therefore, in cardio-
myocytes, it seems that there is an “ROS-induced ROS release” 

less organized and more variable in shape and size. Generally, 
mitochondrial morphology and dynamics including mitochon-
drial fission, fusion, and movement are well correlated with their 
metabolic activity.53 In cardiomyocytes, the regulatory proteins 
responsible for mitochondrial dynamics including dynamin-like 
protein (DLP1), mitofusin (Mfn)1,  
and Mfn2 are highly expressed. Using cardiac-specific Mfn 
knockout mice, Maack and Dorn’s group showed that Mfn2 is 
important for the maintenance of bioenergetic responses via 
inter-organelle Ca2+ crosstalk, suggesting that Mfn2 serves as a 
tether of SR to mitochondria in cardiomyocytes.54 However, no 
data directly show the subcellular localization of Mfn2 in native 
cardiomyocytes. Walsh’s group, using cardiac-specific Mfn 
knockout mice, showed that Mfn1 and Mfn2 have important 
roles in the structural and metabolic development of cardiac 
mitochondria during the postnatal state.55 Further studies are 
required to clarify the specific role of the regulatory proteins for 
mitochondrial form and dynamics, including Mfn in adult 
cardiomyocytes.

Mitochondrial Ion Channels/Transporters in  
Cardiac Excitation-Contraction/Metabolism 
Coupling and ROS Generation

Ca2+ plays a central role in E-C coupling of cardiac muscle56 (see 
Figure 7-4, C). Ca2+ entry via the voltage-gated L-type Ca2+ 
channel (VLCC) triggers the opening of SR-RyR2 faced to the 
transverse tubules (T-tubules) and induces a release of Ca2+ from 
SR (Ca2+-induced Ca2+ release [CICR]). The concomitant rise of 
[Ca2+]c activates cardiac contraction by binding to troponin C. 
[Ca2+]c is then removed through the SR Ca2+ pump (SR Ca2+-
ATPase [SERCA]) or is extruded from the cell via the sarcolem-
mal NCX. Usually, when amplitude and/or frequency of the 
[Ca2+]c transient (CaT) becomes higher, cardiac work increases, 
except for the Frank-Starling mechanism. Therefore, increased 
Ca2+ cycling is correlated with increased ATP consumption. 
Accumulating evidence indicates that cardiac mitochondria take 
up [Ca2+]c during E-C coupling and that [Ca2+]m accumulation 
serves as a signal to ensure the balance of energy supply and 
demand (excitation-metabolism coupling).57 However, the kinet-
ics of [Ca2+]m uptake is still a matter of debate.

The composition and structure of Ca2+ microdomains located 
between SR and mitochondria in cardiomyocytes are still not 
clear. It is widely established that the ER Ca2+ release channel IP3 
receptor is involved in Ca2+-mediated crosstalk between ER and 
mitochondria in noncardiac cells (see Figure 7-1, C). However, 
Ca2+ release from SR in ventricular cardiomyocytes is exclusively 
via RyR2 but not the IP3 receptor. Most RyR2 were found along 
the T-tubule side of the SR and beneath LCCs (see Figure 
7-5, C). This unique localization tightly controls CICR in car-
diomyocytes.56 Therefore, in cardiomyocytes it is a reasonable 
scenario that high local concentrations of Ca2+ after CICR in the 
subspace between T-tubule membrane and SR can subsequently 
diffuse to nearby mitochondria to create microdomains of high 
Ca2+ around the cardiac mitochondria. Another scenario is that a 
smaller number of RyR2 are located at the distal end of SR  
facing mitochondria, and they release Ca2+ at the microdomain 
between SR and mitochondria; thus mitochondrial Ca2+ channels 
such as MCU and RyR1 can take up Ca2+ into the matrix effi-
ciently (see Figure 7-5, C). Kim’s group recently showed the 
possibility of functional coupling of RyR2 and VDAC2 at the 
SR-mitochondrial contact site in HL-1 cardiac cells,58 but it is 
unclear whether adult ventricular myocytes also possess this 
molecular architecture. Further studies using adult cardiomyo-
cytes with genetic manipulation will be required to resolve the 
detailed localization of the channel transporters at the 
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of contractile function during reperfusion in human patients.66 
These basic and clinical observations indicate that delaying or 
preventing irreversible mPTP opening can serve as a potential 
therapeutic strategy in treating ischemic heart disease. It is clear 
that an understanding of the identification of molecular compo-
nents, their detailed structure, and regulation of the mPTP is 
crucial for designing novel and potent therapeutic drugs that are 
more specifically targeted to the pore (see Figure 7-3).

Role of Mitochondrial Ion Channels/Transporters  
in Cardiac Arrhythmias
Cardiac arrhythmias can cause sudden cardiac death, especially 
during heart failure. The principal pathological processes under-
lying arrhythmias involve heterogeneity of the cardiac action 
potential at the cellular level, which is commonly linked to ven-
tricular arrhythmias.67 Ion channels in SL have received much 
attention for their ability to influence action potential duration. 
Sarcolemmal ion channel mutations can cause alterations in the 
action potential duration (long and short QT syndrome) and 
appearance of early or delayed afterdepolarizations. Increasing 
evidence suggests that altered cardiac ion homeostasis and struc-
tural remodeling are highly associated with elevated ROS and 
metabolic stress, implying the cardiac mitochondria play a key 
role in the generation of arrhythmia (see also review68).

Mitochondrial oxidative stress contributes to a wide range of 
perturbations in cardiac ion channel functions. ROS induces 
functional and structural alteration of Nav1.5 by both transcrip-
tional and posttranslational mechanisms. Elevated ROS mediates 
SERCA inhibition, enhances SR Ca2+ release from RyR2, 
enhances VLCC current, and increases sarcolemmal NCX activ-
ity to increase the intracellular Ca2+ (c) level. ROS-mediated 
CaMKII activation stimulates hyperphosphorylation of RyR2, 
resulting in SR Ca2+ leak. These ROS-mediated network changes 
in the activities of ion channels/pumps are likely to contribute to 
the pathogenesis of arrhythmias. Conventionally designed antiar-
rhythmic drugs target ion channels at SL to modulate ion  
currents. The observations mentioned earlier suggest new  
potential therapeutic strategies that can be used to prevent 
arrhythmias by targeting ROS. However, general antioxidant 
strategies have not always been successful in antiarrhythmic 
therapies, in part because the physiological levels of ROS are 
essential for cell signaling, and the dominant source of ROS is 
the mitochondria. Therefore, further improvements, such as 
directly targeting the sites of ROS production in mitochondria 
and using dosages that are within the therapeutic window, will be 
required.

Closing Remarks

Mitochondrial ion channels/transporters have historically stayed 
an important topic in cell biology, despite relatively slow progress 
in this area, including elucidation of their molecular identities. 
Use of multiple research tools, such as gene screening analysis, 
genetic manipulation, and updated biochemical, pharmacologic, 
cell-biological, and electrophysiological techniques, has led to 
recent ground-breaking discoveries in the molecular identities of 
MICU1, MCU, and NCLX. Advances in cloning of mitochon-
drial Ca2+ channels/transporters will provide essential informa-
tion for studying (1) the regulatory mechanism underlying 
mitochondrial Ca2+ uptake, such as posttranslational modifica-
tions of these channels/transporters; (2) the design or discovery 
of more specific inhibitors/activators to each channel/transporter 
for the potential development of therapeutic drugs; and, further-
more, (3) the molecular mechanisms underlying mitochondrial 
Ca2+-mediated human disease. However, we need to keep in mind 
that the molecular identities of most mitochondrial ion channels/

mechanism.62 To enhance understanding of this functional cou-
pling and crosstalk between mPTP “flicker” activity and ETC-
dependent superoxide production in cardiomyocytes, the question 
moves to which superoxide production sites (complexes I and/or 
III) are important for the ignition of transient mPTP opening in 
intact cardiomyocytes (see Figure 7-1, B). O’Rourke’s group, 
using intact cardiomyocytes, reported that the majority of mito-
chondrial ROS is obtained from complex III,41 whereas Dirksen’s 
group proposed that complex I may trigger mPTP opening fol-
lowed by superoxide flashes.16 It also remains to be determined 
which sites of ROS production in cardiac mitochondria are acti-
vated under pathophysiological conditions, such as during 
hypoxia. The next question involves how the spatial and temporal 
organization of the mitochondrial network in cardiomyocytes can 
regulate mSOF size and frequency (see Figure 7-5). It is known 
that the molecular architecture of the T-tubules and the SR 
network regulates Ca2+ sparks from SR-RyR2, and that alteration 
of these structures under heart failure can modulate the spark 
frequency.60 Because mitochondrial structure and alignments are 
altered under the pathological heart, the state of the mitochon-
drial three-dimensional (3D) network and local ROS diffusion 
might modulate mSOF size and frequency, as in the case of Ca2+ 
sparks. These questions will be resolved in the future by updating 
3D fluorescence image acquirements/analysis systems and by 
developing the computational cardiomyocyte model to include 
mitochondrial network.63

Mitochondrial Ion Channels/Transporters in Cardiac 
Dysfunction: Novel Therapeutic Targets

Role of Mitochondrial Ion Channels/Transporters in 
Cardioprotection Against Ischemia-Reperfusion Injury

Transient episodes of nonlethal myocardial I/R provide a protec-
tive effect against myocardial injury in response to prolonged 
lethal ischemia. This phenomenon is known as IPC. In cardio-
myocytes, both mitoKATP and mitoKCa play key roles in cardio-
protection (II.C). Activation of the mitoKATP is augmented by 
PKC or tyrosine kinases, whereas the mitoKCa is activated by 
PKA, suggesting that these two channels are regulated by inde-
pendent mechanisms to protect the heart from I/R injury.34 
Opening of mitoKATP and mitoKCa depolarizes Δψm, which 
reduces the driving force for Ca2+ influx, thereby attenuating 
mitochondrial Ca2+ overload (see Figure 7-1). Consequently, pre-
vention of matrix Ca2+ overload inhibits mPTP opening and 
protects against heart cell death. A recent clinical study demon-
strated a significant improvement in patient outcome resulting in 
a reduction in major coronary events by antianginal therapy with 
a mitoKATP-channel opener (nicorandil, see II.C.1) in patients 
with stable angina.64 These evidences suggest that the activators 
of these K+ and/or the activators of upstream signaling for regula-
tion of these channels may provide new therapeutic strategies for 
ischemic heart disease.

OMM permeability also regulates the release of proapoptotic 
factors from mitochondria. Therefore, it is a reasonable assump-
tion that controlling OMM permeability is one of the potential 
therapeutic strategies for protection from I/R injury. Growing 
evidence shows that inhibiting VDAC interaction with Bcl-2 
families and/or enhancing the hexokinases-VDAC interaction 
might provide cardioprotective effects.65

As mentioned above, the mPTP has retained much attention 
from researchers as a strong candidate and as a potential thera-
peutic target against I/R injury and myocardial infarction. Many 
studies report that in cells or animal models that use mPTP 
inhibition including CsA treatment, a cardioprotective effect 
such as reducing the infarct size is noted. Finally, recent clinical 
trials show that CsA can reduce infarct size and improve recovery 



STRUCTURAL AND MOLECULAR BASES OF MITOCHONDRIAL ION CHANNEL FUNCTION 83

7 
ROS generation, and cell survival in the heart. Discovering the 
molecular identities and biophysical characteristics of cardiac 
mitochondrial ion channels/transporters will provide us with new 
therapeutic strategies for treating human cardiac diseases.

transporters, including several K+ channels and the mPTP, 
remain unknown.

In conclusion, cardiac mitochondrial ion channels/transporters 
are crucial in governing energy production, Ca2+ homeostasis, 
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Most likely, the initial step in this process is the formation of 
hemichannel plaques (hemi-plaques) in the plasma membrane,6,7 
which should stabilize the hemichannels’ stochastic lateral diffu-
sion in the plasma membrane and create an outward-directed 
curvature that should reduce the distance between hemichannels 
in apposing cells.8 Theoretical studies show that when five or 
more proteins aggregate, the cluster becomes stable despite their 
pairwise repulsions.8 Subsequent steps likely include a close appo-
sition between cells, possibly mediated by adhesion molecules 
and overlapping of hemi-plaques that could lead to formation of 
precursors of GJ channels termed formation plaques (FPs), which 
gradually transform into junctional plaques (JPs).9 Alignment and 
docking of apposed hemichannels comes thereafter, followed by 
the formation of a high-resistance seal to isolate the nascent 
channel pore from the extracellular space, ending with the 
channel pore opening. Docking of individual hemichannels fur-
thermore stabilizes FPs and reduces the distance between still 
undocked hemichannels, which may explain an acceleration of de 
novo formation kinetics after functional appearance of the first 
channels.10 De novo formation of GJ channels, their clustering 
into JPs, as well as GJ channels’ turnover and their gating was 
shown to be regulated by different intracellular pathways that 
involve cAMP, G proteins, and phosphorylation.11

Significant progress has been made in understanding Cx traf-
ficking, JP formation, and internalization using cells expressing 
Cxs fused with color variants of green fluorescent protein (GFP) 
or containing a tetracysteine tag.12,13 JPs serve as “crystallization 
centers,” attracting laterally moving hemichannels and catalyzing 
their docking due to close apposition of hemichannels in the area 
of JPs. By combining fluorescence imaging of Cx-GFPs with dual 
whole-cell voltage clamp recording, it was shown that only cell 
pairs that exhibit a JP are electrically coupled.14 Furthermore, it 
was shown that only a small fraction of channels assembled in a 
JP are functional at a given time and this ratio varies from approx-
imately 0.01 for Cx45 and Cx57 to 0.1 for Cx43.15,16 This fraction 
can be modulated in the time scale of a few minutes by pH, long-
chain alkanols, [Mg2+]i, and many other chemical factors.15,17 This 
indicates that this type of modulation does not involve an assem-
bly of new GJs or their turnover.

Cell-cell communication can be organized through homo-
typic (same Cx isotype in both hemichannels), heterotypic (2 Cx 
isotypes form GJ channels, but each hemichannel is assembled 
from 1 isotype) and heteromeric (different Cx isotypes at least in 
one of the hemichannels) channels that vary in conductance, 
permselectivity, and gating properties. Formation of heterotypic 
and heteromeric GJ channels can occur in the heart, particularly 
in the conduction system, where cardiomyocytes co-express 
several Cx isoforms. Most heterotypic junctions that can be 
formed in the heart exhibit asymmetric voltage gating and  
rectification of the current voltage (I-V) relation.18,19 Asymmetric 
junctional conductance to transjunctional voltage (gj-Vj) depen-
dence can result in impeded signal transfer in one direction and 
facilitated transfer in the opposite direction, as it was demon-
strated for Cx43/Cx45, Cx31/Cx45, and Cx40/Cx45.5,20 This may 
facilitate an initiation of one-directional block, which is critical 
in reentry formation.

Molecular Organization, Gating, and 
Function of Gap Junction Channels
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Connexins Expression and Oligomerization

Connexins (Cxs), a large family of homologous membrane pro-
teins, form gap junction (GJ) channels that provide a direct 
pathway for electrical and metabolic signaling between cells. Gap 
junctional communication is critically important in the spread of 
excitation in the heart, communication between neurons and glia, 
metabolic exchange between cells in the lens and other tissues 
lacking blood circulation, organ formation during development, 
and regulation of cell proliferation.1 Each GJ channel is com-
posed of two hemichannels (connexins). Oligomerization of six 
Cxs into hemichannels starts in the endoplasmic reticulum and 
is completed in the Golgi, from where vesicles approximately 100 
to 150 nm in diameter containing hemichannels travel to fuse 
with the plasma membrane. Cxs are predicted to have four alpha-
helical transmembrane domains (M1 to M4), intracellular N- and 
C-termini (NT and CT), two extracellular loops (E1 and E2), 
and a cytoplasmic loop (CL).2 The density map of the crystal 
structure of human Cx26 at 3.5 Å resolution revealed that M1 
and EI line the channel pore, which is narrowed by six NT 
domains residing in the channel vestibule. These structural data 
were supported by functional studies using a cysteine scanning 
approach3 demonstrating that NT, M1, and E1 domains are 
directly involved in defining GJ channel unitary conductance, 
gating properties and permselectivity.4 Thus far, at least 21 Cx 
genes have been identified in humans.

De novo Formation of Gap Junction Channels

GJ channel de novo formation was examined by manipulating 
two separate cells into contact while monitoring electrical cell-
cell coupling. This approach has been used to study formation of 
GJs between cells of Xenopus blastulae and myoballs, rat cardio-
myocytes, insect cells, and HeLa cells transfected with Cx40.5 
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(see Figure 8-1, C). Figure 8-1, D, shows an example of fast and 
slow gate operation during acidification with carbon dioxide 
(CO2), which gradually reduced the number of operating chan-
nels. When only one channel was left to operate, the fast gate 
was governing fast transitions between open and residual states, 
finally being closed by the slow gate with transitions lasting 
approximately 10 ms. The opposite sequence of events was 
observed during washout from CO2. Two distinct gating mecha-
nisms were also demonstrated in Cx-based unapposed/
nonjunctional hemichannels (uHC).25

Mutational studies revealed that the gating polarity of the  
fast gating mechanism is governed by charged residues in the 
N-terminal domain and that this polarity could be reversed inde-
pendently from the slow gating mechanism. Modifications of 
Cx43, including deletion of the CT domain26 or attachment of 
aequorin or enhanced green fluorescent protein (EGFP) to CT, 
selectively abolish fast gating to the residual state.5 These data 
demonstrate that in each hemichannel there are two molecularly 
distinct gating mechanisms that require further study in deter-
mining Cx domains functioning as gating and sensorial elements 
for each gate. This hypothesis has received support from studies 
performed in channels formed of Cx30, Cx31, Cx32, Cx37, Cx40, 
Cx43, Cx45, and Cx57,1,5 suggesting that fast and slow gates are 
likely to be common to all Cx isoforms.

Gating properties of GJ channels can be described using the 
Boltzmann function,23 assuming that GJ channels have two states, 
open and fully closed, like most ionic channels, and that each 
hemichannel gates independently. The accumulation of data 
demonstrating gating to the substates and two distinct gating 
mechanisms stimulated the development of gating models that 

Voltage and Chemical Gating of Connexin-
Based Channels

The existence of multiple Cxs raises the questions of how they 
differ and how they interact. Unitary conductances of GJs formed 
of Cx isoforms range from approximately 10 pS (e.g., mCx30.2) 
to 300 pS (e.g., Cx37) and channels vary in permselectivity from 
being nonselective to preferentially selective for cations or 
anions.1,21 A property that appears to be common to GJs formed 
by any Cx isoform is sensitivity of gj-Vj. Figure 8-1, A shows a 
decay of gj until a steady-state level (gj,ss) reached (as indicated by 
the arrow) in response to Vj step voltage. The symmetric reduc-
tion in gj,ss with positive or negative Vj has been explained by 
having identical Vj-sensitive gate(s) in each apposed/junctional 
hemichannel (aHC) of the GJ channel.23 Normalized gj,ss-Vj 
dependencies show big differences in sensitivity to Vj among four 
principal Cxs of cardiomyocytes (see Figure 8-1, B). A common 
feature of Vj-gating is that gj,ss does not decline to zero with 
increasing Vj, but instead reaches a residual conductance termed 
gmin. Single-channel studies have shown that gmin is due, at least 
in part, to incomplete closure of the GJ channel by Vj, which 
causes channels to close to a subconductance (residual) state with 
fast gating transitions (~1 ms or less).24 It was shown that Vj as 
well as chemical uncouplers can also induce gating transitions to 
the fully closed state and that these transitions are slow, approxi-
mately 10 ms. Gating to different levels via fast and slow gating 
transitions led to the suggestion that there are two distinct Vj-
sensitive gates, termed fast and slow or loop.5 The fast gate closes 
channels to the residual state, and the slow gate closes them fully 

Figure 8-1.  Gating of GJ channels. A, Typically, junctional conductance (gj) measured between cell pairs decays in response to transjunctional voltage (Vj), reaching some 
steady-state level (gj,ss) (arrow). B, Normalized gj,ss dependencies on Vj show big differences in sensitivity to Vj among four principal Cxs of cardiomyocytes. C, A schematic 
of the GJ channel containing fast and slow gating mechanisms. The fast gate (orange) closes the channel partially, whereas the slow gate (blue) closes the channel fully. 
D, The effect of CO2 on voltage gating at the single-channel level in a cell pair of fibroblasts expressing Cx43. Exposure to CO2 caused full uncoupling. Ij was monitored at 
Vj = 55 mV just before full uncoupling and at the beginning of CO2 washout. Channels exhibited two types of Ij transition: (1) between open and residual state (~90 pS), 
with a transition time of approximately 1 ms (red arrows); and (2) between open and fully-closed states (~120 pS), with a transition time of approximately 10 ms or more 
(blue arrows). The signals in the insets (sampled at 1-ms interval) illustrate that the last channel closes with a transition time of approximately 10 ms and the first channel 
opens with a transition time of approximately 19 ms. The slow opening of the first channel during washout was followed by fast flickering between the open and residual 
states. When two operating channels were in the residual state, gj equals the sum of two γres (dashed lines). 

(Modified from Bukauskas FF, Peracchia C: Two distinct gating mechanisms in gap junction channels: Co2-sensitive and voltage-sensitive. Biophys J 72:2137–2142, 1997.)
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preconditioning leads to opening of Cx43 hemichannels in the 
inner mitochondrial membrane, with subsequent loss of ATP 
from the mitochondrial matrix. This activates ATP-dependent K+ 
channels that appear to be central to the protective effect.39

It has been shown that among cardiac Cxs, mCx30.2,29 Cx43,35 
and Cx4540 form functional uHCs, whereas Cx40 does not.41 
Typically, uHCs tend to open at higher positivity on the cyto-
plasmic side. Presumably, open channel probability of uHCs 
increases during action potentials (APs) and to a greater extent 
during tachycardia when cells are depolarized for a longer time. 
Opening of hemichannels in nodal cells would depolarize them 
and locally increase the extracellular concentration of K+ ions. 
Depolarization could inactivate inward currents driving excit-
ability and contribute to a reduction in conduction velocity. This 
hypothesis raises a new mechanism explaining a long atrioven-
tricular (AV) delay as a result of mCx30.2 hemichannels func-
tion.42 This corroborates with a reduction in PQ-interval in 
mCx30.2 knockout mice.43

Another class of membrane proteins, pannexins (Panxs),  
which also form uHCs but not GJ channels, are involved in 
paracrine signaling and mechanosensitivity.44 It was shown 
recently that Panx1 constitutes 300 pS uHCs in cardiomyocytes, 
suggesting that their opening can depolarize the plasma mem-
brane and trigger premature APs that may lead to arrhythmo-
genic activities.45

Connexins Expression Pattern and 
Propagation of Excitation in the Heart

To date, four connexins—mCx30.2, Cx40, Cx43, and Cx45—are 
known to be expressed by cardiomyocytes and form GJ channels, 
mediating the spread of excitation in the heart, as well as direct 
intercellular metabolic communication42; human ortholog of 
mCx30.2 is Cx31.9.19 Expression patterns of all four cardiac Cxs 
are shown in Figure 8-2. In the mammalian heart, the cardiac 
impulse is initiated in the spontaneously active pacemaker cells 
of the sinoatrial (SA) node, in which mCx30.2 and Cx45 GJs 
integrate thousands of pacemaker cells with various intrinsic fre-
quencies of excitation into one functional unit. These Cxs form 

more intimately describe GJ channel gating.27,28 Recently, a sto-
chastic 16-state model (S16SM) of Vj-gating was developed, in 
which each aHC contained both fast and slow gating mecha-
nisms.24 The model can be used to simulate Vj-gating in homo-
typic and heterotypic junctions. A S16SM allows for simulation 
of Ij dynamics as well as the gj,ss-Vj plot of GJs depending 
on individual gating parameters of four gates. The model  
includes more than 12 parameters characterizing certain gating 
properties of GJs, and to evaluate them manually from experi-
mental gj,ss-Vj dependencies would resemble the search for “the 
needle in the haystack.” To automate this fitting process, we have 
adopted the Global Coordinate Optimization (GCO) algo-
rithms,24 which are based on the Bayesian approach to filter the 
stochastic component and smooth small local minima while 
searching for the global minimum. GCO of experimental data 
can be performed using the online version of the algorithm at 
http://connexons.aecom.yu.edu.

All GJ channels also display chemical gating, which shares 
several features with the slow voltage sensitive gate, (i.e., it 
reduces gj to zero and closes channels fully.)1,5 We assume that 
asynchrony of conformational changes in each of six Cx “sub-
gates” of the slow gate leads to multistep gating transitions lasting 
approximately 10 ms or more. This may be caused by a low level 
of cooperativity between these “slow subgates.” Similar slow 
transitions were observed at the initial stages of channel pore 
opening during de novo channel formation and during gating 
induced by transmembrane voltage (Vm) or chemical uncouplers, 
as illustrated in Figure 8-1, D. Although fast gating to the residual 
state is induced exclusively by Vj, the slow gating mechanism can 
be triggered by Vj, Vm, and chemical factors. Interestingly, 
uncoupling induced by alkanols, Ca2+, and H+ was shown to be 
partially reversible by changes in Vm or Vj.5 These data suggest 
that chemical- and voltage-sensitive gating mechanisms interact 
and may share the common gating element of the slow gate, 
which is triggered by sensorial elements specific for voltage and 
different chemical agents.

Hemichannels: Function and  
Physiologic Relevance

Surface expression of uHCs has been demonstrated in several cell 
lines and primary cultures by electron microscopic, biochemical, 
and electrophysiologic methods.29,30 It has long been thought that 
hemichannels remain closed until docking with hemichannels 
from an apposed cell because ions and metabolites can leak the 
cell through open hemichannels. Furthermore, Cx43 uHCs have 
been implicated in diverse roles in cell physiology and patho-
physiology, including volume regulation; efflux of glutamate, 
NAD+, cAMP, IP3, and ATP acceleration of astrocytes and car-
diomyocyte death during metabolic inhibition, and transduction 
of extracellular signals regulating apoptosis development.31,32 The 
opening of hemichannels can be enhanced by cell polarization to 
positive potentials and reduction of Mg2+ and Ca2+ in the extracel-
lular milieu.33 Conversely, closure of hemichannels can be induced 
by low intracellular pH, 18-α-glycyrrhetinic acid, trivalent 
cations (La3+ or Gd3+), and some chloride channel blockers.31,34 
Typically, at the single-channel level, the I-V relation of uHCs 
rectifies and their unitary conductances are approximately twice 
the conductances of the GJ channel formed of the same Cxs.35

Lately, Cx43 hexamers/hemichannels were shown in purified 
mitochondrial preparations of the mouse myocardium, which 
may contribute to mitochondrial K+ uptake.36 More detailed 
studies revealed that Cx43 is expressed in subsarcolemmal,  
but not interfibrillar, mitochondria, and it was proposed that 
Cx43 plays a critical role in mediating the cardioprotective func-
tion of ischemic preconditioning.37,38 It is hypothesized that 

Figure 8-2.  Schematic of the heart with indications showing connexin expression 
patterns and conduction velocities in different regions of the heart. 

(Modified from Netter: Atlas der Anatomie des Menschen, ed 4, New York, 1993, Ciba 
Geigy Corp.)
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Na+-channels, cytoarchitecture of fibers,49 and expression of 
mCx30.2 and Cx45, both of which exhibit low single-channel 
conductance, leading to relatively high resistivity of intracellular 
milieu.50,51 It was shown that only approximately 1% of Cx45 GJ 
channels are open at a given time under normal conditions.15 
Furthermore, mCx30.2 exhibits the lowest single-channel con-
ductance among all members of the Cx family and forms hetero-
typic as well as heteromeric channels with all other cardiac Cxs. 
Resulting channels also exhibit low unitary conductance (~17 to 
18 pS), which raises the possibility that mCx30.2 demonstrates a 
dominant-negative effect upon junctional conductance between 
nodal cells. This effect may also contribute to low conduction 
velocity in wild type mice and enhanced AV conduction in 
mCx30.2-deficient mice.43

After passing the transitional N-H region and entering the 
bundle of His, the propagation of excitation quickly accelerates to 
approximately 2 m/s and remains at this level in the subendocar-
dial network of Purkinje fibers, resulting in coordinated contrac-
tion of both ventricles. Expression of Cx40 increases in bundle of 
His and right and left bundle branches, where it is co-expressed 
with Cx43. There is also an expression of mCx30.2 and Cx45 at 
low levels, which becomes undetectable at the terminals of the 
ventricular conductive system. The bundle of His and right and 
left bundle branches are isolated electrically from surrounding 
working myocardium, preserving the high speed of propagation. 
Cx40, because of its inability to form heterotypic GJs with Cx43, 
the principal Cx of ventricular cardiomyocytes, may provide this 
isolation during development. From the bundle branches, excita-
tion propagates through false tendons and the endocardial layer 
of Purkinje cells, where Cx40 and Cx43 are primarily expressed.47 
Excitation to working cardiomyocytes, preferentially expressing 
Cx43, is transmitted through discrete Purkinje fiber-muscle 
(P-M) junctions52 distributed discretely on the endocardial surface 
with an approximately 1 mm distance between them.53 This 
pattern allows for Purkinje fibers to maintain their electrical iden-
tity and, therefore, high conduction velocity. Multiple P-M junc-
tions preserve a satisfactorily high safety factor for signal transfer 
to working myocardium, and the only price “paid” for this struc-
tural organization is a P-M delay of approximately 4 to 7 ms, 
which slightly prolongs the PQ interval.

Cell-Cell Coupling and Electrical  
Anisotropy in the Heart

Typically, the input resistance (Rin) and the length constant of 
electrotonic potential decay (λ; the distance at which the ampli-
tude of electrotonic potential evoked by intracellularly injected 
current is reduced e-fold) are measured in isolated heart tissue 
preparations to determine electrical intercellular communication. 
For cable-like systems λ = (Rm⋅b/ρi)1/2, where Rm is a specific 
resistance of the plasma membrane, ρi is a specific resistance of 
the intracellular medium integrating averaged resistances of cyto-
plasm and gap junctions, and b is a ratio of the volume of the cell 
to an area of the plasma membrane. This applies also to two-
dimensional (2-D) structures when the source of excitation is a 
line and three-dimensional (3-D) structures when the source of 
excitation is a 2-D plane. To determine λ, the electrotonic 
responses were recorded via microelectrodes at different dis-
tances from intracellular current sources along the general direc-
tions of cardiac fibers (λX) and in their perpendicular direction 
(λY). Microelectrode or suction-electrode (~200 to 300-µm tip 
diameter), perfusable with a depolarizing KCl solution, were 
used.54,55 Rin is typically measured using a single microelectrode 
or a double-barreled electrode, where one barrel is used for 
current injection (I) and the second records electrotonic potential 
(V); Rin = V/I.

homotypic GJ channels with conductances of 9 pS and 32 pS, 
respectively, as well as mCx30.2/Cx45 heterotypic GJs with the 
single-channel conductance of approximately 17 pS,5,19 or even 
heteromeric GJs, which can exhibit a variety of single-channel 
conductances in a range of about 9 pS to 32 pS.46 Electrical 
coupling in the transitional region between the SA node and the 
atrium should not be too high, thus preserving functional identity 
of pacemaker cells, but at the same time allowing for signal 
transfer. Figure 8-3 shows images of cell pairs formed of 
HeLaCx30.2-EGFP (red) with HeLa cells expressing Cx40 
tagged with cyan florescent protein (CFP) (green, part A) and 
Cx43-CFP (part B). Both heterotypic junctions exhibited exten-
sive formation of JPs (arrows) and Vj-gating asymmetry typical 
for most of heterotypic junctions.19

Excitation transferred through the crista terminalis, pectinate 
muscles, and Bachmann’s bundle spreads with a velocity of 0.5 to 
1 m/s (in the human heart) to the right and left atria, where Cx40 
and Cx43 are most abundantly expressed,47 both exhibiting high 
single-channel conductances (180 pS and 115 pS, respectively),5,48 
all of which is consistent with the fast spread of excitation and 
almost synchronous contraction of both atria. Presumably, cell-
cell coupling in the atria is maintained by homotypic Cx40 and 
Cx43 GJ channels because Cx40 and Cx43 are highly incompat-
ible in forming heterotypic GJs.20

The excitation wave enters the AV node through the transi-
tional A-N zone, and its velocity of propagation gradually 
decreases to approximately 0.05 m/s in the central region called 
the compact node or N region. In a normal heart, the AV node is 
the sole connection between the atria and ventricles, and the 
delay of AV conduction is necessary for the sequential contraction 
of both, which is important for optimal hemodynamics. Both the 
relatively long refractory period of the AV-nodal cells and the 
dependence of the conduction velocity on the frequency of exci-
tation limit the number of impulses within a given time period—
termed the Wenckebach point—that can be transmitted to the 
ventricles. Thus, the AV node protects the ventricular myocar-
dium by reducing the frequency of APs transmitted to the bundle 
of His during atrial fibrillation. Slow AV-nodal conduction under 
pathophysiologic conditions can also lead to the generation of 
supraventricular tachycardia involving reentry loops. In the 
AV-nodal cells, mCx30.2 and Cx45 are primarily expressed,  
both exhibiting relatively low single-channel conductances. Fur-
thermore, Cx40 is expressed in the N region, but to a lesser 
extent.42

Slow conduction in the AV node may be a result of mCx30.2 
uHCs that tend to depolarize the resting membrane potential,42 
as well as reduced excitability because of lower numbers of 

Figure 8-3.  Formation  of  heterotypic  GJs  visible  as  multiple  junctional  plaques 
(yellow) indicated by arrows and located in between cells expressing mCx30.2-EGFP 
(red) and those expressing Cx40-CFP (A) or Cx43-CFP (B) (both green). 
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that “the leading (true) pacemaker cells are roughly spindle-
shaped with a maximum length of 20 to 30 µm and a diameter 
of less than 8 µm, with the long axis of the cells roughly parallel 
to the crista terminalis.” The findings that “the gap junctions are 
less developed in size and number than in atrial cells” correlate 
with significantly higher Rin and smaller λs in the central region 
of the SA node than in the crista terminalis and trabeculae. Values 
of λX and λY increased, approaching the intercellular septum, 
whereas anisotropy decreased, which may be assumed to be 
caused by the more dispersed orientation of cardiomyocytes. In 
summary, based on λX, λY, and Rin measurements and using a 3-D 
model it was shown that in the central region of the SA node, ρX 
≈ 600 and ρY ≈ 3000 Ohm⋅cm.60 Thus, ρX in the SA node is 
approximately 3.5-fold bigger than ρX in the trabeculae and crista 
terminalis, which is approximately 150 to 200 Ohm⋅cm and close 
to a specific resistance of the cytoplasm (~120 Ohm⋅cm).67

Measurements of Rin, λX, and λY allow one to evaluate 
the ρi,X, ρi,Y, and Rm by using models describing passive electrical 
properties of syncytial structures,56-58 where ρi,X and ρi,Y are spe-
cific resistances of the intracellular medium along and across 
fibers. Depending on the complexity, used models can be dif-
ferentiated based on a dimension (cable, 2-D sheet, or 3-D 
volume) or structure of the syncytium (continuous with averaged 
electrical parameters, compartmental, or a combination of the 
two). In general, continuous models are more applicable to struc-
tures with well-coupled cells (e.g., heart, liver), whereas discrete 
models are more applicable to poorly coupled cells exemplified 
by neuronal networks. We formulated a continuous 2-D model56 
resembling the flat-cell model,59 a 3-D model of infinite size,57 
and 3-D model of finite thickness,60 which most closely describes 
isolated tissue preparations and created methods known as 
“mirror reflection” or “virtual images.”58,60,61

Many organs and organ systems, including the heart, exhibit 
electrical anisotropy determined as a ratio, λX/λY, which is >1. 
Furthermore, λX/λY = (ρi,Y/ρi,X)1/2, (i.e., an anisotropy of intracel-
lular resistivity) is higher than that estimated from λs as a square 
degree. By measuring X-Y distributions of electrotonic potentials 
on the endocardial surface of the atrium while current was 
injected from the epicardial surface, it was shown that λX > λY = 
λZ, where λZ is perpendicular to endocardial/epicardial surfaces 
(i.e., electrically myocardium exhibits a cylindrical anisotropy).60 
In general, every local myocardium domain in which the direc-
tion of cardiomyocytes remains similarly aligned exhibits a cylin-
drical electrical anisotropy. The magnitude of the anisotropy is 
determined by the ellipsoid/cylinderlike shape of the cardiomyo-
cytes and the ratio between end-to-end and lateral gap junctions.  
Most proposed reentry mechanisms are related mainly to hetero-
geneities of repolarization, which break the wave of premature 
excitation necessary to initiate reentry. However, electrical 
anisotropy can explain reentry initiation by excitation during the 
vulnerable period of the heart, which is homogeneous with all 
other parameters.62,63 Interestingly, electrical anisotropy is a 
property of all myocardial structural domains under normal con-
ditions, suggesting that the heart is intended to be arrhythmo-
genic, whereas realization of reentry through electrical anisotropy 
requires premature excitations, which is acquired from 
pathology.

Passive Electrical Properties of the Sinoatrial Node

The first attempt to measure λ in the rabbit SA node was per-
formed by Bonke,64 assuming that the SA node constitutes an 
isotropic medium. More systematic studies of intercellular com-
munication of different SA node regions and surrounding areas 
were performed by measuring λX, λY, and Rin.60,65 Intracellular 
recordings of action potentials (APs) from different regions of 
the SA node allowed the determination of the region of “true” 
pacemakers or the central region where excitation starts earliest. 
Figure 8-4, B shows averaged values of Rin measured along the 
blue dashed line crossing the central region of the SA node. Rin 
in atrial trabeculae and crista terminalis was approximately 
350 kOhm, which increased approaching the central region of 
the SA node, reaching a maximum of 1050 kOhm, and was lower 
in the intracellular septum, approximately 450 kOhm. Figure 
8-4, A shows a summary of averaged data of λX and λY in the form 
of crosses. Thus, all regions exhibit electrical anisotropy, which 
is highest in crista terminalis and atrial trabeculae. Electrical 
anisotropy gradually reduces, approaching the central region of 
the SA node, but general orientation of anisotropy remained the 
same as in the crista terminalis. Anisotropy of λX and λY (529 vs. 
306 µm) was also reported in another study,55 in which measure-
ments of λs were averaged for the entire SA node. These data 
correlate with ultrastructural studies of the SA node,66 showing 

Figure 8-4.  Passive electrical properties of the sinoatrial  (SA) node. A, Schematic 
of the right atrium of the rabbit. An averaged data of λs measured along and across 
the crista terminalis are shown in the form of crosses. Values of λ were evaluated 
from  experimental  measurements  (λexp)  using  a  3-D  model  of  passive  electrical 
properties with finite  thickness. All  regions exhibited electrical anisotropy, which 
was  highest  in  the  crista  terminalis  and  atrial  trabeculae.  Electrical  anisotropy  is 
reduced  in  the  central  region  of  the  SA  node. The  calibration  is  at  the  top right, 
where lengths of white lines correspond to λ = 0.5 mm. B, Averaged values of Rin 
measured along the blue dashed line starting from the trabeculae and crossing the 
central region of the SA node. Rin reached maxima in the central region of the SA 
node (1050 kOhm) at the value that is approximately twofold higher than Rin mea-
sured in the trabecular structure, crista terminalis, and interatrial septum. 
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revealed that in central regions of the AV node, Rm = 
1300 Ohm⋅cm2, ρi,X = ~600, and ρi,Y = ~1200 Ohm⋅cm; AV-nodal 
cells were assumed to be 8 × 12-µm ellipsoids.69 Thus, ρi,X in the 
central region of the AV node is similar to that of the SA node, 
whereas ρi,Y is approximately twofold smaller. In both structures, 
anisotropy of axial resistance is smaller than that in all other 
structural domains of the heart. In another study,51 it was reported 
that in the AV node, λ = 430 µm (not specifying an anisotropy) 
and Rin = 880 kOhm, which are comparable with our data.

Passive Electrical Properties of Conductive and 
Working Systems of Ventricles and Signal  
Transfer in P-M Contacts

After passing through the AV node, excitation spreads at high 
speed (~2 m/s) through the bundle of His, left and right bundle 
branches, multiple false tendons, and it finally almost instanta-
neously excites the thin layer of Purkinje fibers covering the 
endocardial surface of the ventricles. Figure 8-6 shows isopoten-
tial lines of electrotonic potential in a false tendon, the subendo-
cardial surface Purkinje network, and the working myocardium 
from the epicardial surface measured in response to intracellular 
current applied through a suction electrode (dashed circle). Iso-
potential lines are one-quarter from those measured in the posi-
tion indicated by the filled dot.

Values of experimentally measured λX,exp and λY,exp depend on 
the size of the current sources and dimensionality of the tissue 
(e.g., a false tendon can be approximated as a cable, whereas  
the subendocardial conductive system and working myocardial 
surface can be considered 2-D and 3-D structures, respectively). 
Consequently, different models of passive electrical properties 
should be used to evaluate the true values of λX and λY, which are 
typically bigger than λX,exp and λY,exp; at a smaller diameter of 
current source electrode values, of λX,exp and λY,exp are smaller. 
Furthermore, the experimentally measured anisotropy of electro-
tonic potentials is smaller than the “true” anisotropy (i.e., λX/λY 
> λX,exp/λY,exp). Figure 8-6 shows that the false tendon exhibits the 

Passive Electrical Properties of the  
Atrioventricular Node

Division of the AV-nodal region into functionally distinct domains 
is based on anatomy, AP shape, and delays in the spread of excita-
tion.68 Mapping of the AV node by using intracellular microelec-
trode recordings from different AV-nodal regions allowed us to 
differentiate AN, N, and NH regions of the AV node based on 
the shape of APs and delays from the stimulus applied to the crista 
terminalis (Figure 8-5, A).50 Figure 8-5, B shows that, on average, 
Rin in all three AV-nodal domains is higher than in the crista 
terminalis and the bundle of His.

Averaged values of λ measured in different domains of the AV 
node are shown as crosses, where half of their axes are propor-
tional to values of λ in corresponding directions (see Figure 8-5, 
C). The maximal anisotropy is recorded in the crista terminalis 
and the bundles of His, and it is significantly less expressed in the 
AV node, mainly because of the reduction in λX. Data analysis 

Figure 8-5.  Passive electrical properties of the atrioventricular (AV) node. A, Sche-
matic of the right atrium of the rabbit involving an area of the AV node. Different 
regions  of  the  AV  node  demonstrate  differences  in  APs’  shape  and  stepwise 
responses  to  intracellular  current  steps  of  50  nA  applied  through  the  recording 
electrode. B, Averaged Rin values (in kOhm) attached to different functional regions 
in  the  surrounding  area  of  the  AV  node  are  shown.  C,  Averaged  data  of λs  are 
shown in the form of crosses. All regions exhibited electrical anisotropy, which was 
highest  in  the crista  terminalis and the bundle of His, but smallest  in  the central 
region of the AV node. The inset in the right-top corner shows the calibration cross 
where the lengths of white lines correspond to λ = 0.5 mm. 
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Figure 8-6.  Isopotential  lines of electrotonic potential  in the false tendon, endo-
cardial surface of Purkinje network, and working myocardium recorded from the 
epicardial surface in response to intracellular current applied through the suction 
electrode  (dashed circle) perfusable with KCl.  Isopotential  lines are at  the  level of 
one fourth that measured in the position indicated by the filled dot. 
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The P-M delay is less within the zone of P-M connection and 
greater outside the zone. This discrete organization of the P-M 
junctions in the ventricles creates conditions of electrical inde-
pendence of the virtually 2-D system of Purkinje fibers from the 
3-D syncytium of M fibers. Otherwise, a strong link between P 
and M fibers would reduce the speed of propagation in the thin 
layer of the Purkinje network to that of the working myocardium, 
which would compromise synchrony in the activation of the 
ventricles. The size of the P-M junctions where prepotentials are 
recorded allows one to speculate, using a 3-D model, that only 
few P and M fibers in the P-M junction form direct gap junc-
tional contact (i.e., much smaller than the number of cells located 
in the area with prepotentials).

In Purkinje terminals, Cx40 and Cx43 are coexpressed with a 
prevalence of Cx43. Working ventricular cardiomyocytes prefer-
entially express Cx43. It was demonstrated that Cx40 does not 
form, or does so with very low efficiency, heterotypic junctions 
with Cx43.20 Therefore, electrical cell-cell connections at P-M 
connections are organized predominantly through homotypic 
Cx43 GJ channels.

Alterations of Cell-Cell Coupling  
in Cx-Deficient Animals and  
Disease-Related Mutations

To understand the role of connexin in cardiac impulse propaga-
tion, unrestricted and cardiomyocyte-specific null mutant mice 
with different cardiac Cx genes were bred. Cx43 gene deletion 
resulted in postnatal death as a result of malformation of the right 
ventricular outflow tract.70 The postnatal lethality of Cx43-
deficient mice can be circumvented by cardiomyocyte-directed 
deletion. The resulting mice exhibited a reduced conduction 
velocity in the ventricles, thus demonstrating the importance of 
Cx43 in the maintenance of ventricular conduction.71

highest electrical anisotropy (on average λX/λY = 20) and is there-
fore adapted for high speed of excitation propagation. The endo-
cardial conductive system exhibits relatively high λs, but smaller 
anisotropy, which is presumably a result of the meshlike cytoar-
chitecture of Purkinje terminals.

Values of λX,exp in working myocardium are smaller than those 
in the false tendon, mainly because of differences in the dimen-
sionality of systems. In both systems, ρi,X is in the range of 150 
to 200 Ohm⋅cm (i.e., close to the resistivity of the cytoplasm 
[~120 Ohm⋅cm]).67 However, ρY in working myocardium is a 
few-fold smaller than that in the false tendon, where ρi,Y ≈ 2 to 
4 kOhm⋅cm.

Purkinje-muscle (P-M) junctions, which were first described 
in Purkinje–papillary muscle preparations from the ventricles of 
dog hearts, mediate an approximately 5-ms P-M delay52 and 
characteristic prepotentials (notch) on the upstroke of AP of the 
transitional cell (Tr) located between P and M cells. Furthermore, 
stepwise penetrations of the microelectrode from the endocardial 
side in ventricular preparations of the dog heart revealed two 
scenarios: (1) the AP of a P cell was followed by the AP of an M 
cell approximately 4 to 10 ms thereafter—no signs of prepoten-
tial were evident during this delay period, indicating that there 
is no direct electrotonic coupling; and (2) the AP of a P cell was 
followed by the AP of a Tr cell exhibiting the prepotential, and 
then the AP of the M cell was recorded (Figure 8-7, A).53 Inter-
estingly, P-M junctions were distributed discretely on the endo-
cardium surface with distances between them of approximately 
0.8 to 2 mm (see Figure 8-7, A). Consequently, excitation from 
Purkinje cells is transmitted to working myocardium only at P-M 
junctions (black dots). Excitation spreads from these loci in all 
directions; dashed lines show isochrones of the spread of excitation 
in working myocardium. Figure 8-7, B shows that an area in 
which prepotentials are recorded has an elliptical shape of about 
300 × 150 µm on average; the longer axis is always parallel with 
the direction of the muscle fibers. The total area of P-M junctions 
constituted about 5% of the endocardial surface of the dog heart. 

Figure 8-7.  Schematics of discrete P-M junctions (black spots) between a subendocardial network of Purkinje fibers (pink) and working myocardium (grey). A, A cross-section 
of ventricular wall. The spread of excitation in Purkinje fibers and working myocardium are shown by pink arrows and black arrows, respectively. Stepwise penetration of 
the microelectrode into P-M junction revealed APs with prepotentials (Tr), whereas in majority of places only APs typical for P and M fibers were recorded. B, A face-view 
of the ventricle  from the endocardial side showing the spread of excitation  in the network of Purkinje fibers  (pink dashed lines) and working myocardium  (black dashed 
lines). C, The inset from B showing that in the P-M junction, an area in which APs with prepotentials are recorded has an elliptical form.

 (Modified from Bukauskas FF, Sakson ME, Kukushkin NI: Discrete zones of electrical connection between Purkinje terminals and muscle fibers in dog ventricles [in Russian]. 
Biofizika 21:887–892, 1976.)
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(c.932delC), leading to deletion of the last 72 amino acids  
of the putative Cx43 protein.85 HeLa transfectants expressing 
c.932delC-Cx43 mutant showed a marked reduction in the ability 
of cell pairs to couple electrically. Cells that were cotransfected 
with c.932delC-Cx43, and Cx40 or Cx43 demonstrated a 
dominant-negative effect of mutation on the function of Cx40 
and Cx43, which explains the arrhythmogenic nature of 
c.932delC-Cx43 mutant.

Some patients with oculodentodigital dysplasia (ODDD), 
which is caused by mutations in the Cx43 gene, were reported to 
suffer from cardiac dysfunction.86 ODDD is a dominant, inher-
ited disorder with characteristic anomalies of the fingers, toes, 
eyes, face, and teeth. Cardiac abnormalities, including sick sinus 
syndrome, ventricular tachycardia, and sudden cardiac death, 
have been reported in two families with ODDD. Thus far, more 
than 50 mutations in Cx43 related to ODDD have been identi-
fied, including point mutations, frame shift mutations, and amino 
acid duplications.87 Mice carrying the Cx43*G138R point muta-
tion reproduced typical characteristics of ODDD syndrome  
and, in addition, exhibited alterations in the electrocardiogram 
and caused spontaneous arrhythmias.88 HeLa cells expressing 
Cx43*G138R revealed a loss of junctional communication while 
they formed functional channels with cells expressing wild type 
Cx43 tagged with EGFP. Cx43G138R/Cx43 heterotypic GJs 
were clustered in large and multiple junctional plaques but cell-
cell coupling was low and exhibited asymmetric voltage gating. 
Single-channel conductance was similar to wild type Cx43 but 
most of the GJ channels were closed because of modifications in 
voltage gating. Therefore, we assumed that Cx43*G138R GJ 
channels can oligomerize into hemichannels, which can dock and 
form GJ channels that are preferentially closed because of changes 
in their gating properties.88

Recently, three novel point mutations of Cx43 were reported 
in 418 Chinese patients with congenital heart diseases.89 The first 
mutation, R153Q, was located in the third transmembrane region 
of Cx43; the other two mutations, G261W and A323V, were 
found in the C-terminal region. All affected amino acids are 
highly conserved in Cx43. Most of these patients had atrial and 
ventricular septal defects, tetralogy of Fallot, pulmonary atresia, 
or stenosis, as well as other forms of cardiac malformations. It is 
assumed that those malformations are related to changes in func-
tion including gating of Cx43 GJ channels, which needs to be 
supported by more detailed studies of unitary conductance and 
permselectivity of those mutants.
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Cx40-deficient mice exhibited impaired function of automa-
ticity,72 slower conduction velocity in the atria and the AV-nodal 
region, and development of first-degree AV block associated with 
bundle branch block,73,74 which correlates with the Cx40 expres-
sion pattern. Impaired AV-nodal conduction is reflected by a 
prolongation of the AV-nodal refractory period and shift in the 
Wenckebach point to longer cycle lengths in these mice.75 More-
over, the replacement of Cx43 by Cx40, or Cx40 by Cx45, showed 
that some cardiac Cxs can be substituted for others.76,77 Cx40 is 
critical for normal morphogenesis because a high incidence of 
cardiac malformations occur in Cx40-deficient mice.78

Cx40 is also expressed in the kidney and can influence blood 
pressure through the renin-angiotensin system.79 Cx40-null 
mutated mice are hypertensive, possibly because of an increase 
in the number of renin-secreting cells80 and a loss of the Cx40-
mediated calcium-dependent inhibitory effect of angiotensin II.79 
The increase of blood pressure caused by alterations in Cx40 
expression or function of its mutations can increase arrhythmo-
genicity of the heart.

The effects of Cx45 on cardiac impulse propagation remain 
elusive because unrestricted and cardiac-actin promoter- 
Cre–mediated deletion of Cx45 resulted in embryonic  
lethality caused by endocardial cushion defects and impaired 
vascularization.81

Deletion of mCx30.2 leads to the acceleration of AV-nodal 
conduction without obvious morphologic heart abnormalities.43 
In addition, the AV-nodal refractory period is shortened in these 
mice, which results in faster ventricular response rates during 
induced episodes of atrial fibrillation. Thus, mCx30.2 contributes 
to slow AV-nodal conduction and the protection of the ventricles 
from atrial tachyarrhythmias. No alterations of excitation propa-
gation were found in atria, bundle branches, or ventricles, where 
mCx30.2 expression is absent.

Thus far, no congenital heart diseases have been linked to 
mutation of mCx30.2 (hCx31.9) or Cx45, although Cx45-
deficient mice show severe heart abnormalities and embryonic 
death. Alterations in distribution and expression levels of cardiac 
Cxs have been described in several noncongenital and some con-
gestive heart failure types not related to Cxs mutations.82

Some forms of arrhythmias appear to be genetically deter-
mined by associated mutations that lead to decreased expression 
of Cx40 and modification (D1275N) of the sodium channel 
(SCN5A).83 In addition, it was shown that a predisposition to 
atrial standstill in patients carrying polymorphisms in the pro-
moter region decreased Cx40 expression. Furthermore, sporadic 
cases of atrial fibrillation not related to a family history have been 
identified as being caused by somatic or tissue-specific genetic 
mutations of Cx40 and Cx43. Somatic mutation of Cx40 
(Cx40*A96S) was described in patients with atrial fibrillation.84 
The Cx43 somatic mutation was identified in the atrium of 
patients with a long history of atrial fibrillation. It was caused by 
a frame shift rising from a single cytosine nucleotide deletion 
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Biophysics of Cardiac Ion  
Channel Function

Biophysics of Normal and Abnormal 
Cardiac Sodium Channel Function

Thomas J. Hund and Peter J. Mohler

Abstract

Voltage-gated sodium channels (Nav) underlie the activity of 
many excitable cells. In the heart, Nav channels are responsible 
for the rapid cardiomyocyte action potential upstroke that pro-
motes rapid conduction of the electrical impulse leading to coor-
dinated mechanical contraction. Central to this function, Nav 
channels activate (and then inactivate) rapidly in response to a 
small depolarization of the membrane, resulting in a large influx 
of Na+ ions and further membrane depolarization. Dysfunction 
in Nav channel activity results in human diseases and disorders, 
including epilepsy, ataxia, cardiac arrhythmia, and myotonia.1-3 
Variants in SCN5A, the gene encoding the primary cardiac Nav 
α-subunit Nav1.5, have been linked to human arrhythmia syn-
dromes including long QT type 3 (LQT3), Brugada syndrome, 
cardiac conduction disease, sinus node disease, and atrial fibrilla-
tion.2,4,5 A detailed discussion of fundamental aspects of Nav 
structure function, gating, and pharmacology can be found in 
Chapter 1. Here we discuss current understanding regarding 
regulation of Nav biophysical activity and cellular function in 
health and disease.

The Nav channel pore-forming α-subunit in vertebrates is a 
single polypeptide with four homologous transmembrane domains 
(DI-DIV) comprised of six membrane-spanning α-helices (S1-S6; 
Figure 9-1). Nav channels share structural similarities with 
voltage-gated Ca2+ channels from which they may have evolved.6 
Ten different Nav channel α-subunits are present in mammals, 
each with specific biophysical, expression, and regulatory signa-
tures. The primary cardiac isoform, Nav1.5, is derived from 28 
exons and undergoes alternative splicing in mammalian heart 
(including human).4,7-11 Although Nav1.5 is the primary Nav 
channel expressed in the heart, limited expression of neuronal 
α-subunits has also been reported and likely introduces important 
heterogeneity in Nav biophysical activity, localization, and drug 
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sensitivity within the cell.12,13 Although the α-subunit is capable of 
forming a functional channel by itself, several auxiliary β-subunits 
have been identified (β1-β4) that modulate channel gating and/or 
trafficking. Human mutations in both the α and β-subunits have 
been linked to arrhythmia.14,15 Importantly, Nav1.5 and associated 
β-subunits reside with large macromolecular complexes com-
prised of adaptor, accessory, cytoskeletal, and regulatory proteins 
(Figure 9-2).4,5,16-22 An exciting area of research going forward, and 
the focus of this and other chapters in this volume (Chapters 18 
and 21), is the physiologic function of Nav macromolecular com-
plexes and their role in arrhythmias and mechanical dysfunction 
in the setting of human disease.

Nav Channel Activity in Health and Disease

Over the course of the action potential, Na+ channels undergo a 
remarkable series of conformational changes that are essential for 
the rapid and controlled influx of Na+ ions that supports the 
action potential upstroke (detailed in Chapter 1).23 Recent work 
to crystallize the bacterial Na+ channel NavAb (forms as a tetra-
mer of identical subunits akin to most K+ channels) has added to 
decades of important research on the complex Nav structure–
function relationship governing channel activity.24,25 Briefly, in 
response to membrane depolarization, channels first activate 
rapidly as the four charged S4 segments (see Figure 9-1) move 
outward and open the channel pore.26 Channel activation is fol-
lowed almost immediately by rapid inactivation caused by further 
outward movement of the S4 sensors in DIII and DIV and block-
ing of the channel pore by the DIII-DIV linker that likely 
depends on the interaction between hydrophobic residues 
(isoleucine-phenylalanine-methionine, IFM) in the III-IV linker 
and multiple sites in the linkers between S4 and S5 in DIII and 
DIV and the cytoplasmic end of S6 in DIV.27-29 Rapid inactivation 
is followed by transition into several different slow inactivation 
states that are controlled, in part, by P segments linking S5 and 
S6 segments that form the inner channel pore (see Figure 9-1). 
Importantly, disruption of Na+ channel gating at any step during 
this highly coordinated set of movements may result in inappro-
priate (elevated, reduced) current and give rise to arrhythmias.

Dysfunction in Nav1.5 activity has been identified as a poten-
tial cause of arrhythmia in several forms of congenital and 
acquired disease (see Figure 9-1). Classic examples of the link 
between inherited defects in Nav1.5 function and disease may be 
found in two inherited arrhythmia syndromes closely linked to 
mutations in SCN5A: Brugada syndrome and LQT3. An 
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introducing a secondary gain-of-function change in Nav activity 
(e.g., depolarizing shift in voltage dependence of inactivation) 
that partially balances the primary loss-of-function change (e.g., 
depolarizing shift in voltage dependence of activation).

Although Brugada syndrome is a disease associated with Nav 
loss-of-function, LQT3 represents the other extreme and illus-
trates how Nav gain-of-function may also produce arrhythmia. A 
heterogeneous autosomal dominant genetic disease, LQT3 is 
associated with abnormal QT-interval prolongation on the elec-
trocardiogram, syncope, polymorphic ventricular tachycardia, 
and sudden death.14 Variants in SCN5A are the cause of LQT3, 
which is associated with increased risk of cardiac events during 
rest and decreased efficacy of β-blocker therapy.14,37,38 At least 50 
variants in SCN5A have been identified as causal for LQT3, and 
although these variants are scattered throughout the cytoplasmic 
face of the channel (with a cluster in the S4 segments), they 
primarily produce an increase in Na+-channel current (gain-of-
Nav function) by disrupting rapid inactivation, by shifting the 
voltage-dependence of activation or inactivation, or by altering 
recovery from inactivation. A prototypical case study of the causal 
link between SCN5A mutations and LQT3 comes from the first 
reported LQT3 mutation resulting in three–amino acid deletion 

overview of molecular basis for these diseases is provided here; 
both are addressed in detail in later chapters. Brugada syndrome 
is an autosomal, dominant cardiac arrhythmia syndrome charac-
terized by ST-segment elevation in the right precordial leads 
(V1-V3) and sudden death in the absence of overt structural 
disease.30,31 The syndrome is caused by loss-of-function variants 
in SCN5A (although identified in only about 20% of Brugada 
cases31) that result in loss of Na+ current early in the action 
potential because of a loss of functional channel expression/
localization or defects in channel gating.20,32,33 The substrate for 
Brugada syndrome arrhythmia is thought to arise in the epicar-
dium of the right ventricle where high expression of transient 
outward K+ current Ito may shift the balance of current to favor 
exaggerated phase 1 repolarization (notch) and even loss of  
the action potential plateau.34,35 Loss-of-function SCN5A variants 
have also been associated with isolated cardiac conduction disease 
characterized by slow conduction throughout the heart (even 
requiring pacemaker implantation) without the repolarization 
abnormalities or ventricular tachyarrhythmia observed in Brugada 
syndrome.36 In general, gene variants that give rise to cardiac 
conduction disease produce a less severe effect on channel  
function than those associated with Brugada syndrome, by 

Figure 9-1.  Topology of cardiac Nav1.5 channel (SCN5A) and human variants linked to congenital cardiac arrhythmia. Charged S4 segments (orange) in each domain func-
tion as voltage sensors. P segments between S5 and S6 form the channel pore.  IFM motif  in DIII-DIV linker (light blue circle) acts as inactivation particle to facilitate rapid 
voltage-dependent inactivation. The location of several human variants in SCN5A  linked to LQT3 (red square), Brugada syndrome (blue square), or overlap disorder (green 
square) are indicated. 
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targeting channel regulatory pathways (e.g., CaMKII) may be a 
second, and conceivably more practical, method to alter channel 
availability for therapeutic benefit.

NaV Channel Trafficking and Stabilization 
in Health and Disease

As outlined before, Nav function is critical for normal heart func-
tion, and alteration of Nav activity is a hallmark of many forms 
of inherited and acquired diseases. Despite major advances, the 
mechanistic link among specific molecular defects, Nav channel 
dysfunction, and arrhythmias associated with many human 
arrhythmia variants and in common disease remains elusive. 
Mounting evidence, in particular from human arrhythmia vari-
ants in genes encoding ion channel accessory proteins (e.g., 
adapter and scaffolding proteins, channel subunits, chaperones), 
highlight the importance of proper Nav channel localization 
within specific cellular domains for normal heart function.62-69

Voltage-gated Nav channels are targeted to specific membrane 
domains in cardiomyocytes (Figure 9-3). Residing primarily at 
cell ends in the region of the intercalated disc (ID), Nav channels 
are also found at secondary sites at lateral and transverse-tubule 
membranes (see Chapter 18). Although the cardiac isoform 
Nav1.5 largely comprises the Nav population at the ID, neuronal 
isoforms (e.g., Nav1.1, Nav1.3, Nav1.6) are found almost exclu-
sively at transverse tubules.12,13,70 Although the functional conse-
quences for differential targeting of Nav isoforms within the 
cardiomyocyte remain unclear, computational studies demon-
strate that concentration of Nav channels at the ID (Nav1.5), 
where cells are electrically and mechanically coupled, supports 
electrical impulse propagation.71,72 Likewise, a role for the neu-
ronal isoforms (largely outside the ID) has been explored using 
low doses of tetrodotoxin (TTX) (insufficient to block TTX-
resistant Nav1.5). These experiments show that although neuro-
nal channels are not necessary for conduction under normal 
conditions, they may play modulatory roles in excitation-
contraction coupling and ventricular function.12,13

in the DIII-DIV linker that is important for rapid channel inac-
tivation (ΔKPQ, see Figure 9-1).38 The variant ΔKPQ allele dis-
rupts rapid inactivation, producing a small (~0.5% of peak) but 
sustained Na+ current during the action potential plateau that 
shifts the balance of current to prolong action potential and 
increase the likelihood of arrhythmogenic afterdepolariza-
tions.38,39 Although LQT3 and Brugada syndrome are often pre-
sented as two very different faces of Nav dysfunction, overlap 
syndromes have been reported, with features of both diseases 
showing QT prolongation at slow rates coupled with ST eleva-
tion during exercise. Notably, the 1795insD mutation (see Figure 
9-1) interrupts rapid inactivation to enhance persistent Na+ 
current and prolong action potential duration, especially at slow 
pacing rates, but it also enhances an intermediate inactivation 
state that compromises Nav recovery between stimuli, leading to 
loss of current at fast rates.40,41 Thus, as discussed before, for 
cardiac conduction disease, a single molecular defect may alter 
channel activity at more than one phase (e.g., rapid and slow 
inactivation processes) in the gating cycle, giving rise to a complex 
disease phenotype.

Studies of rare congenital conditions such as LQT3 and 
Brugada syndrome have generated important insight into Nav 
channel function and have increased our understanding of 
arrhythmogenesis in the more complex setting of acquired heart 
disease, where Nav channel dysfunction is a common finding. In 
heart failure, for example, an increase in persistent (late) Na+ 
current has been observed both in patients and animal models of 
human disease.42-46 Similar to LQT3, in heart failure it is likely 
that increased late Na+ current delays action potential repolariza-
tion and promotes pro-arrhythmogenic afterdepolarizations.45 
Increased Na+ entry via the late current may also disrupt normal 
Ca2+ homeostasis and promote mechanical dysfunction and pro-
gression of disease.47 The underlying mechanism for changes in 
Nav function in heart failure is unknown but is most likely not a 
result of changes in expression of Nav α or β-subunits.42,45 In light 
of known defects in β-adrenergic and calcium-dependent signal-
ing pathways in heart failure, it is likely that defects in channel 
posttranslational modification play a role in Nav dysfunction. 
Regardless of Na+ current mechanism, mounting studies support 
the late Na+ current as a viable therapeutic target (e.g., inhibition 
with ranolazine) for preventing arrhythmias and progression of 
disease in heart failure.48-51

There have also been many studies on the link between defects 
in Nav function and arrhythmias after myocardial infarction, 
where reentrant arrhythmias are highly localized to the highly 
remodeled tissue surrounding the infarct (border zone). In par-
ticular, in the canine heart, dramatic electrical and structural 
remodeling has been identified coupled with anisotropic conduc-
tion and reentrant arrhythmias in the border zone region. Con-
duction through this region is highly irregular, characterized by 
slow and discontinuous conduction.52 Myocytes isolated from the 
border zone regions display a characteristic time course of 
changes in ion channel activity and action potential, including 
significant decrease in peak Na+ current, altered subcellular local-
ization, decreased channel availability, and slow recovery from 
inactivation.53-55 Computational studies demonstrate that mea-
sured defects in Nav channel activity prolong refractoriness, 
decrease conduction velocity, and increase susceptibility to initia-
tion of reentrant arrhythmias.53,56-59 Although the precise mecha-
nism underlying abnormal Nav function after myocardial 
infarction is likely multifactorial and not fully understood, roles 
for increased oxidative stress and/or increased CaMKII-
dependent channel phosphorylation have been identified.57,60 
Interestingly, adenoviral overexpression of skeletal muscle Nav 
channel, with inactivation shifted to more depolarized potentials 
compared with cardiac isoform, has been shown to improve con-
duction and suppress arrhythmias in the canine after myocardial 
infarction.61 It is intriguing to consider the possibility that 

Figure 9-3.  Nav  channels  are  differentially  localized  within  cardiomyocyte. 
A,  Three-dimensional  rendering  of  isolated  murine  ventricular  cardiomyocyte 
stained with markers  for  the nucleus  (yellow),  intercalated disc  (green), and z-line 
(blue). B, Schematic indicating Nav localization and interacting partners at specific 
membrane domains within the cardiomyocyte. 
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dystrophin-syntrophin complex through direct binding of Nav1.5 
C-terminus with a PDZ domain in syntrophin.88-91 Na+ current 
and Nav1.5 expression are decreased in mice lacking dystrophin 
(mdx5cv), and human mutations in SNTA1 (encodes α1-syntrophin) 
have been identified as the cause of increased Na+ current in 
congenital long QT syndrome, and sudden infant death 
syndrome.90-92,87 It will be interesting in the future to determine 
the precise role of Nav1.5 interacting partners at the intercalated 
disc and lateral membrane in targeting, retention, and function 
of the channel.

Nav Channel Posttranslational Regulation 
in Health and Disease

Tight spatial and temporal control of local signaling domains is 
essential for proper regulation and activity of Nav channels in 
cardiomyocytes. Importantly, changes in posttranslational modi-
fication of membrane proteins are associated with increased sus-
ceptibility to congenital and acquired arrhythmia.90,93-95 In 
particular, Nav channel activity is heavily regulated by posttrans-
lational modification, including phosphorylation by protein 
kinase C,96-98 protein kinase A (PKA),99-102 CaMKII,82,103-106 and 
glycosylation.4,107 Important in the setting of heart disease, 
β-adrenergic stimulation is known to increase INa through PKA-
direct and PKA-indirect modulation.99-101,108 As discussed before, 
increased INa (late) likely contributes to arrhythmogenesis in heart 
failure. In parallel, β-adrenergic stimulation is enhanced in failing 
hearts. Therefore, it is interesting to consider the possibility that  
defects in Nav1.5 posttranslational modification downstream of 
β-adrenergic stimulation may underlie INa dysfunction in heart 
failure. Although PKA directly phosphorylates Nav1.5 at specific 
residues in the DI-DII linker (see Figure 9-2),102 studies with 
PKA inhibitors suggest that this accounts for only part of the 
effect of β-adrenergic stimulation on Nav function.101,109 PKA-
independent effects likely involve regulation of Nav1.5 surface 
expression by the stimulatory G protein α-subunit (Gαs) and 
caveolin-3 (CAV3).101,109,110 Human gene variants in CAV3 have 
been linked to increased late (persistent) INa and arrhythmias in 
long QT syndrome type 9.65 Although the link between mutant 
CAV3 and changes in Nav function remain unknown, computa-
tional studies suggest that disruption of CAV3/Gαs interaction 
may alter the dynamics of caveolae membrane fusion to give rise 
to increased late Na+ current.111

Nav channels are also regulated by Ca2+/CaM-dependent 
pathways, which are known to be dysregulated in disease.112,113 
CaM interacts directly with multiple Nav isoforms, including 
Nav1.5 via a C-terminal IQ motif and a domain in the DIII-DIV 
loop with variable results.113-119 Although the net effect of CaM 
on channel activity likely depends on factors such as specific 
isoform and experimental conditions, binding of CaM to the  
IQ motif of human Nav1.5 has been shown to enhance slow 
component of inactivation,113 with other studies showing 
CaM-dependent effects on steady-state inactivation.105,114,118 
Interestingly, the human mutation A1924T in the Nav1.5 IQ 
motif (see Figure 9-1) results in Brugada syndrome and alters 
channel activity by interrupting CaM binding to Nav1.5.113-115 
More recently, a role for Ca2+/CaM regulation of Nav1.5 via 
CaMKII-dependent phosphorylation has been described.82,104-106,112 
Specifically, initial studies showed that overexpression of 
CaMKIIδc in rabbit (adenoviral, acute) and mouse (transgenic, 
chronic) ventricular cardiomyocytes shifted steady-state inactiva-
tion in the hyperpolarizing direction (decreased availability), 
increased intermediate activation, slowed recovery from inactiva-
tion, and enhanced late Na+ current.104 At the cellular level, 
CaMKIIδ overexpression resulted in accumulation of intracel-
lular Na+ and prolongation of APD, which translates to increased 

An important outstanding question is how are Nav channels 
differentially targeted and regulated within the cardiomyocyte? 
The answer may be found in the growing family of adapter,  
accessory, cytoskeletal and regulatory proteins—including α1-
syntrophin, ankyrin-G, βIV-spectrin, glycerol-3-phosphate 
dehydrogenase 1–like protein, MOG1, Nedd4-2, SAP97, and 
calmodulin—that reside in macromolecular complexes with Nav 
channels (see Figure 9-2).4,5,16-22 Recent studies demonstrate that 
interactions between Nav and these related proteins: (1) regulate 
channel function, (2) differ depending on local membrane 
domain, and (3) are altered in disease.

The Nav1.5 α-subunit associates with one or more β-subunits 
(β1-β4). These β-subunits are type I integral membrane proteins 
with an extracellular N-terminus containing an immunoglobulin 
domain with homology to domains found in cell adhesion mol-
ecules, a single transmembrane domain, and a cytoplasmic 
C-terminal sequence.73 Differential localization of β-subunits has 
been reported in mouse heart, with co-localization of β1 and β2 
found at the intercalated disc and T-tubules, β3 at T-tubules, and 
β4 at the intercalated disc.12 Beta-subunits are reported to alter 
Nav1.5 membrane expression and gating. Importantly, human 
mutations in Nav β-subunits have been linked to diseases and 
conditions, including Brugada syndrome (SCN1B and SCN3B), 
long QT (SCN4B), cardiac conduction disease (SCN1B), and 
atrial fibrillation (SCN1B, SCN2B and SCN3B).4,67,73-76

The ankyrin family of multifunctional adapter proteins (e.g., 
ankyrin-R, ankyrin-B, and ankyrin-G expressed in the heart) 
coordinates macromolecular complexes at specific membrane 
domains in cardiomyocytes. The most studied ankyrin in the 
heart, ankyrin-B, is involved in targeting of the Na+/Ca2+ 
exchanger, Na+/K+ adenosine triphosphatase (ATPase), Kir6.2, 
InsP3 receptor, and protein phosphatase 2A to transverse 
tubules.77-80 Ankyrin-G, on the other hand, is concentrated at the 
cardiomyocyte ID, where it associates directly with Nav1.5 
through binding to a conserved motif in the DII-DIII linker (see 
Figures 9-2 and 9-3).19,20,81 Interfering with ankyrin-G/Nav1.5 
interaction, either through knockdown of ankyrin-G or expres-
sion of mutant Nav1.5 lacking ankyrin-binding activity, disrupts 
Nav1.5 membrane, targeting resulting in loss of Na+ current.19,20 
Recently, ankyrin-G has been identified in a functional macro-
molecular complex in vivo with Nav1.5, the actin-associated poly-
peptide βIV-spectrin, and calmodulin kinase II (CaMKII) for 
targeting and regulation of Nav function and cell membrane 
excitability.82 Ankyrin-G also has been shown to associate and 
co-localize with desmosome and gap junction proteins 
plakophilin-2 and connexin43,83 supporting the notion that 
ankyrin-G is an important nodal point for coordinating mechani-
cal and electrical signaling at the cardiomyocyte ID. Importantly, 
defects in ankyrin-based pathways have been identified as the 
underlying cause for abnormal channel targeting and arrhythmias 
in congenital and acquired forms of cardiac disease.20,62,84-86 In 
the case of Nav1.5, a human SCN5A variant linked to Brugada 
syndrome (E1053K) is located in the ankyrin-binding motif  
of Nav1.5 and disrupts ankyrin-binding activity in vitro (see 
Figure 9-1).20

Nav channels display unique biophysical properties based on 
their specific membrane localization.70 Consistent with these 
findings, work from several groups has recently shown that 
Nav1.5 complexes with distinct partners at the ID versus lateral 
membranes.87 In addition to ankyrin-G, Nav1.5 has been found 
to associate with synapse-associated protein SAP97, a member of 
the membrane-associated guanylate kinase family, at the cardio-
myocyte ID (see Figure 9-3).87 This interaction depends on the 
terminal three amino acids of the Nav1.5 C-terminus (see Figure 
9-2), and knockdown of SAP97 leads to a decrease in INa and 
reorganization of Nav1.5 in adult cardiomyocytes. Nav1.5 
is also found, albeit to a much lower degree, at the lateral  
membrane and is likely regulated by interaction with the 
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in disease. Proper localization of Nav within local signaling 
domains is essential for normal membrane excitability and heart 
function. Importantly, mounting evidence demonstrates that 
defects in local signaling and regulation of Nav channels underlie 
abnormal cell excitability and arrhythmia in heart disease,  
including human heart failure. As we learn more about the con-
stituency, localization and function of specific Nav macromolecu-
lar complexes within the cardiomyocyte, we anticipate the 
discovery of new therapeutic targets and strategies for preventing 
arrhythmias and improving heart function in human heart disease 
patients.
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QRS (marker for slow intraventricular conduction) and QT 
intervals on the electrocardiogram, as well as increased suscepti-
bility to ventricular arrhythmias.104 It is now clear that CaMKII 
phosphorylates the channel at multiple sites in the DI-DII linker 
(including S516, S571, T594) (see Figure 9-2) to alter steady-
state channel availability, recovery from inactivation and persis-
tent current.82,105,106 Furthermore, CaMKII-dependent regulation 
of Nav1.5 depends on direct interaction with the actin-associated 
polypeptide βIV-spectrin, which targets CaMKII with Nav1.5 to 
the cardiomyocyte intercalated disc.82 Loss of spectrin/CaMKIIδ 
interaction disrupts CaMKII regulation of Nav1.5 and abnormal 
cell membrane excitability. Future studies should determine the 
broader role for βIV-spectrin in coordinating Nav macromolecu-
lar complexes at the cardiomyocyte intercalated disc and its role 
in arrhythmogenesis.

Summary and Future Directions

The vertebrate heart has evolved, highly specialized pathways for 
targeting and regulation of Nav channels, reflecting their central 
role in control of cardiac excitation-contraction at baseline and 
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superimposed effects of permeating cations, as well as modulation 
of gating primarily by channel phosphorylation status, must be 
considered. Finally, the cardiac-calcium channel is a heteromul-
timeric protein complex. Accessory proteins and interacting pro-
teins either directly or via scaffolding proteins modify cardiac 
calcium–channel gating. Additional details on L-type Ca2+ 
channel in the heart can be found in Chapter 2, focus on 
excitation-contraction coupling is covered in Chapter 16, 
β-adrenergic regulation of cardiac function is reviewed in Chapter 
19, and a more in-depth focus on Timothy syndrome is presented 
in Chapter 94.

Calcium Channel Expression in the Myocardium

L-type versus T-type Channel Expression and Gating
The myocardium expresses L-type and T-type voltage-gated 
calcium channels. Myocardial L-type calcium channels include 
CaV1.2 and CaV1.3. Mature ventricular myocardium almost 
exclusively expresses the CaV1.2 channel. CaV1.2 and CaV1.3 are 
expressed in atrial cardiomyocytes, and CaV1.3 is also expressed 
by sinoatrial6 and atrioventricular nodal cells.7 Commensurate 
with these tissue localizations, CaV1.2 is critically important for 
providing trigger calcium for excitation-contraction coupling, 
and CaV1.3 contributes to heart rate and cardiac conduction.8,9 
In the ventricular myocardium, there is an age- and gender-
dependent gradient of ICa,L. Prepubertal boys have elevated ICa,L 
at the base, but developing girls do not. In adult rabbits, the 
gradients are somewhat reversed, with females displaying higher 
ICa,L at baseline compared with males,10 and this may be related 
to estrogen regulation of L-type Ca2+ gene transcription.11

T-type Ca2+ channels in the heart are encoded by CaV3.1 and 
CaV3.2 pore-forming subunits.12,13 T-type Ca2+ current, ICa,T, is 
not normally observed in the mature mammalian ventricular 
myocardium. ICa,T is present in pacemaker cells,14 atrial cells, and 
Purkinje fibers.15 ICa,T is also expressed in developing cardiomyo-
cytes.13,16,17 Consistent with the adage that pathologic cardiac 
hypertrophy is accompanied by reexpression of the fetal gene 
program, ICa,T is reexpressed in ventricular hypertrophy in the 
cat18 and rat.19

The gating properties of ICa,T versus ICa,L are fundamentally 
distinct. T-type versus L-type channels are also classified as low 
voltage–activated versus high voltage–activated, respectively. The 
activation range of ICa,T is positive to approximately −60 mV, 
whereas ICa,L activates positive to approximately −20 mV. Closed-
state inactivation also follows a similar general pattern. T-type 
Ca2+ channel steady-state availability is maximal for voltages less 
than −90 mV, whereas substantial closed-state L-type channel 
inactivation is not observed for potentials as positive as approxi-
mately −40 mV. The positive shift of ICa,L availability (also known 
as steady-state inactivation) has a practical benefit for measuring 
ionic current in ventricular cardiomyocytes as well. Voltage-gated 
Na+ channels are largely inactivated at −40 mV, thus a prepulse 
to −40 mV is frequently used to isolate ICa,L from prominent 
overlapping INa. An alternative method used to measure ICa,L in 
ventricular cardiomyocytes is to replace external Na+ with an 
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Overview

The super-family of voltage-gated ion channels is defined by the 
common ability of the protein to sense transmembrane potential. 
Voltage-gated ion channels, specifically voltage-gated cation 
channels, share the general structural plan consisting of six 
α-helical transmembrane segments and a region of amino acids 
between transmembrane segments 5 and 6 (S5 and S6) that fold 
in from the extracellular space toward the cytosol to form the 
outer permeation pathway. The fundamental common property 
of voltage sensing is conferred by a transmembrane α-helical 
stretch of amino acids in the fourth transmembrane segment (S4). 
The purpose of this chapter is to describe the regulation of 
cardiac calcium–channel gating. Gating is not simply movement 
of S4 segments. Additional detail on calcium channels and cardiac 
myocyte physiology can be gleaned from several excellent 
reviews,1-3 as well as two outstanding books on ion channel 
biophysics.4,5

Voltage-gated Ca2+ channels tend to open in response to depo-
larization and tend to close after repolarization. Channel transit-
ing from an open to a closed state is termed activation gating. 
Channel gating can be envisioned as a mechanical contraption 
that allows ionic flow across a barrier (Figure 10-1). It requires 
some imagination to picture a complex molecule undergoing 
gating. Consider one of the starting gate slots at the Kentucky 
Derby. In this analogy, the stationary horse represents the poten-
tial energy of a calcium ion affected by its electrochemical gradi-
ent. Once the gate opens, the calcium ion flows down its 
electrochemical gradient. Although the ion may interact with the 
gate, and influence the gate, the gate is operated independently. 
Moreover, there are a series of sequential complex steps between 
the starter pushing the button for the gates to open and the actual 
gating event. Similarly, initial movement of the S4 in response to 
voltage is transmitted in a complex, incompletely understood 
fashion to other domains of the channel that alter the permeation 
pathway, allowing ionic flux.

Cardiac L-type Ca2+-channel gating is influenced by voltage, 
Ca2+-ion posttranslational modifications and protein-protein 
interactions. Voltage is a major determinant of gating, and 
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partners have been identified and studied (Figure 10-3). Early 
electrophysiological studies in nonexcitable cells heterologously 
expressing CaV1.2 alone showed little, if any, discernible ionic 
current. Coexpression of CaVβ subunits is a requirement to study 
L-type Ca current from channels generated by plasmids intro-
duced into nonexcitable cells.20 CaVβ–CaV1.2 interactions occur 
via a deep hydrophobic pocket of CaVβ complexed with the LI-II 
domain of CaV1.2.21 CaVβ–CaV1.2 interactions have gating and 
nongating consequences. Early studies showed that CaVβ masks 
an endoplasmic reticulum retention signal on CaV1.2, thus allow-
ing CaV1.2 to traffic to the surface membrane.22 More recent 
studies show that CaVβ–CaV1.2 binding influences a CaV1.2 
carboxyl-terminal rearrangement to promote surface expres-
sion.23 Despite the relatively high-affinity CaV1.2–CaVβ interac-
tion (2-54 nM), dynamic CaVβ–CaV1.2 interaction may also occur 
with respect to L-type Ca2+-channel gating,24 consistent with the 
idea that CaVβ modifies CaV1.2 gating in a regulated fashion.

The CaV1.2 carboxyl-terminus spans approximately 300 
amino acids (size differing among splice variants), from the cyto-
solic border of homologous repeat intravenous transmembrane 
S6 until the termination of the protein. The distal carboxyl-
terminus is proteolytically cleaved, yielding an approximate 
37 kDa protein that covalently reassociates with the proximal 
carboxyl-terminus to regulate function25 (also discussed later). 
The distal carboxyl-terminus also can localize to the nucleus,26 
where it regulates gene transcription, including that for CaV1.2.27 

impermeant cation. ICa,L can then be measured using more nega-
tive holding potentials. In juvenile ventricular cardiomyocytes, 
hyperpolarizing the holding potential from −40 to −80 mV has 
only minor effects on peak ICa,L (Figure 10-2, A). By contrast, 
embryonic ventricular cardiomyocytes exhibit ICa,T and ICa,L. ICa,T 
manifests itself as a current activating positive to −60 mV when 
a −80 mV holding potential is used, and this low voltage–activated 
Ca2+ current (ICa,T) is closed state–inactivated by holding the 
potential at −40 mV (see Figure 10-2, B). Heterologous expres-
sion systems transfected with pore-forming CaV3.x subunits 
alone reconstitute most of the native ICa,T properties.13 In sharp 
contrast, native ICa,L gating requires auxiliary proteins and in 
some cases is rather difficult to completely recreate in heterolo-
gous expression systems. The remainder of this chapter will focus 
on CaV1.2, the predominant L-type Ca2+ channel.

The Cardiac L-type Calcium Channel  
Is a Multiprotein Complex

The pore-forming CaV1.2 Ca2+ channel does not gate in isolation 
in cardiac myocytes, and studies of ionic current in heterologous 
expression systems show that a functional ion channel complex 
requires auxiliary proteins. Although the total number of CaV1.2-
interacting proteins is unknown, several important interacting 

Figure	10-1.  The relationship among voltage sensing, ion channel gating, and conductance. A, Schematic shows the principal features of a generalized voltage-gated ion 
channel and the metaphorical electric-gated Kentucky Derby starting gate. The α-helical  transmembrane segments  (S4) sense the electrical gradient. Motion of  the S4 
segments  is  transmitted allosterically  through the channel protein  to open the gate.  Ions flux based on their electrochemical gradient.  B, Conductance  (G) and gating 
charge movement (Q) depend on voltage for a voltage-dependent ion channel. 

(B,	Adapted	from	Bezanilla	F:	The	voltage	sensor	in	voltage-dependent	ion	channels.	Physiol	Rev	80:555–592,	2000.)
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binding,30,31 and mutation of isoleucine of the IQ motif induces 
dilated cardiomyopathy and premature death.32 Two CaM mol-
ecules interact with the proximal carboxyl-terminus of CaV1.2, 
and the CaM molecules on CaV1.2 are arranged in an antiparallel 
fashion.31,33 The proximal carboxyl-terminus of CaV1.2 also inter-
acts with several other proteins that modify channel gating. The 
monomeric G-protein Rem functionally competes with CaM for 
channel regulation at this domain as well.34 CaMKII tethers to 
the proximal carboxyl-terminus and is an important modulator 
of CaV1.2 activity.35 Currently, it is unclear how many proteins 
combine to form the native L-type calcium channel complex. An 
unbiased proteomics screen of the closely related N-type calcium 
channel, CaV2.2, revealed channel interactions with 207 pro-
teins.36 This suggests that multiple protein-protein interactions 
sum to yield native ICa,L properties. In fact, the number of inter-
acting proteins for the CaV1.2 carboxyl-terminal domain exceeds 
the restricted space, suggesting that weak protein-protein inter-
actions among multiple proteins create the possibility of diverse 
mixtures of proteins for any given L-type Ca2+-channel complex. 
Some of the known CaV1.2 interacting proteins are summarized 
in Table 10-1.

CaV1.2 Structure and Gating

The defining functional feature of the super-family of voltage-
gated ion channels is the conserved property that depolarization 
tends to open channels. The process of opening can be summa-
rized by the term activation. According to classical ion channel 
biophysics, CaV activation is a smooth curvilinear function of 

The proximal carboxyl-terminus remains contiguous with the 
pore-forming CaV1.2. Calmodulin (CaM) is prebound to CaV1.2 
on the proximal carboxyl-terminus in the IQ motif28,29 and is a 
critical determinant of Ca2+-dependent inactivation gating (dis-
cussed later). IQ is the single letter abbreviation for isoleucine 
and glutamine. The “I” of the IQ motif is essential for CaM 

Figure	10-2.  L-type current (ICa,L) is the only discernible ICa in mature cardiac myo-
cytes. ICa,L and T-type current are simultaneously functional in developing ventricu-
lar myocardium. Current-voltage curve for juvenile (1 to 2-month-old mice) (A) and 
embryonic  (B) ventricular myocytes. A,  ICa,L without detectable  ICa,T manifested as 
equivalent peak current for holding potentials (Vhold) of −80 and −40 mV. B,  ICa,T is 
elicited  from Vhold −80 mV and  is steady-state  inactivated at Vhold −40,  resulting  in 
no low-voltage–activated current detected upon depolarization. The shaded area 
indicates the ICa,T component; ICa,T  also known as low-voltage-activated Ca2+ current 
is observed between −60 and −20 mV (blue shaded region in panel B). 2-APB does 
not  block  CaV1.2  but  does  inhibit  non–CaV1.2-Ca2+  current. The  2-APB  sensitivity 
thus illustrates the complex mixture of T- and multiple L-type currents in the devel-
oping myocardium,  in contrast  to  ICa,L dominated by CaV1.2  in mature ventricular 
cardiomyocytes. 

(Adapted	from	Schroder	E,	Wei	Y,	Satin	J:	The	developing	cardiac	myocyte:	maturation	
of	 excitability	 and	 excitation-contraction	 coupling.	 Ann	 N	 Y	 Acad	 Sci	 1080:63–75,	
2006.)
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Table 10-1.	 CaV1.2	Interacting	Proteins

Interacting 
Protein Interaction site on CaV1.2 References

CaV1.2 DCT,	N-terminus 37-39

CaVβ2 LI-II,	PCT 40

CaV1.2–DCT PCT 25

α2δ Uncertain

Calmodulin	(CaM) IQ	motif	of	PCT See	text	below

Calmodulin	kinase	
II	(CaMKII)

PCT 35

Rem Via	CaVβ2,	DCT,	N-terminus 34;	41

Rad Via	CaVβ2,	N-terminus 41

Calcineurin	(CaN	=	
PP2B)

DCT 42;	43

PP2A DCT 43

PDE4B CaV1.2	by	ip,	no	subdomain	
determined

44

Akap150/79 PCT–DCT	scaffolds	with	
other	proteins

45

PKA PCT–DCT	via	akap 46

α-Actinin PCT/DCT 47

Sorcin PCT 48

LI-II,	Cytosolic	linker	between	homologous	repeats	I	and	II;	DCT,	CaV1.2	distal	
carboxyl-terminus;	PCT,	CaV1.2	proximal	carboxyl-terminus	(defined	as	the	
cytosolic	region	from	termination	of	α-helical	transmembrane	segment	IVS6	
until	the	proteolytic	cleavage	site	demarcating	PCT	and	DCT);	CaV1.2 by ip,	
association	demonstrated	by	coimmunoprecipitation	with	CaV1.2.
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gating currents, channel blockade is applied or voltage is clamped 
to the reversal potential of the channel, resulting in no net ionic 
flux. Gating current yields information of the number of active 
channels, and the movement of the S4 segments, but gives 
incomplete information for activation gating. To reiterate, activa-
tion gating begins with voltage sensing (measured as gating 
current). Subsequent allosteric channel rearrangements result in 
activation gating. Gating current normalized to ionic current in 
a given cell is a measure of coupling between voltage sensing and 
allosteric rearrangements, resulting in channel opening.

Inactivation gating is not simply the reverse of activation 
gating. There is no complete molecular structure data available 
for voltage-gated Ca channels; however, voltage-gated Na chan-
nels have recently been crystallized in two potentially inactivated 
states.49 These crystal structure studies support biophysical 
studies that suggest that inactivation gating consists of a series of 
complex molecular motions, whereby the voltage sensing domains 
(S4) shift around the pore, two of the S6 segments are transposed 
extracellularly, and the other two S6 segments collapse on the 
pore. Consequentially, the permeation pathway is reshaped. 
Drawing on the conservation of such broad structure-function 
models, it can be inferred that similarly complex motions impart 

voltage described by one or more Boltzmann distributions. Con-
versely, repolarization closes (deactivates) channels. Deactivation 
gating is distinguished from inactivation gating. Deactivation 
relates a rapid, reversible transition between an ion-conducting 
channel conformation and a nonconducting conformation. Inac-
tivation is a longer-lasting, nonconducting conformation that 
may be influenced by the position of the voltage sensors. As with 
the closely related NaV channel family, CaV channels contain four 
S4 segments that presumably displace toward the extracellular 
space upon depolarization. This S4 displacement then drives 
allosteric rearrangements, resulting in an increase of channel 
conductance. Collectively, the depolarization-dependent increase 
of channel conductance is referred to as activation gating.

CaV1.2 S4 segments each contain four to eight positive-
charged amino acid residues (lysine or arginine) in register.  
Thus, when the transmembrane potential (Vm) is negative, the 
S4-positive charges are electrostatically drawn toward the cytosol. 
Conversely, depolarization results in relative motion of S4 
charges toward the extracellular space. The movement of charge 
across an electric field creates a current. If no ionic flux occurs 
and a depolarization is applied, S4 segments will move, generat-
ing what is commonly called a gating current. To measure CaV1.2 

Figure	10-3.  Subunit structure of L-type Ca2+–channel complex. The 
upper panel depicts four homologous repeats of pore-forming CaV1.2 
subunit,  CaVβ  bound  to  LI-II  (linker  joining  repeats  I  and  II),  and  the 
proximal carboxyl-terminus. The IQ motif is required for CaM binding. 
The  distal  carboxyl-terminus  is  shown  as  a  proteolytically  cleaved 
protein. Antibodies raised against this segment show it migrating as 
an  independent  protein  from  the  pore-forming  region.  The  lower 
panel  summarizes  critical  interacting  proteins  along  with  approxi-
mate CaV1.2 interaction domains. Green boxes indicate regulators that 
tend to increase ICa,L, yellow boxes denote more complex effects, and 
red boxes  inhibit  ICa,L.  Calcineurin  (CaN)  is  denoted  with  a  blue box 
because of the controversial effects of CaN on ICa,L. 
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voltage-dependent inactivation to mammalian voltage-gated 
calcium channels.

The generalized structure of L-type calcium channels (CaV1.x) 
shares the voltage-gated ion channel super-family plan of six 
α-helical transmembrane domains, arranged as four contiguous 
homologous repeats. There are obvious critically important dis-
tinctions in structure-function detail between CaV1.x and other 
voltage-gated ion channels. The CaV1.x processed transcript 
encodes on the order of more than 2100 amino acids; the precise 
number depends on splice variant expression. By contrast to 
T-type Ca2+ channels, and closely related NaV channels, CaV 
channels require various subunits to generate basal function. 
Perhaps the single most critical class of subunits are the CaVβ—
mainly CaVβ2 in the myocardium.50 CaV1.x and CaVβ form tight 
interactions. Cytosolic CaVβ increases cell surface expression and 
increases channel gating.51

Early crystallographic studies identified a hydrophobic groove 
on CaVβ that confers CaV1 interactions.21,33,52 More recent work 
sheds light on α–β interactions with respect to CaV1 structures 
and, in doing so, yields insight into L-type Ca2+-channel gating. 
More than a decade ago, the cytoplasmic I-II linker (LI-II) of 
CaV1.2 was identified as essential for CaVβ interaction.53 Subdo-
mains of the cytoplasmic LI-II are highly conserved among CaV1.x 
channels and across species consistent with conservation of func-
tion. CaVβ–LI-II interaction may also contribute to gating. The 
S6 segment of CaV1.2 is thought to form the inner permeation 
pathway and lies adjacent to the proximal LI-II of CaV1.2. Thus, 
crystallography data support the revised model that CaVβ binding 
transmits changes to inactivation gating of CaV1.2 via a partial 
α-helical proximal LI-II segment.54

Voltage Effects on Activation and Inactivation

Activation

Classical ion-channel biophysical descriptions use a Boltzmann 
distribution to describe ion-channel activation and inactivation 
gating.5 CaV1.2 is voltage gated. In other words, voltage deter-
mines gating; therefore, to study CaV1.2, gating voltage is con-
trolled. To measure steady-state activation gating, cells are 
voltage-clamped at a relatively negative potential often approxi-
mating the diastolic potential of cardiomyocytes. Depolarizing 
pulses are then typically used to determine the activation range 
for macroscopic current, that is, whole-cell ionic current. Result-
ing current-voltage curves can then be transformed, considering 
the driving force as the difference between channel reversal 
potential and applied potential, to yield a steady-state conductance-
voltage curve. Typically, cardiac ICa,L activates positive to about 
−40 mV under conditions of physiologic concentrations of exter-
nal Ca2+. The steady-state activation-voltage range will vary with 
species of permeant cation, for example, Ca2+ versus Ba2+, perme-
ant cation concentration, phosphorylation status of the channel 
complex, and perhaps even dynamic protein-protein interactions 
with the heteromultimeric channel complex.

Inactivation

L-type Ca2+-channel inactivation gating is regulated by Ca2+ and 
voltage. Macroscopic (whole-cell) ICa,L evoked by a step depolar-
ization to a constant depolarized potential evokes an inward Ca2+ 
current that peaks relatively quickly and then decays with a time 
course that is influenced by calcium, and to some extent by 
voltage. The calcium-dependent component of inactivation is 
dominant during a step depolarization (discussed in the next 
subsection). The voltage-dependent component is uncovered 

experimentally by replacing Ca2+ with an alternative charge 
carrier—usually Ba2+.55 Resulting IBa,L has a significantly slower 
time course of decay. Overexpression of mutant calmodulin that 
cannot bind Ca2+ results in Ca2+-current decay kinetics that match 
that of Ba2+ current,28,56 thus supporting the key contribution of 
calmodulin to Ca2+-dependent inactivation (CDI). When one 
evaluates the time course of Ca2+-channel current decay, there is 
an obvious faster decay for ICa,L than for IBa,L (Figure 10-4). This 
widely observed channel behavior leads to the common-sense 
conclusion that voltage-dependent inactivation (VDI) is perhaps 
less important than CDI. However, such a relative unimportance 
of VDI has been challenged. At first glance, current records such 
as those displayed in Figure 10-4 suggest that VDI is significantly 
slower than CDI. However, in the absence of β-adrenergic recep-
tor stimulation, VDI is relatively fast.57-59

L-type Ca2+-channel inactivation limits Ca2+ entry during the 
cardiac action potential. Persistent activation, such as in Timothy 
syndrome, has been linked to inappropriate VDI. Timothy syn-
drome is a monogenic, autosomal, dominant disease likely caused 
by a missense mutation in CaV1.2.60 A glycine-to-arginine substi-
tution in the proximal LI-II domain results in defective VDI. 
Patients with Timothy syndrome have a broad spectrum of  
disorders, including cardiac arrhythmias, and the myocardial 
phenotypic changes are captured in induced pluripotent  

Figure	 10-4.  Voltage-dependent  and  calcium-dependent  inactivation.  HEK  293 
cells expressing CaV1.2 + CaVβ2a + α2δ recorded in the whole-cell configuration of 
the patch-clamp technique. Voltage stepped from Vhold −90 to +10 mV elicits mac-
roscopic currents that peak within 20 ms and then decay. Currents with external 
solution containing 5 mM Ba2+ or 5 mM Ca2+ are superimposed and the peaks are 
normalized.  Note  that  conductance  for  IBa,L >  ICa,L.  IBa,L  decay  is  a  readout  of  VDI. 
CaVβ2a slows VDI, emphasizing the difference in decay kinetics to that for CDI. Rela-
tively rapid ICa,L decay is dominated by CDI, albeit with VDI superimposed. 

(Data	from	Liang	H,	DeMaria	CD,	Erickson	MG,	et	al:	Unified	mechanisms	of	Ca2+	regu-
lation	across	the	Ca2+	channel	family.	Neuron	39:951–960,	2003.)
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gating is a sensitive caliper for subdomain cardiomyocyte cyto-
solic Ca2+.

Posttranslational Modification Effects  
on Ca-Channel Gating

β-Adrenergic–Modulated Ca-Channel Gating

β-Adrenergic receptor (β-AR)–stimulated modulation of ICa,L is a 
major contributor to the cardiac response to increased sympa-
thetic tone. β-AR agonists increase macroscopic Ca2+-channel 
conductance and shift the current voltage relationship to more 
negative potentials. The activation gating shift has a large effect 

stem cell–derived cardiomyocytes.61 The slowed VDI gating in 
Timothy syndrome Ca2+ channels is manifested as a slower decay 
of IBa,L. In addition to explaining fundamental disease mechanism, 
discovery of L-type Ca2+-channel involvement in Timothy 
syndrome revealed the importance of VDI to cardiac 
electrophysiology.

Inactivation can also be measured by evaluating channel con-
formation at steady state. Regardless, it is imperative to eliminate 
Ca2+ flux to experimentally separate CDI from VDI. Several 
manipulations have been performed, and each presents con-
founding factors for data interpretation. Equimolar replacement 
of Ca2+ with Ba2+ has been widely used. Some concern that Ba2+ 
weakly interacts with CaM motivated the use of monovalent 
cation flux to measure channel availability. Monovalent flux mea-
sured by removal and chelation of divalent cations yields nonse-
lective current with inactivation that is independent of current 
flux amplitude.62 However, the inactivation of L-type Ca2+ 
channel in the absence of divalent cations is significantly different 
from that measured in the presence of divalent cations.55 Divalent 
cations interacting with the permeation pathway likely alter 
gating behavior,63 even before barium ions go through the 
channel.64,65 Thus, VDI is not purely voltage dependent in the 
sense that permeating Ca2+ interacting with the selectivity filters 
may influence gating. The distinction between VDI and CDI is 
that in VDI, ionic flux does not contribute to inactivation, 
whereas in CDI, Ca2+ flux necessarily interacts with prebound 
cytosolic calmodulin and thus influences inactivation in concert 
with voltage.

Calcium Regulates Activation and  
Inactivation Gating

Calcium is an important modifier of cardiac L-type Ca2+-channel 
gating. Calmodulin bound to the proximal carboxyl-terminus of 
the calcium channel30,66 senses calcium ion fluxed through the 
channel56,67 and Ca2+ ion in the cytosol. In turn, Ca2+-CaM-
CaV1.2-complex imparts a relatively rapid CDI (Figure 10-5).68 
CaM modulation of ICa,L targets the plateau phase of the action 
potential. This was shown in an elegant series of experiments 
exemplified by the results shown in Figure 10-5.69 Engineered 
CaM with its divalent cation sites mutated was introduced into 
cardiomyocytes. The resulting ICa,L showed significantly slowed 
decay, and action potential duration became ultralong (see Figure 
10-5). Moreover, prolongation of the APD by divalent-cation–
free CaM is reversed by L-type calcium channel blockade with 
dihydropyridine.69

At the single ion–channel level, Ca2+ CDI is caused by a 
decreased frequency of channel reopenings and a decrease in 
mean open time.70 Reopening rate is governed by an absorbing 
state from which the channel cannot open, whereas the decrease 
of mean open time reflects a faster Ca2+-driven closure of open 
channels. These single-channel studies showed that CDI contrib-
utes to slow macroscopic decay, despite earlier findings separating 
VDI from CDI based on slow versus fast macroscopic decay.

L-type Ca2+ channels are organized in the junctional mem-
brane in close opposition to ryanodine receptors. Colocalized 
ryanodine receptors are present with a four- to tenfold excess to 
the number of L-type Ca2+ channels.71 Therefore, Ca2+-induced 
Ca2+ release results in an amplified local elevation of subdomain 
Ca2+, with physiologically relevant gating consequences for 
L-type Ca2+ channels. L-type Ca2+ channels initiate sarcoplasmic 
reticulum (SR) Ca2+ release, and in turn this SR Ca2+ release 
promotes L-type Ca2+-channel inactivation, thus creating a clas-
sical physiological negative feedback loop. Experimentally, the 
ability of SR Ca2+ release to inactivate ICa,L allows the use of ICa,L 
as a reporter for SR Ca2+ release.72 In this way, L-type–channel 

Figure	 10-5.  Ventricular  cardiomyocyte  action  potential  duration  (APD)  is  regu-
lated by CDI via ICa,L-CaM modulation. A, Action potentials superimposed for rep-
resentative  cardiomyocytes  expressing  exogenous  CaM  (wt),  no  virus,  or  CaM 
mutants. 12 and 34 denote CaM mutants that are unable to bind Ca2+ at the N- and 
C-termini of CaM. 1234 represents apoCaM. CaM1234 and CaM34 cause ultralong APD 
consistent with the Ca2+ fluxing through the channel-regulating APD via Ca-CaM–
dependent inactivation. B, Summary data show APD prolonged by apoCaM. C, ICa,L 
and IBa,L superimposed in the absence of virus and in the presence of adenoviral-
mediated CaM1234 expression. CaM1234 completely eliminates CDI. D, Demonstration 
that  CaM1234  ultralong  APD  are  dependent  on  ICa,L.  Dihydropyridine,  L-type  Ca2+ 
channel blockade, shortens APD in no virus (NV) control and reduces ultralong APD 
in CaM1234-infected cardiomyocytes. 

(Adapted	from	Alseikhan	BA,	DeMaria	CD,	Colecraft	HM,	Yue	DT:	Engineered	calmodu-
lins	reveal	the	unexpected	eminence	of	Ca2+	channel	inactivation	in	controlling	heart	
excitation.	Proc	Nat	Acad	Sci	U	S	A	99:17185–17190,	2002.)
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identification of CaV1.2 truncation at a consensus calpain sub-
strate site,80-82 coupled with the presence of approximately 37 kD 
protein recognized by a DCT antibody,27 suggests that distal 
carboxyl-terminus is generated by proteolytic cleavage of the 
full-length CaV1.2 protein. A requirement for Ca2+ and calpain 
activity for carboxyl terminal cleavage in cardiomyocytes is 
inferred from studies on the skeletal muscle homolog (CaV1.1)80 
and from sequence data conserved between CaV1.1 and CaV1.2. 
As yet, there is no direct evidence for either a Ca2+ or calpain 
requirement for DCT liberation in cardiomyocytes. Neverthe-
less, the majority of studies showing Western blots probed with 
anti-CaV1.2 antibodies reveal a protein migrating to approxi-
mately 190 kD rather than the approximately 240 kD expected 
for the full-length, that is, unproteolyzed CaV1.2. It should be 
noted that heterologously expressed CaV1.2 is not processed, and 
adenoviral-CaV1.2 constructs introduced into cardiomyocytes 
also express full-length channel. This suggests that in cardiomyo-
cytes, native CaV1.2 mRNA and/or protein is processed relatively 
early during synthesis. Regardless, reassociation of DCT with 
CaV1.2 results in gating modifications. Coexpression of DCT 
with CaV1.2 truncated at the position corresponding to proteo-
lytic cleavage results in modification of activation gating. Trun-
cated CaV1.2 steady-state activation requires a two-additive 
Boltzmann distribution to describe the data. DCT shifts steady-
state activation by +15 mV.25 It was also noted that the shift was 
greater when DCT and truncated CaV1.2 was coexpressed, as 
opposed to conditions whereby DCT was retained as part of the 
full-length channel construct.25 Mechanistically, DCT might 
restrict coupling between gating current (movement of S4 seg-
ments) and allosteric rearrangements that result in ionic flux.25 
The broader implication that requires further testing in cardio-
myocytes is that DCT-proximal carboxyl-terminus interactions 
restrict activation, and elevated PKA via akap-scaffolded proteins 
disrupts the proximal-carboxyl-terminus-DCT interactions, 
resulting in the well-known negative shift of Ca2+-channel activa-
tion in response to β-AR signaling (see Figure 10-7).

Facilitation

Excessive activation of calmodulin-kinase II (CaMKII) signaling 
causes arrhythmias and heart failure.83 CaVβ2 is a target for 

on Ca2+ flux. Consider a steady-state ICa,L activation curve with a 
50% maximal conductance at 0 mV. All else being equal, a 
−10 mV shift of the steady-state activation curve will result in 
more than 90% of maximal probability of channel activation at 
the same potential (Figure 10-6). Thus, the shifting of activation 
gating is a powerful mechanism for increasing ICa,L in response 
to β-AR stimulation. The detail structure-function underpin-
nings of β-AR modulation are intensively studied, yet gaps in 
knowledge still remain. β-AR stimulation via Gs signaling acti-
vates protein kinase A (PKA). Several unambiguous substrates for 
PKA have been identified on CaV1.2. These include sites on the 
proximal- and distal-carboxyl–termini.73-75 In addition. CaVβ2 is 
phosphorylated by PKA.76,77 However, genetically modified mice 
carrying a knock-in of CaV1.2 containing a serine-to-alanine 
mutation in the distal carboxyl-terminus site at position 1928, 
rendering the channel phospho-deficient,78 or phospo-deficient 
CaV1.2-Ser1928Ala in combination with a truncated phospho-
deficient CaVβ2, retained β-AR modulation of ICa,L in cardiomyo-
cytes.79 Sites on the CaV1.2 proximal carboxyl-terminus, S1700 
and T1704, are probable substrates for PKA that mediate current 
modulation. In this vein, heterologous expression studies showed 
that a complex series of events can result in recapturing L-type–
channel modulation in a reconstituted system. First, CaV1.2 
channels truncated at the predicted proteolytic cleavage site were 
expressed along with A-kinase anchoring protein 15 (akap15) and 
distal carboxyl-terminus.75 The idea is that distal carboxyl-
terminus is autoinhibitory for channel gating.25 Akap15 scaffolds 
distal carboxyl-terminus to proximal carboxyl-terminus25 and, 
when expressed in optimal ratios, confers PKA modulation on 
channels via phosphorylation of the CaV1.2 proximal carboxyl-
terminus at positions S1700 and T1704.75 In cardiomyocytes, 
akap150/79 is required for β-AR modulation of ICa,L.45 This is a 
provocative model—specifically, that PKA modulates CaV1.2 
gating via disruption of an autoinhibitory function (Figure 10-7). 
Some uncertainty to this model includes the paucity of data 
showing distal carboxyl-terminus autoinhibition of Ca2+ current 
in cardiomyocytes and incomplete understanding of the mecha-
nisms of gating modification of L-type Ca2+ channels by the 
proteolytically separated distal carboxyl-terminus domain.

Pioneering work from the Catterall laboratory underscores 
the importance of the distal carboxyl-terminus domain (DCT) in 
the precise regulation of L-type Ca2+-channel function. The 

Figure	10-6.  Steady-state activation gating shift of voltage dependence is a potent 
mechanism for increase of ICa,L. Single Boltzmann distributions are drawn depicting 
basal  (red) and β-adrenergic–stimulated  (blue) L-type Ca2+ channels. For the basal 
state,  the  midpoint  of  activation  is  0,  and  a −10 mV  shift  simulates β-adrenergic 
stimulation.  All  else  being  equal,  the  shift  of  the  steady-state  activation  curve 
increases  channel  conductance  at  0 mV  from  50%  to  more  than  90%  (vertical 
arrow). Boltzmann distribution of the form: Gmax / (1 + exp(V½ − V) / k), where Gmax 
is maximal conductance, Erev is reversal potential, V½ is activation midpoint poten-
tial, and k is the slope factor. 
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Figure	10-7.  L-type Ca2+–channel gating at basal phosphorylation status and after 
β-adrenergic stimulation. Left, Basal channel state assumes dephosphorylation of 
proximal and distal carboxyl-terminal substrates for PKA. The key feature is that at 
the  basal  state,  the  distal  carboxyl-terminus  (DCT)  interacts  with  the  proximal 
carboxyl terminus (PCT), perhaps aided by the akap scaffold. In the basal state, DCT 
is  autoinhibitory  for  ICa,L.  Right, β-adrenergic–stimulated  channels. The  large  P  on 
the DCT is not required for modulation but is a conserved PKA substrate. The large 
P on the PCT represents two or more identified PKA substrate sites of this domain. 
In this model, phosphorylation of the PCT rearranges the DCT-channel interaction 
to alleviate DCT inhibition. 
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profoundly block ICa,L in heterologous expression systems or car-
diomyocytes,97,98 the RGK abrogation of ICa,L is modified by coex-
pression of CaM.34 Rem and CaM co-overexpression not only 
blunted the ability of Rem to completely block ICa,L, but slowed 
Ca2+-dependent inactivation (Figure 10-8). These findings are 
consistent with a mechanism that includes Rem interference with 
CaM modulation. Initial biochemical studies showed CaVβ–RGK 
interactions.93,94 However, RGK overexpression does not neces-
sarily inhibit surface expression of CaV1.2.95,99 Moreover, Rem 
and Rad engineered to prevent RGK-CaVβ interaction retained 
the ability to block L-type current.41 Recent studies demonstrate 
direct RGK–CaV1.2 interactions. Rem interacts with the 
CaV1.2N-terminus,41 and the CaV1.2–CaV1.2 proximal carboxyl-
terminus on a domain overlapping with the CaM interaction 
site.34 RGK modulation of L-type Ca2+–channel function under-
scores two key themes: (1) the carboxyl-terminus of CaV1.2 is a 
hotspot for multiple protein interactions and (2) gating may be 
modified depending on the precise composition of proteins in the 
heteromultimeric L-type Ca2+–channel complex.

Calcineurin

Calcineurin controls VDI of L-type Ca2+ channels.100 In Timothy 
Syndrome patients L-type Ca2+ channels display significantly 
slower VDI, and calcineurin restores gating towards a normal 
state.100 Calcineurin binds to both the N-terminus and the 
CaV1.2-DCT.42 In neurons, calcineurin–CaV1.2 interaction 
requires an akap79/150-scaffold protein.101 In distinction, myo-
cardial calcineurin–CaV1.2 interaction occurs via direct protein-
protein association.42 Interest in calcineurin extends far beyond 
L-type Ca2+–channel gating. Calcineurin links cytosolic Ca2+ to 
transcription signaling responsible for cardiac hypertrophy.102 
The parallels of bifunctionality for calcineurin and for CaV1.2-
DCT are striking. Both proteins regulate L-type Ca2+–channel 

CaMKII-induced phosphorylation and CaVβ2 mediates CaMKII-
triggered cardiomyocyte afterdepolarization and death.84 The 
implication is that altered L-type Ca2+-channel gating links 
CaMKII activity to arrhythmias and cardiomyocyte survival. A 
1-Hz train of depolarizations elicits a progressive increase in ICa,L 
that accumulates over about 10 pulses.85-87 This positive ICa,L 
staircase is mediated by CaMKII-dependent phosphorylation.88-90 
In addition to the preeminent CaMKII phosphorylation targets 
on CaVβ2, sites on CaV1.2 have been also identified.35,91 Activated 
CaMKII promotes “Mode 2” L-type Ca2+-channel gating.90 
Mode 2 is the classical description of L-type channel gating with 
frequent, relatively long-duration openings.92 Interestingly, 
CaMKII tethers to multiple sites on the CaV1.2 proximal 
carboxyl-terminus adjacent to the CaM-binding IQ motif.35

Other Protein Interactions Affecting L-Type 
Ca2+–Channel Gating

RGK Proteins

L-type calcium–channel ionic current is potently inhibited by 
RGK GTPases including Rem, Rad, and Kir/Gem.93,94 RGK 
blockade of L-type Ca2+-channel current does not necessarily 
require interference with trafficking of CaV1.2 to the surface 
membrane.95 Rather, RGK proteins interfere with L-type Ca2+–
channel gating. In mice carrying deletion of Rem expression, 
cardiomyocyte ICa,L density is elevated at voltages corresponding 
to maximal activation gating, and steady state activation is 
positive-shifted on the voltage axis.96 The positive shift of steady-
state activation might be a homeostatic mechanism to counteract 
increased current density. Moreover, Rem knockout sheds light 
on the contribution of Rem to L-type Ca2+-channel activation 
gating. Although all RGK family proteins, when overexpressed, 

Figure	10-8.  Ca2+-CaM–dependent inactivation is regulated by L-type Ca2+–channel complex interacting proteins. A, Current voltage curves obtained from whole-cell ICa,L 
from HEK 293 cells heterologously expressing CaV1.2 + CaVβ2a and empty vector (PKH3), CaM, Rem, or Rem + CaM. Rem expressed alone results in no detectable ICa,L (open 
circles). Rem coexpressed with CaM results in an approximate 50% reduction of peak ICa,L (closed triangles). CaM (closed squares) had no detectable effect on ICa,L compared 
with empty vector (closed squares). Thus, CaM in more closely matched stoichiometries to overexpressed Rem can abrogate profound Rem blockade of current. B, Rem 
may slow Ca2+-CaM–dependent inactivation. ICa,L elicited by a test potential step to +20 mV for empty vector (green), CaM (red), or Rem + CaM (black). Currents are normal-
ized to peak value. Rem + CaM ICa,L decay kinetics are significantly slower than empty-vector or CaM-alone expression. These data suggest the general notion that the native 
stoichiometries of the various channel-complex proteins are important determinants for channel gating. 

(Adapted	from	Pang	C,	Crump	SM,	Jin	L,	et	al:	Rem	GTPase	 interacts	with	the	proximal	CaV1.2	C-terminus	and	modulates	calcium-dependent	channel	 inactivation.	Channels	
[Austin]	4:192–202,	2010.)
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N-Terminal–C-Terminal Interaction

The cardiac CaV1.2 isoform contains a relatively long N-terminus 
that inhibits IBa,L, and this long cardiac N-terminal domain is 
crucial for the CaVβ2 increase of open probability.39 The 
CaV1.2 N-terminal also interacts with its proximal carboxyl-
terminus via Ca2+-calmodulin.38

In conclusion, L-type Ca2+ channels provide the main route 
of entry into cardiomyocytes and are essential for providing 
trigger Ca2+ for excitation-contraction coupling. The mature car-
diomyocyte L-type Ca2+ channel is a complex of many proteins. 
The sum of interactions yields distinct channel-gating properties. 
A large number of proteins can interact with the CaV1.2 carboxyl-
terminus, raising the notion that heterogeneous channel com-
plexes exist, even within a given cell. Finally, modulation of ICa,L 
is dependent on multiple protein interactions that dictate channel 
gating, and in turn, cardiomyocyte function.

gating, and both proteins are involved in transcriptional 
regulation.

CaV1.2-Coupled Gating

Early studies of single L-type Ca2+ channels showed that ensem-
ble averages of single-channel events do not necessarily scale to 
macroscopic ICa,L.103 This suggested the notion that CaV1.2 may 
cluster, and that clustering behavior may alter channel gating. 
Oligomerization of CaV1.2 via carboxyl-terminal interactions 
amplify Ca2+ signaling.37 In Timothy syndrome mutant CaV1.2 
channels, the slower VDI kinetics require akap150.104 In the 
absence of akap150, Timothy syndrome slow VDI reverts to 
normal kinetics. Thus, CaV1.2–CaV1.2 interactions bridged by 
akap contribute to L-type Ca2+–channel inactivation gating.
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experiencing fatal cardiac arrhythmias in the face of elevated SNS 
activity.8 Unraveling the molecular links between the SNS and 
regulation of the KCNQ1/KCNE1 channel has direct implica-
tions for the mechanistic basis of triggers of arrhythmias  
in LQTS.

β-AR Signaling: Coordination of Localized 
Regulation of Channel Proteins by A-Kinase 
Anchoring Proteins

Key to the complex regulation of ion channels by β-AR stimula-
tion is the spatiotemporal control of local cAMP concentration. 
This is mediated by the A-kinase anchoring proteins (AKAPs). 
AKAPs are a group of structurally diverse proteins with the 
common function of binding to, but not being limited to, PKA 
regulatory subunits.9-16 AKAPs provide structural scaffolding to 
integrate various enzymes and their substrates to form a com-
partmentalized environment. This enables spatiotemporal 
control of the regulatory enzymes (i.e., to present the enzymes 
at high concentrations at the site of their substrates when 
needed).17 Disruption of local complexes can unbalance the 
response and may have pathophysiological consequences.

The IKs channel forms a macromolecular signaling complex 
that is coordinated by the binding of AKAP9, also known as 
yotiao,18, 19 via a leucine zipper (LZ) motif in the KCNQ1 carboxy 
(C)-terminus domain. Recent studies suggest that AKAP9 associ-
ates not only with the PKA regulatory subunit (RII), but also with 
protein phosphatase 1 (PP1),18 phosphodiesterase (PDE),20 and 
adenylyl cyclase (AC)21-23 (Figure 11-2). Together these enzymes 
control the phosphorylation state of the channel via the cAMP/
PKA pathway.

Role of Leucine Zipper in  
Protein-Protein Interaction

Marks and colleagues were the first to show that the cardiac 
calcium release channel/RyR2 is regulated by a macromolecular 
signaling complex in which kinases and phosphatases are targeted 
to the channel via AKAP and leucine/isoleucine zipper (LZ) 
motifs.2,24,25 They suggested that this may be a common motif for 
coordination of ion channel signaling complexes.25 Subsequent 
investigations have shown that this is, in fact, the case for at least 
two other ion channels that are regulated by PKA: L-type calcium 
channels26, 27 and KCNQ1/KCNE1 potassium channels.18 The 
LZ domain is an α-helical structure that forms coiled coils and 
was originally identified as highly conserved motifs mediating the 
binding of transcription factors to DNA.28 Coiled coils are com-
posed of heptad repeats (abcdefg)n in which hydrophobic residues 
occur at positions “a” and “d” and form the hydrophobic face of 
the helix, while “b, c, e, f, and g” are hydrophilic residues that 
form the solvent-exposed part of the coiled coil.29 LZs classically 
contain a leucine in position “d” because of its flexible side chain, 
although the canonical leucine residue can be replaced by an 
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Autonomic nervous system control of heart rate and cardiac con-
tractility, through sympathetic and parasympathetic activity, is a 
fundamental property of the cardiovascular system. Exercise or 
emotional stress stimulates the sympathetic nervous system 
(SNS), resulting in a rapid and dramatic increase in heart rate. 
To ensure adequate diastolic filling time, the increase in heart 
rate is accompanied by a concomitant reduction in the ventricular 
action potential duration (APD) and the corresponding QT 
interval on the electrocardiogram (ECG). Defective regulation 
of cardiac electrical activity in the face of sympathetic nervous 
system activity can lead to arrhythmias.1

SNS control of cardiac electrical activity is mediated by the 
activation of β-adrenergic receptors (β-ARs) that regulate the 
function of select ion channels via phosphorylation by cyclic 
adenosine monophosphate (cAMP)-dependent protein kinase A 
(PKA). PKA-dependent phosphorylation up-regulates the activ-
ity of L-type calcium channels, leading to enhanced calcium entry 
that contributes to action potential prolongation, as well as an 
increase in intracellular calcium available for subsequent uptake 
by the cardiac sarcoplasmic reticulum (SR). PKA phosphoryla-
tion also activates the major intracellular calcium release channel 
on the SR, the type 2 ryanodine receptor (RyR2),2 which is 
responsible for releasing calcium to trigger muscle contraction.

Sympathetic stimulation also leads to a PKA-dependent 
increase in a slowly activating potassium channel current, IKs 
(Figure 11-1). IKs channels consist of the pore-forming α-subunit 
KCNQ1 and the auxiliary β-subunit KCNE13,4 and contribute 
to cardiac repolarization. PKA-dependent modulation increases 
the repolarization current to counter the stimulatory effects of 
PKA on L-type calcium channels5 to achieve a balance of inward 
and outward membrane currents. This balance of modulated 
currents is thought of as a necessary mechanism to regulate 
calcium homeostasis in the face of sympathetic activity.

Inherited mutations in ion channels have been associated with 
disorders that are exacerbated by SNS activity. For example, the 
genes that encode KCNQ1 and KCNE13,4 have been linked to 
the congenital long QT syndrome (LQTS). LQTS, a rare disease 
in which the QT interval of the ECG is prolonged as the result 
of dysfunctional ventricular repolarization, can precipitate lethal 
polymorphic ventricular tachycardia and is associated with 
syncope, seizures, and sudden death.6 Mutations in KCNQ1 cause 
LQT-1, and mutations in KCNE1 cause LQT-5.7 In affected 
patients, triggers of arrhythmias are gene-specific, and those with 
mutations in KCNQ1 or KCNE1 are at greatest risk of 
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de-phosphorylates the channel, respectively. The second pair 
involves AC and PDE, which increase and decrease the local 
cAMP gradient, respectively (see Figure 11-2). Working in 
concert, these enzymes fine-tune the IKs channel function.34

• PKA. AKAP9-bound PKA regulates IKs channel function by 
phosphorylation of a single amino acid residue (Ser27) on the 
N-terminus of KCNQ1.18 The biophysical consequence of 
PKA phosphorylation of the IKs channel is a profound increase 
in current amplitude, an accelerated onset of activation, a 
hyperpolarizing shift in the voltage dependence of channel 
activation, and a slowing of deactivation (the return of acti-
vated [open] to resting [closed] channels during diastole).35 
The combined effect ensures that during voltage depolariza-
tion, KCNQ1/KCNE1 channel activity is increased in the 
presence of SNS stimulation. Consequently, the substantial 
repolarization reserve is activated in the face of SNS-mediated 
activity, and this reserve potassium channel current can offset 
SNS-mediated increases in calcium channel currents, which 
would prolong APD.5 It is interesting to note that AKAP9 itself 
was shown to be a substrate of PKA. Indeed, the phosphoryla-
tion of AKAP9 seemed to participate in the regulation of IKs 
channels.36 Early works identified a region on AKAP9 (residues 
1440-1457: LEEEVAKVIVSMSIAFAQ) as the primary 
binding site for PKA RII subunits.37,38

• PP1. PP1 is a nonspecific serine/threonine phosphatase that 
dephosphorylates its substrate. AKAP9 provides a platform 
that allows PP1 to specifically target the IKs channel.18 Thus, 
PP1 can reverse the effect of PKA on the channel and attenuate 
the channel activity. This was evidenced by an experiment in 
which it was found that addition of okadaic acid, a PP1 inhibi-
tor, enhanced the effect of PKA-dependent IKs channel regula-
tion.18 The PP1 binding site on AKAP9 was shown to be 
located in a region that comprises residues 1171-1229.37

• AC. Upstream in the PKA pathway, ACs are activated by 
Gs-coupled receptors, such as the β-ARs. ACs are responsible 
for cAMP synthesis, which then activates PKA. Evidence now 
suggests that ACs are associated with various AKAPs, such as 
AKAP79/150, mAKAP, and AKAP9.21,39-41 AKAP9 associates 
with AC1, 2, 3, and 9 but not 4, 5, and 6. Residues 808-957 of 
AKAP9 bind directly to the AC2 N-terminus. Expression of 
AKAP9 inhibited the activity of AC2 and 3, but not AC1 or 9.22 
It has been demonstrated that AC9 was a member of the  

Figure 11-1.  SNS regulation of IKs currents. Activation of the β-adrenergic receptor 
(β-AR) by norepinephrine (NE) results in an increase in the intracellular cAMP con-
centration, which,  in  turn,  turns on PKA.  IKs channels are phosphorylated by PKA. 
This regulation is mediated by a macromolecular complex coordinated by AKAP9. 
SNS, Sympathetic nervous system; NE, norepinephrine; β-AR, β-adrenergic receptor; 
PKA,  protein  kinase  A;  AKAP,  A-kinase  anchoring  protein;  ICaL,  L-type  Calcium 
channel. 

NE

cAMP

PKA

P

KCNE1

KCNQ1

PKA

PKA

P
AKAP

AKAP9

�-AR

ICaL

IKs

K+

Ca2+

Figure 11-2.  The KCNQ1/KCNE1/AKAP9 macromolecular complex. AKAP9 recruits PKA, phosphatase 1 (PP1), adenylyl cyclase 9 (AC9), and phosphodiesterase 4D3 (PDE4D3) 
to regulate the phosphorylation state of IKs channels. 

S27

PKAPP1

P

AC9 PDE4D3

cAMP

+
–

–++

AKAP9

KCNE1 KCNQ1

isoleucine or valine. Electrostatic interactions between side 
chains in the “e” and “g” sites from neighboring helices are 
believed to help specify binding partners.30 In vitro site-directed 
mutagenesis studies have successfully revealed the sequence spec-
ificity of interacting helices in proteins such as the GCN4 DNA 
binding domain,31 phospholamban,32 the myosin binding subunit/
cGKIα,33 and ryanodine receptor types 1 and 2.25 In the case of 
the IKs channel (KCNQ1/KCNE1), Marx et al. identified an LZ 
motif in the C-terminus of the KCNQ1 subunit critical to 
AKAP9 interaction.18 Substitution of an alanine for one or more 
of the “d” position leucines or isoleucines in the LZ motif disin-
tegrated the IKs/AKAP9 complex and rendered the channel 
unable to be regulated by PKA.

Molecular Components of the Iks/AKAP9 Complex

Associated with the IKs/AKAP9 complex are two pairs of enzymes 
with opposing effects on channel phosphorylation state. The  
first pair, which involves PKA and PP1, phosphorylates or 
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KCNQ1 G589D and LQT-1

The inherited G589D mutation has been linked to the long QT 
syndrome variant 1 (LQT-1) in Finnish families.52 The naturally 
occurring G589D mutation occupies the “e” position in the 
KCNQ1 LZ motif that targets AKAP9.18 As has been noted, 
residues occupying the “e” and “g” positions in the LZ motif 
exhibit a limited range of substitutions based on the volume 
occluded by adjacent structures. Indeed, the G589D mutation 
disrupts the interaction between the IKs channel and AKAP9, and 
dislocates PKA and PP1 from the macromolecular complex. 
Functionally, the G589D mutation renders the IKs channel unre-
sponsive to cAMP stimulation.18 Affected LQTS patients with 
this mutation suffer from dysfunctional regulation of QT dura-
tion during mental and physical stress53 and are at risk of arrhyth-
mia and sudden cardiac death during exercise.52 Thus an inherited 
mutation of a single residue on the KCNQ1 channel disrupts the 
IKs/AKAP9 signaling complex and raises the risk of arrhythmia 
in affected patients.

KCNE1 D76N Mutation and LQT-5

Kurokawa et al demonstrated that cAMP-mediated functional 
regulation of KCNQ1/KCNE1 channels requires the expression 
of KCNQ1 with its auxiliary subunit KCNE1.54 Compared with 
the twofold increase in KCNQ1/KCNE1 current amplitude 
caused by cAMP and okadaic acid, KCNQ1 alone did not respond 
to stimulation.54 This suggests that the auxiliary subunit KCNE1 
might play a role in transducing protein phosphorylation into 
channel functional regulation and represents a new paradigm that 
disruption of channel regulation by mutations on the auxiliary 
subunit may result in disease. This proved to be true in the case 
of a naturally occurring LQT-5 mutation KCNE1 D76N. Kuro-
kawa et al. demonstrated that the D76N mutation ablated func-
tional regulation of the channels by cAMP,54 resulting in an 
expected delay in the onset of repolarization that is more pro-
nounced in the face of SNS stimulation.

IKs/AKAP9 complex in the cardiac myocytes of both IKs trans-
genic mice and guinea pigs. AC9 association with the complex 
sensitizes PKA phosphorylation of KCNQ1 to SNS 
stimulation.23

• PDE. Phosphodiesterases (PDEs) constitute the sole route for 
degrading cyclic nucleotides in cells. In the mammalian heart, 
the temporal and spatial dynamics of cAMP gradients are con-
trolled mainly by PDE3s and PDE4s with a prevailing role of 
PDE4s, which are considered the cAMP-specific PDEs.42-44 In 
transgenic murine cardiac myocytes expressing IKs channels, 
PDE4s were shown to regulate the basal phosphorylation level 
of IKs channels. Two PDE4D isoforms, likely PDE4D3 and 
PDE4D5, were found to interact with the channels.20 However, 
in the heterologous expression system, only PDE4D3, which 
is known to interact with AKAPs (AKAP-18,45 AKAP-250,46,47 
and AKAP-45047,48), was shown to be specifically recruited to 
KCNQ1 by AKAP9 and to regulate the amplitude of channels 
in response to cAMP stimulation.20 The binding site for 
PDE4D3 on AKAP9 currently is not known.

Iks Channel Regulation and Human Diseases

Phosphorylation of the IKs channel, stimulated by SNS and medi-
ated by AKAP9, causes an increase in current density during 
depolarization, as well as a slowing of channel deactivation, which 
results in an accumulation of open channels on a beat-by-beat 
basis.18,35,49 The net result is an increased outward current reserve 
to counterbalance the increased activities of L-type calcium chan-
nels and RYR in the face of β-AR stimulation. Mutations that 
occur within the IKs/AKAP9 complex have been reported to 
disrupt the physical and functional integrity of the macromolecu-
lar complex, leading to an imbalance in intracellular calcium 
homeostasis and predisposing cells to two types of calcium-
mediated rhythm disturbances: early afterdepolarizations 
(EADs)50,51 and delayed after depolarizations (DADs).5 It is now 
well established that disturbance of IKs channel regulation causes 
various cardiac arrhythmic disorders (Figure 11-3).

Figure 11-3.  Mutations compromising  the physical and  functional  integrity of  the  IKs/AKAP9 complex are associated with  long QT syndrome  (LQTS).  Illustrated are  the 
KCNQ1 mutation G589D, the KCNE1 mutation D76N, and the AKAP9 mutation S1570L. All are associated with LQTS. 
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IKs channels accumulate significantly at a fast rate as a result of 
slow deactivation and fast activation caused by phosphorylation, 
suggesting a large role of this slow channel in APD shortening 
and arrhythmia susceptibility in the face of β-adrenergic stimula-
tion.64 These findings raise the possibility that drugs that target 
IKs channel regulation may be used to treat AF.

Using Stem Cells as a New Tool to Study Role 
of Iks Channels in Diseases

Until recently, little was known regarding the biophysical proper-
ties of native IKs channels in isolated human cardiomyocytes, as 
recordings of IKs in human cardiac cells had proved very difficult 
to obtain.65-75 As a result, most of our current knowledge of the 
cardiac IKs channel complex and its pathologic role had been 
obtained from studies using heterologous expression systems,76,77 
genetically altered mice,18 and rabbits.78 Over the past few years, 
a new cellular model has emerged with the development of 
cardiac myocytes derived from human embryonic stem cells 
(hESC-CMs)79 and human induced pluripotent stem cells 
(hiPSC-CMs).80,81 The biophysical properties of IKs channels in 
these cells were found to be remarkably similar to those recorded 
in myocytes isolated from adult human heart but significantly 
different from KCNQ1/KCNE1 channels in established heter-
ologous systems, including mammalian cell lines18,61,82,83: (1) 
Endogenous IKs currents are small in human cardiac myocytes74,84 
but are much larger in heterologous systems as the result of 
overexpression of recombinant channels; and (2) the midpoint of 
activation of IKs channels in human cardiac myocytes is signifi-
cantly less depolarized than in heterologous systems.73,84 Quanti-
tative polymerase chain reaction (qPCR) measurements showed 
that KCNE1 is the major KCNE isoform expressed in hESC-
CMs. Functional experiments suggest that KCNE1 is expressed 
at moderate levels in these cells such that IKs channels have vari-
able α- and β-subunit stoichiometry that may be modulated 
further with changes in KCNE1 expression that occur in the 
developing heart or with disease.84 hiPSC-CMs are a potential 
source of functional human cardiac tissue that can be used as a 
model system; however, they also offer the possibility of investi-
gating the mechanistic basis of heritable cardiac rhythm 
disorders—channelopathies—in genetic backgrounds specific for 
individual patients. Recently, hiPSC-CMs derived from LQT-1 
patients were characterized and showed a phenotype consistent 
with the clinical manifestations.85

Summary

Tightly regulated by SNS, IKs channels play an important role in 
cardiac repolarization. The channels associate with AKAP9 to 
form a macromolecular complex that includes PKA, PP1, AC9, 
and PDE4D3. These regulatory enzymes work in concert to 
regulate the phosphorylation state and biophysical function of 
the channel. Disruptions in the physical and functional integrity 
of the complex seen in mutations of its various members have 
been shown to cause cardiac rhythm disorders, particularly 
LQTS. The IKs/AKAP9 macromolecular complex is of significant 
importance as a potential therapeutic target.

AKAP9 S1570L Mutation and LQT-11

Given its critical role in the regulation of IKs channel function, it 
is conceivable to postulate that AKAP9 might be a candidate gene 
for LQTS. Chen et al.55 characterized the molecular mechanism 
of KCNQ1/AKAP9 interaction. The interaction between the 
two molecules is a three-way binding that involves both AKAP9 
N- and C-termini as well as the LZ on the KCNQ1 C-terminus. 
Of particular interest, the AKAP9 C-terminal binding site (resi-
dues 1574-1643) contains an LZ motif that potentially matches 
the reciprocal counterpart in KCNQ1.55 Identification of AKAP9 
binding motifs enabled quick screening in specific exons of the 
AKAP9 gene that encode for these important binding modules. 
In 50 LQTS patients with a strong clinical diagnosis (QTc ≥480 
or Schwartz score ≥3.0) but negative for mutations in all LQTS 
genes, including KCNQ1 and KCNE1, a missense mutation 
(S1570L) was identified in one patient but was absent in 1320 
ethnically matched reference alleles. The patient had experienced 
episodes of syncope and a prolonged QTc of 485 milliseconds, as 
well as a positive family history. AKAP9 S1570L mutation is 
located close to its C-terminal binding site for KCNQ1 and  
has a negative impact on the formation of the IKs/AKAP9 
complex. The mutation also reduces PKA-induced phosphoryla-
tion of KCNQ1, rendering the IKs channels insensitive to 
PKA regulation. Moreover a computational modeling study 
revealed that the AKAP9 S1570L mutation significantly pro-
longed the cardiac action potential duration, especially under the 
impact of SNS innervations.55 These findings not only estab-
lished AKAP9 as a novel causal gene for LQTS but also rein-
forced the idea that AKAPs play a critical role in many 
physiological processes.

IKs Channel and Atrial Fibrillation

The role of IKs channels in the pathophysiology of human cardiac 
arrhythmia is not limited to the LQTS. Recent findings suggest 
that mutations of the channel may also lead to short QT syn-
drome56 and familial atrial fibrillation (AF).57-60 Of particular 
interest are two adjacent KCNQ1 mutations (S140G57 and 
V141M58) that are associated with AF. Both mutations are located 
in the first transmembrane helix (S1) that interfaces with 
KCNE1.61 In intact IKs channels, these two mutations disrupt 
channel deactivation.62 With channels unable to close properly, 
currents accumulate with each heartbeat, giving rise to a gain-of-
function phenotype and shortened APD. Chan et al63 observed 
that the phenotype of S140G and V141M mutations showed dif-
ferential dependence on KCNE1. Although V141M requires the 
presence of KCNE1 to confer its deleterious effect on channel 
closing, S140G does not. This is thought to reflect the different 
physical distances between the two KCNQ1 residues and 
KCNE1.63 The functional consequences of the AF mutations 
resemble the regulatory response of the IKs channel to SNS stim-
ulation. Both require the co-assembly of KCNQ1 and KCNE1, 
and both result in a beat-dependent increase in outward current. 
Is it possible that adrenergic regulation of the IKs channel may 
play a role in AF? This was illustrated in transgenic mice express-
ing IKs channels.64 Compared with wild type mice, which do not 
express functional IKs channels, these transgenic mice showed 
increased susceptibility to atrial arrhythmia upon β-AR stimula-
tion. Computational simulation demonstrated that the stimulated 
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structure of the highly conserved potassium selectivity filter and 
prevents K+ ion conductance. A few congenital mutations in 
HERG1 (N588K, T618I) induce a gain in channel function and 
cause short QT syndrome6,7; these two mutations shift the voltage 
dependence of channel inactivation to more positive potentials, 
greatly increase outward IKr, and thereby shorten the duration of 
ventricular action potentials.

Biophysical Properties of hERG1 Channels

The kinetics and voltage dependence of hERG1 currents are 
commonly studied in heterologous expression systems, such as 
mammalian cells transfected with cDNA or Xenopus oocytes 
injected with cRNA. Currents are usually activated by pulsing to 
test potentials from a negative holding potential. In the example 
shown in Figure 12-1, A, an oocyte expressing hERG1 channels 
was voltage-clamped to a holding potential of −80 mV and two-
second test pulses were applied in 10-mV increments to voltages 
between −70 and +50 mV. Channels were activated at potentials 
greater than −60 mV, and the resulting whole-cell currents acti-
vated slowly throughout the two-second test pulses in response 
to test potentials from −50 to −10 mV. Activation of hERG1 
occurs with a time constant of approximately 150 ms at +10 mV.8 
At test potentials of 0 mV and greater, outward currents progres-
sively activate faster and reach a smaller peak magnitude. These 
currents are typically analyzed by plotting the peak outward 
current as a function of test potential. The resulting bell-shaped 
current-voltage (I-V) relationship (see Figure 12-1, B) is the 
hallmark characteristic of IKr measured in the native cardiomyo-
cytes of all species. The decrease in current magnitude associated 
with more depolarized test potentials is caused by progressive 
channel inactivation.

After each test pulse, the cell was clamped to −70 mV to elicit 
channel deactivation, observed as a slowly decaying outward 
“tail” current (see Figure 12-1, A). A plot of the peak amplitude 
of tail currents as a function of test potential (see Figure 12-1, C) 
defines the voltage dependence of current activation. The rela-
tionship is fitted with a Boltzmann function to determine the 
half-point (V0.5, in this case −20 mV) for activation. The magni-
tude of outward tail current measured at −70 mV is larger than 
the outward current elicited by its preceding test pulse (see 
Figure 12-1, A) despite the fact that the electrical driving force 
for outward flux of K+ is smaller at −70 mV than it is for the more 
depolarized test pulses. This paradox can be explained by the 
kinetics of channel inactivation versus deactivation. Immediately 
after the cell is repolarized to −70 mV, channels first rapidly 
recover from inactivation (i.e., reopen) before they slowly close 
(deactivate). The time constant for recovery from inactivation at 
−70 mV is approximately 10 ms (at room temperature), approxi-
mately 30 to 100 times faster than deactivation at this potential. 
Most importantly, because channels are far less inactivated at 
−70 mV compared with more depolarized test potentials, tail 
currents are actually larger than test currents despite the consid-
erably smaller electrical driving force.
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Background

In the mammalian heart, hERG1 K+ channels are largely respon-
sible for terminal repolarization of action potentials, and con-
genital mutations of this channel are a major cause of long QT 
syndrome, a life-threatening cardiac arrhythmia. The discovery 
of the HERG1 (KCNH2) gene began with genetic and neuro-
physiologic studies of mutant flies. The eag (ether-a-go-go) locus 
of a mutant strain of the Mediterranean fruit fly (Drosophila mela-
nogaster) was associated with repetitive firing of motor neurons, 
an ether-induced leg-shaking phenotype, and altered K+ cur-
rents.1 Subsequent cloning and heterologous expression of eag 
revealed that the fly gene encoded the first member of a novel 
class of voltage-gated K+ channels. A low stringency screen and 
degenerate polymerase chain reaction was later used to identify 
additional channel genes, including erg (eag-related gene) and elk 
(eag-like).2 The HERG1 gene (human ether-a-go-go–related 
gene) encodes the hERG1 (KV11.1) protein, an α-subunit that 
coassembles to form functional hERG1 K+ channels that conduct 
the rapid delayed rectifier K+ current (IKr) in the heart.3 Two 
highly related channels, hERG2 and hERG3, form K+ channels 
with similar biophysical properties, but these channels are pri-
marily expressed in the central nervous system and not in the 
heart.4

IKr is a major determinant of plateau phase duration and the 
rate of phases 2 and 3 repolarization of action potentials in human 
and most nonrodent mammalian cardiomyocytes. hERG1 chan-
nels rapidly activate (open) and inactivate when the cardiomyo-
cyte is depolarized (e.g., during an action potential). Most channels 
remain inactivated during the plateau phase, greatly reducing the 
magnitude of outward IKr, an adaptation required for prolonged 
action potential duration that typifies cardiomyocytes. During 
phase 3 repolarization, hERG1 channels rapidly recover from 
inactivation and reenter their open state. A rapid rate of recovery 
from inactivation combined with a slow rate of deactivation 
(channel closure elicited by membrane repolarization) facilitates 
rapid repolarization during phase 3 of the action potential.

In the human heart, loss of function mutations in HERG1 
delay ventricular repolarization and cause type 2 long QT syn-
drome. Delayed ventricular repolarization increases the inci-
dence of Torsades de pointes arrhythmia that can lead to syncope 
and sudden death. The majority of HERG1 mutations disrupt 
folding or trafficking of channels to the plasma membrane.5 
Inherited mutations that alter channel gating are very rare. 
Examples include a point mutation (G638S) that disrupts the 
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pulse is varied and used to observe the onset of current inactiva-
tion. Using this method, the time constants for inactivation vary 
between 16 ms at −20 mV and 2 ms at +50 mV.3,10

Ionic currents conducted by hERG1 channels can also be 
studied by recording single-channel currents, usually in the pres-
ence of high [K+]e (e.g., 120 mM) to increase the signal-to-noise 
ratio. In cell-attached patches, single hERG1 channel activity is 
mostly absent at positive voltages (e.g., +40 mV in Figure 12-2, 
A) because the probability of channel inactivation is very high. 
Upon repolarization to a negative potential, the channel reopens 
after a variable delay (the period between the dotted line and 
initial channel openings shown in Figure 12-2, A). The delay 
reflects the time required for the channel to recover from inac-
tivation and is shorter at more negative potentials. Once opened, 
channels briefly close and reopen repetitively until they finally 
enter a stable closed state. Analysis of these brief open and closed 
times indicates that single channels have at least two open and 
two closed states. At −90 mV, the mean open times are approxi-
mately 3 and 12 ms, and the mean closed times are approximately 
0.5 and 15 ms.11 The single-channel current amplitude (i) at each 
return potential is estimated by fitting data to a Gaussian distri-
bution of an all-points histogram of digitized current (see Figure 
12-2, B). The resulting single-channel current-voltage relation-
ship (i-V) is then used to calculate slope conductance, which 
varies as a function of voltage (see Figure 12-2, C). The single-
channel conductance of hERG1 is approximately 12 pS when 
measured at negative potentials and decreases to 5 pS at positive 
potentials when measured in the presence of high [K+]e.11

Two different voltage clamp protocols (two-step or three-step) 
have been used to characterize the rate of onset and voltage 
dependence of hERG1 inactivation. The two-step protocol 
includes a prepulse to +40 mV, followed by a test pulse applied 
to a variable potential.3 During the prepulse, channels reach a 
“fully-activated” condition (most channels are inactivated and 
only a minority remain open). The second (test) pulse is applied 
to a voltage that is varied between −140 and +30 mV. The peak 
initial current measured for test pulse is divided by the product 
of the maximum slope conductance and the driving force for K+ 
(test potential − reversal potential), is normalized to a maximum 
value of 1, and is plotted as a function of test voltage, Vt. The 
resulting relationship is shown in Figure 12-1, D, and represents 
the voltage dependence of channel availability that varies from 
1.0 (no inactivation) to nearly 0 (all channels inactivated). The 
second method to measure the voltage dependence of hERG1 
inactivation uses a three-step voltage clamp protocol in which 
channels are first activated/inactivated by a prepulse to a positive 
potential (e.g., +40 mV). The prepulse is followed by a short 
(e.g., 10 ms) interpulse to a variable potential to allow channels 
to recover from inactivation but not appreciably deactivate. 
Finally, a third pulse is applied to a fixed positive potential to 
measure the relative proportion of channels that were in the open 
state at the end of the second pulse.9,10 The half-point for inac-
tivation of hERG1 estimated with this protocol is approximately 
−90 mV. The time course of hERG1 inactivation can be deter-
mined by modification of the triple-pulse protocol. Here, the 
interpulse voltage is kept constant and the voltage of the final 

Figure	12-1.  Biophysical properties of hERG1 channel currents. A, Whole-cell currents (top panel) elicited in response to step changes in membrane voltage as indicated 
(bottom panel). Currents were measured in Xenopus oocytes heterologously expressing hERG1 channels. B, Normalized I-V relationship for peak activating currents shown 
in  A. C, Voltage  dependence  of  hERG1  channel  activation  based  on  plot  of  normalized  peak  tail  currents  illustrated  in  A. D, Voltage  dependence  of  hERG1  channel 
inactivation. 

Activation/
inactivation

0.5
µA

1 sec
+50 mV

–70 mV
–80

Deactivation
I-V

mV

–80 –60 –40 –20 0 20 40

–120 –80 –40 0 40

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

R
el

at
iv

e 
cu

rr
en

t

V1/2: –40 mV

V1/2: –20 mV

mV

C
ha

nn
el

 a
va

ila
bi

lit
y 

(in
ac

tiv
at

io
n)

0.0

0.2

0.4

0.6

0.8

1.0

R
el

at
iv

e 
ac

tiv
at

io
n

mV

–80 –60 –40 –20 0 20 40

A B

C D



STRUCTURAL	DETERMINANTS	AND	BIOPHYSICAL	PROPERTIES	OF	HERG1	CHANNEL	GATING 123

12 

gating current represents intramembrane displacement of the 
highly-charged S4 domain. Intramembrane charge displacement 
invoked by membrane depolarization is estimated by integration 
of either the ON or OFF gating current elicited by depolarization 
or repolarization, respectively. In the example illustrated in Figure 
12-3, B, after a pulse to a variable Vt, OFF gating currents are 
elicited by repolarization to −110 mV. The integral of the OFF 
gating current is the charge (Q), and when plotted as a function 
of Vt defines the Q-V relationship that occurs over a more nega-
tive voltage range than ionic currents defined by the conductance-
voltage (G-V) relationship (see Figure 12-3, C). In simple terms, 
this means that voltage sensor movement occurs at more negative 
potentials than that required for channel opening or closing.

KCNE2 encodes a 123 amino acid protein (MiRP1) with a 
single transmembrane domain that can serve as ancillary β-
subunit for hERG1 to modulate channel expression and may14 or 
may not15 alter hERG1 gating kinetics and response to certain 
drugs. Like many Kv channels, hERG1 channels are also  
modulated by phosphatidylinositol-4,5-biphosphate (PIP2). This 
phosphoinositide increases current magnitude and slows 
deactivation.16

Unique insights into the mechanisms of hERG1 channel 
gating have been facilitated by measurement of gating currents. 
As opposed to ionic currents, which result from movement of ions 
through the channel pore from one side of the membrane to the 
other, gating currents represent the intramembrane displacement 
of charged residues in the voltage sensors of the channel protein. 
The unusual kinetics of hERG ionic current, with its slow activa-
tion and rapid inactivation, imply that the underlying movement 
of the voltage sensor is different from most voltage-gated K (Kv) 
channels, in which activation is fast and inactivation is relatively 
slow. Gating currents can be observed as very small outward cur-
rents that occur immediately after membrane depolarization and 
before the relatively slow onset of ionic currents (Figure 12-3, A). 
Voltage clamp fluorimetry12 and direct measurement of gating 
currents13 of hERG reveal two distinct components of charge 
displacement (see Figure 12-3, B). The slow component is approx-
imately 100-fold slower than Kv1 channel gating currents, carries 
approximately 90% of the gating charge, and is associated with 
the slow rate of hERG activation. The fast-gating component 
likely represents rapid transitions between channel states during 
the early steps of the activation pathway. The majority of the 

Figure	12-3.  hERG1 channel gating currents. A, Outward hERG ionic currents recorded from Xenopus oocytes, elicited by depolarizing pulses from −50 to +30 mV (in 20-mV 
increments); inward tail currents were measured after repolarization to −110 mV. Boxed area represents fast component of gating current that precedes onset of outward 
ionic currents. B, Gating currents (red traces) in response to membrane depolarization to the indicated test potential (Vt) and upon return to −110 mV. Gating currents were 
measured using the cut-open oocyte voltage clamp method in the absence of ionic currents. C, Plot of normalized charge (Q) and conductance (G) as a function of Vt for 
hERG1 channels. 
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Figure	12-2.  Single hERG1 channel currents. A, Currents recorded from a cell-attached patch of a Xenopus oocyte overexpressing hERG1 channels. The arrow points to a 
short opening of the channel at +40 mV. The dotted line indicates onset on repolarization to the test potential indicated in the upper panel. B, All-events histogram used 
to determine single hERG1-channel current amplitude (I, ~0.9 pA) at −90 mV. C, Average  i-V relationship for hERG1 channels  for cell-attached patches ([K+]e = 120 mM). 
Solid line indicates a slope conductance of 12 pS. 

(Adapted	from	Zou	A,	Curran	ME,	Keating	MT,	et	al:	Single	HERG	delayed	rectifier	K+	channels	in	Xenopus	oocytes.	Am	J	Physiol	272:H1309–H1314,	1997.)
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exception of α2 and β2. Voltage-dependent forward rates α and 
backward rates β were defined as:

α α
α

= o

z V F
RTe

m

β β
β

=
−

o

z V F

RTe
m

with the rates α0 and β0 at 0 mV, the charges zα and zβ, the mem-
brane patential Vm, the temperature T, Faraday constant F, and 
the gas constant R.

Comparison of measured versus simulated current traces in a 
subsequent study reinforced that a model with two closed states 
is inferior to models with three close states.19 Furthermore, dif-
ferent variants of integration of the inactivated state into a model 
with three closed states (C↔C↔C↔O) were investigated. In this 
study, some single-channel recordings exhibited absence of 
channel openings during depolarization, which were nevertheless 
followed by openings during repolarization. Models with inacti-
vation from the final closed state, for example, the model pre-
sented in Figure 12-4, B, appeared more adequate to reconstruct 
these recordings. However, a recent study suggested an alterna-
tive interpretation of these recordings and introduced a model 
without direct inactivation from the final closed states, which can 
explain the experimental data.20 This study compared models of 
different topologies. The only model that effectively reproduced 
experimental data was based on the topology presented in Figure 
12-4, A.

Several studies applied the model topologies presented in 
Figure 12-4, A-B, to derive hERG1 channel models by parame-
terization of transition rates.21-23 Transition rates were commonly 
defined as voltage dependent, with the exception of α2 and β2. 
Models of the topology presented in Figure 12-4, B, have been 
implemented for several studies of hERG1 mutations. Clancy and 
Rudy derived hERG1 channel models of mutations linked to 
long-QT syndrome (T474I and R56Q) and a mutation (N629D) 
causing reduced C-type inactivation and rendering the channel 
nonselective for cations.24 These models of hERG1 channels with 
mutations were integrated into computational models of guinea 
pig ventricular myocytes. Simulations with the cell models  
suggested prolonged action potential duration for T474I and 
R56Q, as well as increased probability of early afterdepolariza-
tions for R56Q and N629D. Rhodes et al used the same modeling 
approach to study several mutations linked to sudden infant death 

Markov Models of hERG1 Gating

A variety of mathematical models have been developed to gain 
insights into the function of hERG1 channels and their modula-
tion in disease or by drugs. Gating of hERG1 channels has been 
described using Markov models or Hodgkin-Huxley–type for-
mulations, with the former approach more prevalent than the 
latter. Markov models describe systems such as hERG1 channels 
by a finite number of states and transitions between them. Gener-
ally, this modeling leads to a system of ordinary first-order dif-
ferential equations, such as:

dP t
dt

P t Q
( ) = ( )

with the probability of states, P, and the matrix of transition rates, 
Q. Each matrix element Qij specifies the transition rate from the 
i-th to the j-th state. The major task of model development is the 
definition of these states and parameterization of transition rates. 
Typical states of the hERG1 channels models are the closed (C), 
open (O), and inactivated states (I). Transitions are commonly 
described with voltage-dependent or constant rate coefficients.

Markov models of hERG1 channels originate from descrip-
tions of voltage-gated K+ channels, in particular, the Markov 
models of IKr of ferret atrial myocytes17 and rabbit ventricular 
myocytes.18 Studies by Wang et al8 and Kiehn et al19 aimed at 
reconstruction of ion currents through hERG1 channels with 
hidden Markov models. In these studies, voltage-clamp protocols 
were applied to characterize hERG1 channels expressed in 
Xenopus oocytes. Elicited current traces were described with 
parameters from fitting to exponential functions. Measured 
current traces were compared with current traces simulated with 
Markov models of different topologies, that is, sets of states and 
transitions. On the basis of this comparison, appropriate model 
topologies were identified and transitions rates were defined. 
Analyses of the degree of sigmoidicity of current traces after 
activation of the channels suggested that models with three 
(C↔C↔C↔O) or four closed states (C↔C↔C↔C↔O) are 
more appropriate than models with one (C↔O) or two closed 
states (C↔C↔O) to reconstruct measured data.8 Further analy-
ses led to the development of a five-state model, accounting for 
inactivation from the open state only (Figure 12-4, A). In this 
model, all transition rates were voltage dependent, with the 

Figure	 12-4.  Schematics  of  Markov  models  for  hERG1  channel  gating.  A,  Five-state  model  with  inactivation  through  open  state.  B,  Five-state  model  with  inactivation 
through open and closed states. C, Two-compartment model comprising models for normal gating (green) and gating in the presence of an hERG1 channel activator (red). 
D, Model for reconstruction of gating currents. 

(C,	 Modified	 from	 Perry	 M,	 Sachse	 FB,	 Sanguinetti	 MC:	 Structural	 basis	 of	 action	 for	 a	 human	 ether-a-go-go-related	 gene	 1	 potassium	 channel	 activator,	 Proc	 Natl	 Acad	 Sci	
U	S	A	104:13827–13832,	2007.	D,	From	Abbruzzese	J,	Sachse	FB,	Tristani-Firouzi	M,	et	al:	Modification	of	hERG1	channel	gating	by	Cd2+.	J	Gen	Physiol	136:203–224,	2010.)
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The Structural Basis of hERG1 Channel Gating

General Structure of hERG1 Channels

Similar to other Kv channels, functional hERG1 channels are 
formed by coassembly of four α-subunits. Each hERG1 α-subunit 
(1159 amino acids, mass of 127 kDa) has six transmembrane 
α-helical segments (S1 to S6) and very large cytoplasmic N- and 
C-termini (Figure 12-5, A). The S1 to S4 segments together form 
an independent voltage-sensing domain. The ion-conducting 
pore domain includes the S5 and S6 segments, turret and pore 
helices contributed by all four subunits. The S6 segments from 
each of the four subunits line the water-filled central cavity of the 
pore domain. Figure 12-5, B, presents a structural model, as 
viewed from the extracellular side, of an open Kv channel (based 
on Kv1.2) that illustrates the arrangement of the S5 and S6 seg-
ments to form the central pore domain and how the voltage 
sensors are situated on the periphery of the ion-conducting struc-
ture. The extracellular region that links each S5 to its pore helix 
is called the turret, and this structure is especially large in hERG1 
channels. The C-terminal ends of the pore helices are tilted 
inward and each is connected to a short and highly conserved 
peptide sequence (TSVGFG) that forms the selectivity filter. The 
backbone carbonyl oxygen atoms of the selectivity filter residues 
are oriented toward each other and coordinate the short-lived 
binding of dehydrated K+ ions as they move inward or outward 
through the open channel in response to their transmembrane 
electrochemical gradient.32 On the basis of sequence similarity, it 
is assumed that the basic topology of hERG1 is very similar to 
the structure of other Kv channels, including the mammalian 
KV1.2 channel, whose detailed structure has been determined by 
x-ray crystallography.33-35 The Kv1.2 channel has been used as a 
template to develop useful homology models that facilitate design 
and interpretation of structure-function studies of hERG1 
channels.

Activation and Deactivation of hERG1 Channels

In Kv channels, including hERG1, the activation gate is formed 
by the C-terminal ends of the S6 helices (the so-called bundle 
crossing). In the closed state, crisscrossing of the bundle crossing 
creates a narrow aperture and a barrier to the flux of K+ between 
the cytosol and the central cavity. Based on electron paramagnetic 
resonance spectroscopy of bacterial KcsA channels36 and com-
parison of the crystal structures of K+ channels in the open and 
closed states,35,37,38 channel opening in response to membrane 
depolarization likely involves outward splaying of the S6 helices, 
thereby widening the bundle-crossing aperture to allow ions to 
flow into or out of the central cavity. In most Kv channels, a 
highly conserved Gly in the S6 segment acts as the hinge point 
of the activation gate38; however, substitution of this residue in 
hERG1 (Gly657) did not prevent channel opening, nor did it 
alter the voltage dependence of activation.39 In hERG1, Ala653 
in the S6 segment faces the central cavity. When Ala653 is sub-
stituted with an acidic or basic residue, charge repulsion between 
these residues prevents collapse of the bundle crossing and keeps 
the channel in the open state.40

The first four transmembrane segments of each Kv channel 
subunit form a voltage-sensing structure. The S4 segment 
sequence (GLLKTARLLRLVRVARK) contains four basic Arg 
(R) and two Lys (K) residues, most separated by two noncharged 
residues in the α-helix structure. The most critical S4 residue for 
hERG gating appears to be Arg531 because neutralization of this 
residue most markedly increases the energy required for channel 
opening.41,42 Other mutagenesis studies have suggested more spe-
cific roles for several basic residues in S4 of hERG1. One study 
suggested that Lys525 stabilizes the closed state, Arg531 

syndrome.25 In particular, the heterozygous mutant hERG1-
R273Q exhibiting reduced current amplitude was investigated. A 
model for hERG1-R273Q was created and integrated in a myocyte 
model. Simulations suggested that hERG1-R273Q prolongs 
action potential duration and can cause early afterdepolarizations. 
Adeniran et al studied effects of a mutation (N588K) linked to 
short QT syndrome.26 N588K is a gain-of-function mutation, and 
channels with this mutation exhibit increased current amplitudes. 
N588K models based on the topologies presented in Figure 12-4, 
A-B, were derived and integrated in models of human ventricular 
myocytes. Simulations with models of subepicardial, midwall, and 
subendocardial myocytes indicated that N588K reduces action 
potential duration in all of these cell types.

Markov models of hERG1 channels play an important role in 
studies of drug effects. The first Markov model of hERG1 chan-
nels was developed for studies of dofetilide,27 an hERG1 open-
channel blocker. The model comprised four closed states, an 
open state, an inactivated state, and a nonconducting state, with 
drug concentration−dependent transition from the open state 
accounting for the reconstruction of drug effects. The model 
suggested that the apparent rate of block by the drug is modu-
lated by the rate of inactivation. A recent study applied a two-
compartment Markov model to investigate effects of RPR-260243, 
an activator of hERG1 channels (see Figure 12-4, C).28 The 
model is composed of two five-state models, presented in  
Figure 12-4, B. One of the models described normal hERG1 
channel gating; the other described gating in the presence of the 
activator. Drug-dependent transitions were defined between the 
open and inactivated states of the two models. Three rate  
constants were reduced versus the model of normal gating,  
which suggested that the drug affects both activation and inacti-
vation. A similar two-compartment model was applied in a study 
on the antiarrhythmic drug sotalol, which is an inhibitor of 
hERG1 current.29 Normal hERG1 channel gating and gating in 
the presence of sotalol were described by models of the topology 
presented in Figure 12-4, A. Both models were identically param-
eterized.21 The open state in the drug model was replaced by a 
nonconductive state. Drug-dependent transitions were defined 
from the open state of the model for normal gating to the non-
conductive state. The two-compartment model was integrated in 
models of human subepicardial, midwall, and subendocardial 
ventricular myocytes. The simulations suggested that sotalol 
increases action potential duration in all cell types. Two Markov 
models have been developed for reconstruction of gating currents 
of hERG1 channels.13,30 Previous studies established Markov 
models of gating currents of tetrameric voltage-gated Shaker 
potassium channels.31 In these models, gating current Igij associ-
ated with transitions between the i-th state, Si, and the j-th state, 
Sj, is calculated by:

Ig z z S Sij ij ij i ij j ij= +( ) −( ), ,α β α β

with the forward transition rate αij, backward transition rate βij, 
and the charges zij,α and zij,β.

In both hERG1 models, gating current of each channel 
subunit was described as a process having three states and two 
transitions (S0↔S1↔S2), with differing time constants for each 
transition. A schematic of the resulting Markov model is pre-
sented in Figure 12-4, D. The model of Piper et al.13 extended 
this description with two closed, two open, and three inactivated 
states. This extension allowed reconstruction of potassium cur-
rents conducted by hERG channels. The model of Abbruzzese 
et al.30 split the description of gating currents (see Figure 12-4, 
D) from the description of potassium currents through the 
channel. The two models were coupled by definition of a transi-
tion rate of the potassium current model that is dependent on 
states of the gating current model. Interestingly, the gating 
current model alone was able to reproduce major features of 
measured gating currents.
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amphipathic α–helix. Similar to disruption of the PAS domain, 
deletion of a portion of these initial regions or point mutations 
of Arg5 or Gly6 accelerates hERG1 deactivation.56 These find-
ings suggest that multiple regions of the N-terminus are required 
for the relatively slow deactivation of hERG1 channels.

Alternative splicing of hERG1 RNA produces hERG1b, a 
protein with a much shorter and unique N-terminus compared 
to the full-length hERG1 (known as hERG1a).57,58 The 
N-terminus of hERG1b lacks a PAS domain and is only 36 amino 
acids in length. Channels formed from hERG1b alone deactivate 
very rapidly but can be retained in the endoplasmic reticulum 
(ER) because of an “RXR” ER retention signal present on the 
N-terminus.59 Heteromultimeric hERG1a/1b channels are 
expressed in the human ventricle60 and, unlike hERG1b channels, 
traffic efficiently to the plasma membrane and deactivate with 
kinetics that resemble native IKr measured in isolated myocytes.

stabilizes the open state, and Arg534 participates in interactions 
that stabilize pre-open closed states.43 Substitution of basic S4 
residues with Trp led to the conclusion that Lys525, Arg528, and 
Lys538 are especially important in mediating slow activation of 
hERG1.44 As first proposed for Shaker K+ channels,45 movement 
of the S4 in response to changes in transmembrane voltage is 
facilitated, and intermediate closed states defined, by transient 
formation of salt bridges between basic residues in S4 (especially 
Arg53146) and acidic residues in adjacent S2 (Asp456, Asp460) 
and S3 (Asp509) segments of the voltage-sensing domain in 
hERG1.47,48

The coupling of voltage-sensor movement to channel  
opening in hERG1 appears to involve interactions between the 
S4-S5 linker (S45L) and the S6 segment. The S45L, an amphipa-
thic α-helix is located near the C-terminal portion of S6.35 
MacKinnon and colleagues34 proposed that the S45L functions 
as a lever driven by voltage-induced changes in S4 that  
nudges the S5/S6 helices to close the channel (Figure 12-6). 
Mutational analysis of the S45L49 and cross-linking of cysteine 
residues introduced into the S45L and the C-terminal portion of 
the S6 segment50 further suggest that the S45L is the structural 
link that couples voltage sensing to hERG1 channel opening and 
closing.

The cytoplasmic N-terminal structure of each hERG1 subunit 
has 376 residues and residues 1 to 135 (the “eag” domain) have 
been determined and shown to contain a Per-Arnt-Sim (PAS) 
domain.51 Each hERG1 channel subunit also contains a cyclic 
nucleotide-binding domain (cNBD) within its cytoplasmic 
C-terminus. The primary function of the PAS domain in hERG1 
is unknown, but deletion or point mutations of the domain accel-
erates the rate of channel deactivation. It was initially proposed 
that mutations in the N-terminus might disrupt its putative inter-
action with the S45L segment, an intracellular linker between the 
S4 and S5 segments.52,53 More recently, it has been proposed that 
the N-terminal PAS domain may instead interact with the cNBD 
to stabilize the open state (i.e., slow deactivation) of the 
channel.54,55 In addition to the PAS domain (residues 26-135), the 
initial region of the N-terminal domain has an unstructured 
region of nine amino acids followed by an 11-amino-acid 

Figure	12-6.  Model of Kv1.2 channel gating, highlighting the proposed role of the 
S4-S5 linker in channel activation. A, Pore domains of two subunits as viewed from 
the side. B, Pore domains of all four subunits as viewed from the cytoplasmic side 
of the membrane. In both panels, the closed state of the channel is shown in red 
and the open state is shown in blue. 

(From	Pathak	MM,	Yarov-Yarovoy	V,	Agarwal	G,	et	al:	Closing	in	on	the	resting	state	of	
the	Shaker	K+	channel.	Neuron	56:124–140,	2007.)

S4-S5 S4-S5A B

Figure	12-5.  Components of a single hERG1 subunit and structural model of a Kv channel. A, Diagram showing major components of a single hERg1 subunit, including 
six α-helical transmembrane segments (S1-S6), the extracellular turret (T) and pore helix (PH), and the intracellular N-terminal PAS domain, S4-S5 linker (S45L) and C-terminal 
cNBD. B, Model of Kv1.2 channel as viewed from the extracellular side of the membrane. Each subunit of the tetramer is individually color-coded. 

(From	Horn	R:	Uncooperative	voltage	sensors.	J	Gen	Physiol	133:463–466,	2009.)
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and elevated [K+]e,

9 similar to C-type inactivation in Shaker.64 
Elevated [K+]e is likely to increase ion occupancy of the outermost 
binding site, thereby restricting collapse of the selectivity filter.65 
Mutagenesis of hERG1 identified specific residues located in the 
turret, selectivity filter or pore helix, that greatly attenuate or 
eliminate inactivation, similar to other channels that inactivate by 
a (usually slow) “C-type” mechanism caused by subtle rearrange-
ment of the selectivity filter. Most notably, combined mutation of 
two residues within and just outside of the selectivity filter (G628C 
and S631C)9 or a single-point mutation in the pore helix (S620T)66 
abolishes inactivation and makes the hERG1 I-V relationship 
linear. The S631A mutation causes a +100-mV shift in the voltage 
dependence of inactivation, with no significant change in the 
voltage dependence of activation.67 Moreover, transfer of the 
S3-S4 linker of a voltage-independent olfactory CNG K+ channel 
into hERG1 completely disrupts activation without altering the 
voltage dependence of inactivation.68 Together, these findings 
suggest that inactivation is not directly coupled to activation in 
hERG1. However, Markov modeling and the finding that S631A 
does not alter the kinetics of gating currents13 instead argue that 
hERG1 inactivation is coupled to inactivation, similar to that 
proposed for other Kv channels such as Shaker.69

As noted before, each hERG1 channel subunit contains a 
cNBD in its cytoplasmic C-terminus. Cyclic-nucleotide–gated 
(CNG) channels and hyperpolarization-activated, cyclic nucleo-
tide-gated (HCN) pacemaker channels also have a cNBD domain. 
The binding of cyclic nucleotides (cAMP, cGMP) is required for 
CNG channels to open and facilitates activation of HCN chan-
nels by shifting the voltage dependence of activation to more 
negative potentials. In contrast, cAMP has only minor effects on 
the gating of hERG1 channels, shifting the voltage dependence 
of channel activation by a few millivolts.61

Inactivation of hERG1 Channels

The properties of hERG1 channel inactivation are still being 
explored, but characterization of mutant channels and molecular 
dynamics simulation studies have provided remarkable insights 
into the mechanisms and structural basis of this gating process. 
Cysteine accessibility experiments suggested that conformational 
rearrangements in the outer mouth of the pore mediate C-type–
channel inactivation in Shaker channels.62,63 hERG1-channel 
inactivation is slowed by external tetraethylammonium (TEA) 
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13 

Inward Rectifier Channel Proteins are 
Encoded by KCNJ Genes

KIR2.x Proteins Constitute the Classical Inward 
Rectifier Current

The classical IK1 channels are formed by KIR2.x proteins, mainly 
as homotetramers but probably also as heterotetramers. This 
subfamily consists of five members of which KIR2.1, 2.2, and 2.3, 
encoded by KCNJ2, KCNJ12, and KCNJ4, respectively, are most 
prominently expressed in the heart. The main subunits in the 
working myocardium are KIR2.1 and to a lesser extent KIR2.2. 
Expression levels of KIR2.3 are much lower. KIR2.x proteins are 
almost absent in nodal tissues.

Each monomer comprises a transmembrane (TM) and a cyto-
plasmic part. The transmembrane domain (TMD) consists of the 
two TM helices, the pore helix positioned between these, and a 
slide helix located in front of TM1. The cytoplasmic pore domain 
(CPD) is compiled by interaction of the amino- and carboxyl-
termini. In the resulting channel, the four TM2 (inner) helices 
of each monomer face the central water-filled pore in the TMD, 
with the potassium selectivity filter (SF) positioned in close prox-
imity to the cellular exterior (see Figure 13-2). It is believed that 
ion conduction may be regulated by two gates in series: one 
formed by the inner helices (TM2) of the TMD at the helix-
bundle crossing and the other by the G loop at the apex of  
the CPD.2

Tetramerization of CPDs creates an extended pore region  
into the cytoplasm, separated from the TM pore region by the 
G-loops. Polyamine block of inwardly rectifying potassium (KIR) 
channels underlies their key functional property of preferential 
conduction of inward K+ currents (inward rectification). Kinetic 
models describe polyamine block as a multistep process, incor-
porating sequentially linked “shallow” and “deep” binding steps 
of polyamines in the KIR pore. Structurally, these shallow and 
deep binding steps are conceptualized as an initial weakly voltage-
dependent binding in the cytoplasmic domain of the channel, 
followed by a steeply voltage-dependent step in which spermine 
migrates to a stable binding site in the TM pore (inner cavity). 
Five negatively charged residues within the cytoplasmic (E224, 
D259, E299, F254, and D255) and one in the TM pore regions 
(D172) are involved in interacting with the positively charged 
polyamines.5

Cardiac Acetylcholine Responsive Inward Rectifiers are Formed 
by KIR3.1 and KIR3.4 Heteromers
Functional cardiac ACh regulated inward rectifier current (IKACh) 
channels are formed by heterotetramers of KIR3.1 and KIR3.4 
(also known as GIRK1 and GIRK4), encoded by the KCNJ3 and 
KCNJ5 genes, respectively. Expression is confined mainly to the 
atrium, and functional expression in the sinus and atrioventricu-
lar nodes is an important feature for heart rate and atrioventricu-
lar conduction regulation. Homotetramers of KIR3.1 or KIR3.4 
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Background

The description in 1949 by Katz1 of the inward rectifier current 
that he considered “an interesting phenomenon, but difficult to 
explain” in muscle can be regarded as the scientific birth of 
inward rectifier currents. Inward rectifier potassium currents 
(KIR) are characterized by their key feature of allowing more 
inward than outward potassium flow at equivalent membrane 
potentials negative and positive of the potassium equilibrium 
potential. Inward rectifier channels are formed by tetrameriza-
tion of the underlying pore-forming KIR channel proteins. Ion 
channel regulation takes place mainly via the intracellularly 
located amino- and carboxyl-terminal regions of the proteins. 
Functionally, inward rectifiers define, for a large part, the mem-
brane potential of nonexcitable cells and the resting membrane 
potential of excitable cells.

The eukaryotic inward rectifier family is encoded by the 
KCNJ genes and includes seven subfamilies (KIR1-7) (Figure 
13-1). Each protein consists of two transmembrane domains, a 
short pore loop that harbors the potassium selectivity filter 
(GYG) and intracellularly located N- and C-termini (Figure 
13-2). Between subfamilies, sequence homology is as high as 
40%, whereas sequence identity rises to approximately 60% 
within subfamilies. Each of the subfamily gene products display 
their own characteristics, some having strong and others weak 
rectifying potential and some responding to metabolic stimuli or 
neurotransmitters directly. Individual family members are 
involved in many physiologic processes such as cardiac and neural 
excitability, insulin release, vascular tone, and potassium homeo-
stasis.2 Members of three different subfamilies are main contribu-
tors to cardiac electrophysiology (Table 13-1). The classical 
inward rectifier current (IK1) channel is formed by KIR2.x proteins 
and stands at the basis of the resting membrane potential in 
working cardiomyocytes; the acetylcholine (ACh) responsive rec-
tifiers are built of KIR3.x proteins and play an eminent role in 
heart rate modulation, whereas the adenosine triphosphate 
(ATP)-sensitive channels are formed by octamers of KIR6.x and 
the regulatory sulfonylurea receptor (SUR) proteins and are 
responsible for coupling the metabolic state of the vulnerable 
cardiomyocyte to its electrical activity.3,4
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Figure	13-1.  Cladogram of the human KCNJ gene family. Amino acid sequences 
were aligned by a Clustal-W algorithm, phylogeny was determined by the neighbor-
joining method. Bacterial KIRBac1.4 was used as outgroup. Subfamilies relevant for 
cardiac electrophysiology are color-coded: classical  inward rectifier genes (green), 
acetylcholine-regulated channel genes (orange), and ATP-sensitive inward rectifier 
genes (blue). 
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Figure	13-2.  Structure model of KIR2.1 ion channel. Negatively charged amino acid 
residues (D172, E224, F254, D255, and D259) involved in polyamide-mediated rec-
tification  face  the  transmembrane  and  cytoplasmic  pore  regions,  respectively.  
CPD, cytoplasmic pore domain; GG, G-gate; SF, selectivity filter; TMPD,  transmem-
brane pore domain. 

(Used	with	permission	from	Van	der	Heyden	MA,	Sánchez-Chapula	JA:	Toward	specific	
cardiac	IK1	modulators	for	in	vivo	application:	old	drugs	point	the	way.	Heart	Rhythm	
8:1076–1080,	2011.)

Extracellular

Intracellular

SF

TM

PD

GG

CPD

D255 F254

D259

E299E224

D172

produce less or no current when overexpressed in Xenopus 
oocytes.6 It was established that a stochiometry of 1 : 1 and an 
alternating position of KIR3.1 and KIR3.4 subunits within the 
channel produced most robust IKAch channel activity.2

The structural organization of the IKAch channel is similar to 
the classical IK1 channel. The TM2 domains face the water-filled 
pore and, confined by the G-gate, an extended pore region pro-
trudes into the cytoplasm. A leucine residue within the C-terminus 
of KIR3.1 (L333) and KIR3.4 (L339) appears crucial for Gβγ-
dependent activation. Interestingly, several domains involved in 
Gβγ-dependent activation are formed at the cytoplasmic-facing 
interfaces of the KIR3.1 and KIR3.4 interacting domains.2

IKATP Channels Are Octaheteromers of Four KIR6.x and Four 
SURX Channel Proteins
Compared with IK1 and IKAch channels, an additional level of 
complexity is found in the ATP-sensitive rectifier current (IKATP) 
channels, because a tetramer of SUR proteins embraces the 

Table 13-1.	 Human	Cardiac	Inward	Rectifier	Genes,	Expression,	and	Associated	Cardiac	Disease

Gene Location Protein Residues Main Expression Disease with Cardiac Involvement

KCNJ2 17q24.3 KIR2.1 427 Ventricle,	atrium Andersen-Tawil	syndrome,	atrial	fibrillation,	short	QT	syndrome,	CPVT

KCNJ12 17p11.2 KIR2.2 433 Ventricle,	atrium —

KCNJ4 22q13.1 KIR2.3 445 Atrium,	ventricle —

KCNJ3 2q24.1 KIR3.1 501* Atrium —

KCNJ5 11q24 KIR3.4 419 Atrium Long	QT	syndrome

KCNJ8 12p11.23 KIR6.1 424 Conduction	system Sudden	infant	death	syndrome,	early	repolarization	syndrome,	Brugada	
syndrome,	atrial	fibrillation

KCNJ11 11p15.1 KIR6.2 	 390† Ventricle,	atrium —

ABCC8 11p15.1 SUR1 1581 Atrium —

ABCC9 12p12.1 SUR2a 1549 Ventricle Atrial	fibrillation,	dilated	cardiomyopathy,	Cantú	syndrome

SUR2b 1549 Conduction	system

*Longest	isoform.	Shorter	isoforms	of	235,	253,	and	308	amino	acids	have	been	reported.
†Longest	isoform.	Shorter	isoform	of	303	amino	acids	has	been	reported.
CPVT,	Catecholaminergic	polymorphic	ventricular	tachycardia.
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IKATP Channels Confer Metabolic Status to 
Electrical Properties

The ATP-sensitive inward rectifier channels are metabolic 
sensors that couple the cardiac metabolic state to electrophysi-
ologic properties. Under physiologic conditions, ATP favors 
closure, whereas ADP levels determine opening of the channels. 
Upon metabolic challenges, for example as a result of cardiac 
ischemia, decreased ATP/ADP ratios result in activation of  
the channel, thereby preserving normal resting potential and 
shortening the cardiac action potential and the period of  
cell contraction. These processes aid in ATP preservation  
during circumstances that challenge the vulnerable cardiac 
myocyte.

KIR6.1 knockout mice die suddenly after the occurrence of ST 
elevation and subsequent third-degree atrioventricular block and 
cessation of heart rhythm, which may result from myocardial 
ischemia as a result of blunted coronary vasoregulation.17 The 
presence of KIR6.1 in the cardiac conduction system may provide 
another or additional mechanism of cardiac pathology and con-
duction disturbances in these animals. Furthermore, KIR6.1 
knockout mice are more susceptible to endotoxin-mediated 
septic shock, resulting in ST elevation and cardiac death. In the 
hearts of KIR6.2 knockout mice, a number of stressors induce 
calcium overload, followed by short-term abnormalities in cardiac 
rhythm (early afterdepolarization, premature ventricular contrac-
tions, and sinus node regulation) and hemodynamics (increased 
left ventricular end-diastolic pressure).18,19 In the long term, 
cardiac maladaptive remodeling (exaggerated fibrosis and hyper-
trophy) finally results in impaired ejection fraction and conges-
tive heart failure.

SUR1 knockout mice are fertile and phenotypically normal 
but lack atrial IKATP.20 Furthermore, ABCC8 null mutation 
increases resistance to cardiac, but not neuronal, ischemia-
reperfusion injury.21 Knock out of SUR2 resulted in loss of IKATP 
from all muscles, coronary vasospasms, increased blood pressure, 
and premature death from week 5 onward. Animals displayed 
slight cardiac hypertrophy and increased resistance to cardiac 
ischemia-reperfusion damage.22

In humans, a gain-of-function mutation in KCNJ8 has been 
associated with early repolarization and Brugada syndrome, both 
characterized by specific (J-wave) ECG abnormalities and atrial 
fibrillation.23-26 KCNJ8 loss of function has been associated with 
sudden infant death syndrome.27 ABCC9 mutations have been 
linked to atrial fibrillation, dilated cardiomyopathy, and Cantú 
syndrome, which causes cardiomegaly and pericardial effusion, 
among other effects (see Table 13-1).28-30 Thus far, KCNJ11 and 
ABCC8 mutations have not been associated with cardiac 
phenotypes.

Pharmacology of KIR Channels

Effects of Drugs on KIR Channels

The most commonly used blockers to examine the physiologic 
roles of KIR channels in native cells and tissues are Ba2+ and Cs+. 
At micromolar concentration, Ba2+ blocks KIR channels with rela-
tive specificity. Externally applied Ba2+ suppresses KIR currents in 
a voltage-dependent manner and Ba2+ inhibits KIR channels more 
strongly as the membrane is hyperpolarized.2 However, experi-
ments have shown that BaCl2 infusion in vivo produces strong 
deleterious effects—mainly skeletal, cardiac, and smooth muscle 
dysfunction.5

In the intact heart, IK1 blockers produce membrane depolar-
ization (an effect that slows conduction velocity because of a 

KIR-formed channel.7 Cardiac SUR protein–expressing genes 
ABCC8 and ABCC9 are members of the large ATP-binding cas-
sette (ABC) superfamily that consists of 48 genes divided into 
seven subfamilies.8 SUR1 (ABCC8) and SUR2 (ABCC9) contain 
the typical ABC “core” that consists of two membrane domains 
(TMD1 and TMD2) of six TM helices, each separated by two 
cytoplasmic nucleotide–binding domains (NBD1 and NBD2). 
Furthermore, the proteins contain an additional N-terminal–
located membrane domain consisting of five TM helices (TMD0) 
that are linked to the “core” domain by the L0 linker. Interaction 
with the KIR6.x-formed pore is established mainly by the TMD0 
and L0 domains. Nucleotide binding drives dimerization of 
NBD1 and NBD2, which results in subsequent rearrangements 
of TMD1 and TMD2 and alterations in IKATP channel gating. 
The pore-forming KIR6.x complex resembles the structures of 
KIR2.x and KIR3.x channels. Cardiac IKATP channels, depending on 
their location in the heart, consist of octaheteromers of four 
KIR6.2 (KCNJ11) and four SUR2a subunits (ventricle), KIR6.2 
and SUR1 (atrium), or KIR6.1 (KCNJ8)/KIR6.2 and SUR2b (con-
duction system).

Cardiac Role of Inward Rectifier Channels

KIR2.x Channels Set the Resting Membrane 
Potential and Contribute to Repolarization

In the working myocardium, KIR2.x-mediated IK1 sets the resting 
membrane potential close to the potassium reversal potential and 
contributes outward potassium current during repolarization. 
With respect to the heart, neonatal KIR2.1 knockout mice were 
bradycardic and displayed electrocardiogram (ECG) abnormali-
ties such as lengthening of the PR (~50%) and QT (~50%) 
intervals. Isolated cardiomyocytes from KIR2.1 knockout animals 
displayed (1) no IK1; (2) action potential prolongation; and (3) 
spontaneous beating activity.9 In contrast, KIR2.2 knockout mice 
were viable and lived through adulthood without ECG abnor-
malities. However, their cardiomyocytes displayed a 50% reduc-
tion in IK1 densities. In humans, dominant negative KCNJ2 
mutations are associated with Andersen-Tawil syndrome 1, char-
acterized by periodic muscle paralysis, biventricular tachycardia 
and sometimes long QT times, and developmental bone abnor-
malities (see Table 13-1).10 Gain-of-function mutations in KCNJ2 
have been associated with short QT syndrome, catecholaminer-
gic polymorphic ventricular tachycardia, and congenital atrial 
fibrillation.11-13 Currently, no disease-causing mutations in 
KCNJ12 and KCNJ4 have been described.

IKACh Channels and Heart Rate Regulation

IKACh slows heart rate and atrioventricular conduction in response 
to muscarinic M2 receptor activation by ACh released from the 
vagus nerve. In this process, Gβγ directly interacts with and 
activates the channel that thereby antagonizes diastolic depolar-
ization of the nodal cardiomyocytes. KCNJ3–/– mice were viable 
but showed a lack of carbachol-induced IKACh in atrial cardiomyo-
cytes. Moreover, animals showed blunted responses to pharma-
cologic interventions directed at vagal-induced bradycardia.14 
KCNJ5–/– mice15 displayed loss of cardiac IKAch. Mice were viable; 
in most studies their resting heart rate increased and animals 
showed a reduced negative chronotropic response after vagal 
stimulation. Furthermore, mice were unable to undergo rapid 
changes in heart frequency. In human heart function, KCNJ5 
mutations have been associated with long QT syndrome, syncope, 
atrial fibrillation, and sudden cardiac death (see Table 13-1).16 No 
diseases related to mutations in KCNJ3 have been reported.
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voltage-dependent inactivation of Na+ channels), cause prolonga-
tion of the QT and QRS intervals on the surface ECG, and at 
higher concentrations cause ventricular ectopy and lethal ven-
tricular arrhythmias. Conversely, it has been demonstrated that 
increasing inward rectifier currents stabilize reentrant arrhyth-
mias. Recently, it has been shown that pharmacologic inhibition 
of inward rectifier currents by chloroquine induces antifibrilla-
tory effects.31 Different antiarrhythmic (e.g., quinidine, amioda-
rone, propafenone, disopyramide) and noncardiac (e.g., 
terfenadine, astemizole) drugs at micromolar concentrations have 
been found to inhibit the classical cardiac IK1. However, little is 
known about their mechanisms of inhibition.32

Gambogic acid (GA) is a potent inducer of apoptosis that has 
been considered for anticancer therapy. At 10 µM, GA inhibited 
KIR2.1 current differentially during acute applications that pro-
duced 30% of inhibition or during prolonged exposures (up to 3 
hours), which produced 70% of inhibition. The IC50 of KIR2.1 
inhibition by GA during prolonged exposures was 27 nM. GA–
induced inhibition is not caused by changes in biogenesis or 
trafficking to the plasma membrane. It is a lipophilic molecule 
(LogP ~6.77) that can insert itself into the lipid bilayer and 
thereby might perturb association of KIR2.1 with regulatory lipids 
and proteins that specifically facilitate the function of KIR2.1 
channels. It has been found that pretreatment of HEK293 cells 
with GA shifted KIR2.1 and Kv2.1 channels from the 
Triton X-100–insoluble to the Triton X-100–soluble fraction. 
GA decreasing KIR2.1 activity is consistent with KIR2.1 
being physiologically active in the context of Triton X-100– 
insoluble microdomains, but not of Triton X-100–soluble  
microdomains.33 A different drug, the cell-permeable dienone 
phenol triterpene celastrol, a neuroprotective compound that is 
also a slow-acting compound, decreased the rate of ion channel 
transport and caused a reduction of channel density on the cell 
surface.

Muscarinic ACh receptors in the peripheral nervous system 
are found primarily on autonomic effector cells innervated by 
postganglionic parasympathetic nerves. In the heart, the musca-
rinic receptor M2 is the predominant subtype, which is coupled 
to the Gi/o protein family. IKACh channels can be activated by 
muscarinic receptor agonists like cholinomimetic choline esters 
(ACh, methacholine, carbachol, and bethanechol). The musca-
rinic receptor antagonist alkaloids such as atropine and synthetic 
and semisynthetic compounds prevented the effects of ACh by 
blocking its binding to muscarinic receptors.34

Some antiarrhythmic drugs are known to antagonize at micro-
molar concentration actions of ACh on IKACh. Evidence from 
different authors suggests that the mechanisms underlying the 
anti-ACh effect of antiarrhythmic drugs at micromolar levels are 
different among such drugs—that is, quinidine, pilsicainide, diso-
pyramide, d,l-sotalol, propafenone, cibenzoline, and amiodarone 
mainly block the muscarinic ACh receptors—whereas flecainide, 
verapamil, and propafenone inhibit the K+ channel itself as open 
channel blockers. Some relatively novel antiarrhythmic drugs 
have been found to inhibit IKACh at nanomolar concentrations. 
Dronedarone inhibited IKACh in single cells isolated from the 
sinoatrial node with an IC50 of 63 nM.35 The benzopyrene deriva-
tive NIP-151 potently inhibited the heterologously expressed (in 
HEK293 cells) channel KIR3.1/3.4, with an IC50 of 1.6 nM. In 
both cases, it was suggested that dronedarone and NIP-151 
inhibited IKACh channels by a direct inhibitory interaction with 
the channel protein or by disrupting the G-protein–mediated 
activation.36

There are two major classes of therapeutic compounds that 
target the IKATP channels: sulfonylureas and IKATP channel openers 
(KCOs).2 Sulfonylureas on pancreatic β cells bind to SUR1 
channel subunits and block IKATP channels, causing membrane 
depolarization and an influx of Ca2+ channels, stimulating insulin 
release and hypoglycemia.2 KCOs activate IKATP channels via their 

action on the SUR subunit of the channel. KCOs that activate 
cardiac IKATP channels include cromakalim, pinacidil, nicorandil, 
and diazoxide. KCOs act by opening IKATP channels by decreasing 
the threshold concentrations of intracellular nucleotides for 
opening of KIR6.2/SUR2a channels, and they also increase the 
maximum amplitude.2

The rest of this chapter focuses on pharmacologic agents  
that inhibit or activate KIR channels acting directly on the 
channel pore–forming KIR subunits and their underlying blocking 
mechanisms.

Pore-Blocking Drugs

Several compounds that partially mimic polyamine binding to IK1 
channels have been identified over the last several years. Block of 
small molecules such as chloroquine, chloroethylclonidine, pent-
amidine, and quinacrine have been shown to inhibit IK1 and 
heterologously expressed KIR2.x channels in a voltage-dependent 
fashion.37

In cardiac myocytes, in contrast to the voltage-independent 
mode of IK1 inhibition induced by most of the tested drugs, the 
antimalarial drug chloroquine was found to inhibit IK1 and IKACh 
in a voltage-dependent manner, with less pronounced blockade 
at negative test potentials. In addition, unblock was achieved by 
hyperpolarizing pulses to potentials negative to the current rever-
sal potential (Figure 13-3). This profile of voltage dependence is 
consistent with a positively charged molecule blocking the 
channel from the intracellular side and entering the pore to such 
an extent as to be subjected to the transmembrane electrical field. 
The blocking effects of chloroquine on IK1 caused an increase 
in the duration of the ventricular action potential, depolarization 
of the resting membrane potential, and increase in Purkinje 
fibers’ automaticity.38

Recent studies with small molecules such as chloroquine and 
pentamidine revealed the molecular basis by which these drugs 
block KIR2.1 in a voltage-dependent manner. Through site-
directed mutagenesis and molecular modeling studies, chloro-
quine and pentamidine were found to block the KIR2.1 channel 
by plugging the center of the cytoplasmic conduction pathway 
via interference with negatively charged residues (E224, D259, 
and E299) and for chloroquine with an additional aromatic 
residue (F254), which have previously been shown to be involved 
in polyamine block (see Figure 13-2).31,38-40 Comparative molecu-
lar modeling and ligand docking of the three-dimensional struc-
tures of quinidine and chloroquine in the intracellular domain of 
KIR2.1 predicted that chloroquine effectively blocks potassium 
flow by binding at the center of the ion permeation vestibule of 
KIR2.1. In contrast, quinidine binds the vestibular side, only par-
tially blocking ion movement.41 An interesting finding was that 
neutralization of the D172 residue, which faces the transmem-
brane pore and is key in the polyamine block of KIR2.1 (termed 
rectifying controller), does not affect chloroquine KIR2.1-blocking 
potency. A gain-of-function mutation in KCNJ2 was recently 
reported to cause one form of short QT syndrome (SQT3). A 
missense mutation (D172N) located within the transmembrane 
ion conduction pathway of KIR2.1 was found in a father and 
daughter with short QT interval.11 The biophysical consequences 
of D172N mutation include a reduction in the degree of current 
rectification at depolarized potentials. Interestingly, chloroquine 
caused a dose- and voltage-dependent reduction in wild type 
(WT), D172N, and WT-D172N heteromeric KIR2.1 current. As 
expected, the potency and kinetics of chloroquine block of 
D172N and WTD172N KIR2.1 current were similar to WT. In 
silico modeling of the heterozygous WT-D172N KIR2.1 condi-
tion predicted that 3 µM chloroquine would normalize inward 
rectifier K+ current magnitude, action potential duration, and 
effective refractory period. This suggested that therapeutic 
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cavity near the membrane side of the protein, leaving a pathway 
of 10 Å in diameter, which most likely will not impede the passage 
of potassium ions.

The honey bee venom–isolated toxin tertiapin and the 
oxidation-resistant tertiapin-Q derivative are potent inhibitors of 
KIR3.1/3.4 and KIR1.1 channels with nanomolar affinity. In iso-
lated cardiac myocytes, tertiapin Q blocks IKACh without affecting 
IKATP, IK1, and cardiac potassium voltage–dependent currents like 
Ito, IKr, or IKs and has shown to have antiarrhythmic efficacy in 
dogs. Tertiapin binds to the outer vestibule of the conduction 
pore formed by the linker between the first and second trans-
membrane (M1–M2) segments. An α-helical structure within the 
toxin interacts with a short sequence of aromatic residues located 
in the N-terminal part of the linker that confers high affinity for 
tertiapin.35

The detailed information provided here provides the struc-
tural framework for the design of safer, alternative compounds 
that are devoid of KIR channel–blocking properties. Conversely, 
these basic science insights may be useful in the development of 
novel and potentially useful antifibrillatory pharmacophores. The 

concentrations of chloroquine might lengthen cardiac repolariza-
tion in SQT3.42,43

Chloroquine also blocked other cardiac inward rectifier chan-
nels. In patch-clamp experiments, chloroquine blocked IK1 (IC50 
= 0.69 µM), IKACh (IC50 = 0.38 µM), and IKATP (IC50 = 0.51 µM) 
(see Figure 13-3). Comparative molecular modeling and ligand 
docking of chloroquine in the intracellular domains (cytoplasmic 
pore) of KIR2.1, KIR3.1, and KIR6.2 suggested that chloroquine 
blocks or reduces potassium flow by interacting with negatively 
charged amino acids facing the ion permeation vestibule of the 
channel in question. However, these detailed analyses revealed 
important differences. The molecular modeling indicated that 
chloroquine binds more effectively to the cytoplasmic domains 
of KIR2.1 and KIR3.1 than to that of KIR6.2.31 Chloroquine also 
seemed to interact with acidic residues in the cytoplasmic domain 
of KIR3.1 and KIR3.4; however, the negative electrostatic potential 
in the channel pore was lower than in KIR2.1, resulting in partial 
channel block. In KIR6.2, the molecular modeling and ligand 
docking of chloroquine in the intracellular domains (cytoplasmic 
pore) of 6.2 suggested that the drug binds to the side of a large 

Figure	13-3.  Blocking efficacy of chloroquine  in different  inward  rectifier channels. Voltage protocol:  steps  from −120 mV to +20 mV. A,  IK1 current  traces  in ventricular 
myocytes. B, I/V relationship from 5 cells. C, Dose-response curve of blocked IK1 at −60 mV. D, Current traces in atrial myocytes in the presence of 1 µM carbachol to activate 
IKACh. E, I/V relationship from five cells. F, Dose-response curve of blocked IKACh at −60 mV. G, Current traces in ventricular myocytes in the presence of 100 µM pinacidil to 
activate IKATP. H, I/V relationship from five cells. I, Dose-response curve of blocked IKATP at −60 mV. 

(Used	with	permission	from	Noujaim	SF,	Stuckey	JA,	Ponce-Balbuena	D,	et	al:	Specific	residues	of	the	cytoplasmic	domains	of	cardiac	inward	rectifier	potassium	channels	are	
effective	antifibrillatory	targets.	FASEB	J	24:4302–4312,	2012.)
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applications, these drugs share several common physicochemical 
properties. CADs typically contain a hydrophilic domain consist-
ing of one or more primary or substituted nitrogen groups posi-
tively charged at physiologic pH and a hydrophobic domain 
consisting of an aromatic and/or aliphatic ring structure, which 
may be substituted with one or more halogen moieties. This 
results in polar hydrophilic cationic side-chain and apolar ring 
systems within one molecule. CADs bind to the negatively 
charged phosphoinositides. The cationic group of CADs is nor-
mally placed between the polar head groups of phospholipids, 
and the hydrophobic portion is directed toward the hydrophobic 
interior of the membrane; thus, the drug molecule intercalates 
between lipid molecules.

Several widely used CADs have been associated with inward 
rectifier current disturbances, and recent evidence points to 
interference of the channel–PIP2 interaction as the underlying 
mechanism of action.50-55 The inhibitory potency of CADs on the 
different subfamilies of KIR channels correlates with the sensitiv-
ity of the channel to rundown arising from PIP2 depletion. Con-
sistent with this, channels relatively resistant to rundown mediated 
by PIP2 depletion, such as KIR1.1, 2.1, and 2.2 (“high PIP2 affin-
ity”), are less sensitive to CADs, in contrast to KIR2.3, 3.x, and 
6.2, which are more sensitive.

Experimentally, interference of the drug with the interaction 
of KIR2.x, KIR3.1/3.4, and KIR6.2/SUR2a channels and PIP2 is 
suggested from four sources of evidence: (1) slow onset of current 
block when CADs are applied from either the inside or outside 
of the channel; (2) mutation of KIR2.3 (I213L) and KIR6.2 (C166S) 
increases their affinity for PIP2 and lowers their sensitivity for 
CADs; (3) mutations of KIR2.1 (L222I and K182Q), which 
decrease its affinity for PIP2, increase its sensitivity for CADs 
(Figure 13-4); and (4) coapplication of CADs with PIP2 lowers 
CAD-mediated current inhibition.50-55

Bupivacaine was the first CAD in which the mechanism of 
inhibition of the inward rectifier channel KIR3.2 by interference 
with the PIP2–channel interaction was proposed. Bupivacaine is 
a local anesthetic drug with a long duration of action that pro-
duces excellent sensory anesthesia. Bupivacaine produced inhibi-
tory effects on G protein–gated KIR3.x channels expressed in 
Xenopus laevis oocytes but did not affect KIR1.1 or KIR2.1 chan-
nels. The effects of bupivacaine on KIR3.x channels was indepen-
dent of the method of channel activation, by activation of the 
muscarinic receptor or directly via coexpressed G protein Gβγ 
subunits or ethanol, which suggested that bupivacaine’s site of 
action was at the channel protein itself.50 On the basis that KIR1.1 
and 2.1 are high-affinity PIP2 binders and the KIR3x subfamily 
channel shows a high sensitivity to PIP2 depletion, it was pro-
posed that bupivacaine antagonized the interaction of PIP2 with 
KIR3.x channels, thereby decreasing the current. Consistent with 
this hypothesis, it was found that KIR3.2(I234L) and 3.1(M223L)/
KIR3.2(I234L) mutant channels, which have increased affinity for 
PIP2, were less sensitive to bupivacaine.50

The first-generation antihistamines, mepyramine and diphen-
hydramine, are H1 competitive receptor antagonists. Both drugs 
reduced the KIR2.3 current amplitude by 25% and 17% at 
100-µM concentrations, whereas KIR2.1 current was insensitive 
to both antihistamines.56 Furthermore, KIR3.4 current was inhib-
ited by mepyramine similarly to KIR2.3. The inhibitory effects of 
both of agents were voltage independent. Moreover, mepyramine-
induced KIR2.3 current inhibition was significantly reduced by a 
single-point mutation of KIR2.3 (I213L), which enhanced its 
interaction with membrane PIP2. These results suggested that 
membrane PIP2 may likely be involved in the KIR current inhibi-
tion by the first-generation antihistamines.

Quinacrine is an antimalarial agent that has been used for a 
number of additional indications, such as other parasitic infec-
tions, as an antifibrillatory agent and for treatment of auto-
immune disorders. Like other CADs, quinacrine has a high 

chloroquine-binding models for KIR channels provide a starting 
point for feasible approaches in the generation of new therapies.

Drugs That Interfere in PIP2–Channel Interaction

Several polyvalent cations, such as polyamines, trivalent metals, 
neomycin, and polylysine, inhibited KIR channels by screening 
the negatively charged head groups of phosphatidylinositol 
4,5-bisphosphate (PIP2). PIP2 comprises approximately 1% of 
plasma membrane phospholipids and is required in many plasma 
membrane processes, including the function of ion channels and 
transporters.44,45 Activation by PIP2 is a common feature of all 
KIR channels; after excision of an inside-out membrane patch 
from a cell expressing KIR channels, current amplitude diminishes 
over time. Such a rundown of the current results from PIP2 
depletion from the cell membrane. The K+ currents can be 
restored partially by exposing the cytoplasmic face of the patch 
to PIP2. Each PIP2 molecule consists of an inositol head group 
and fatty-acid side chains inserted into the membrane. The nega-
tively charged PIP2 head groups are anchored just below the 
plane of the membrane by the lipid tails of the molecule. It has 
been proposed that the channel opens when the negative-head 
charges of PIP2 interact with positively charged residues in the 
cytoplasmic domain, near the plasma membrane.46,47

The x-ray crystal structure of a chicken KIR2.2 channel in a 
complex with a short-chain (dioctanoyl) derivative of PIP2 has 
been resolved recently.48 A simple allosteric mechanism of gating 
control by PIP2 appears to be responsible for opening the gate at 
the TM2 helix-bundle crossing. One PIP2 molecule binds to each 
of the four channel subunits at an interface between the TMD 
and the CPD. On PIP2 binding, the entire CTD translates 6 Å 
toward the TMD and becomes tethered to the TMD, and the 
inner helix gate starts to open. The PIP2-binding site comprises 
amino acids from the TMD and the CPD, the acyl chains, glyc-
erol backbone, and 1′ (phosphodiester) phosphate of PIP2 inter-
act with the TMD, whereas the inositol head group makes 
interactions with the CPD. The acyl chains insert into the mem-
brane layer and interact with hydrophobic amino acids on both 
the inner and outer helices, whereas the 1′ phosphate makes 
interactions with amino acids forming the sequence arginine-
tryptophan-arginine (amino acids 78-80 in KIR2.2). The inositol 
ring of the head group is oriented toward the CPD, where the 4′ 
and 5′ phosphates are positioned to interact directly with K183, 
R186, K188, and K189 of the CPD. Other amino acids on the 
tether helix, including R190, participate in the formation of a 
hydrogen-bonding network that seems to strengthen the interac-
tion between the tether helix and other regions of the CPD. 
Comparing the KIR2.2 amino acids involved in binding to PIP2 
by sequence alignment with the other members of the KIR channel 
family shows that the amino acids are highly conserved among 
the large family.

A variety of signaling partners influence KIR channel activity 
by modulating the interaction of KIR channels with PIP2. Some 
of the results strongly suggest that the apparent affinity of 
channel-PIP2 interactions is a key element in determining modu-
lation of KIR channels, whereby the strength of channel-PIP2 
interactions controls the sensitivity of KIR channels to regulation 
by modulating factors. Strong interaction between PIP2 and 
KIR2.1 prevented interference from other modulatory factors like 
pH, protein kinase C, and membrane receptors such as M1 
(type-1 muscarinic) and epidermal growth factor receptors, 
whereas the weaker interaction between PIP2 and KIR2.3 was 
interfered further by those modulatory factors such that the func-
tion of KIR2.3 or KIR3.4* was reduced.46,47

The cationic amphiphilic drugs (CADs) represent one of the 
most abundant chemical groups used in pharmacotherapy.49 In 
contrast to the diverse pharmacologic actions and therapeutic 
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probably inserts into the lipid membrane and might interfere 
with PIP2–channel interactions. Evidence from three other 
sources—KIR2.3(1213 L), KIR6.2(C166S), and exogenous PIP2—
further suggested the interference of tamoxifen with the KIR-PIP2 
interaction.

Mefloquine is an antimalarial drug that is used mainly as a 
prophylactic for malaria and in cases of chloroquine-resistant 
malaria. Mefloquine produced inhibition of IKATP channels of 
pancreatic β cells. The effect is mediated by interaction of the 
drug with the KIR6.2 subunit, rather than the regulatory SUR 
subunit. Mefloquine inhibited three different types of cardiac KIR 
channels in the following order of potency, KIR6.2/SUR2A > 
KIR2.3 > KIR2.1, as demonstrated by determination of the IC50 
for mefloquine inhibition of the respective KIR channels.53 Meflo-
quine also inhibited IKATP and IK1 in cardiac myocytes. Interest-
ingly, the characteristics of the mefloquine inhibition of the KIR 
channels were similar to those found with tamoxifen.51,52 The 
effect on KIR channels was concentration dependent but voltage 
independent and showed a slow time course inhibition. In addi-
tion, the effects were similar whether mefloquine was applied 
externally or internally, suggesting that the inhibitory effect was 
membrane delimited. In accordance, the KIR2.3 (I213L) mutant 
was significantly less sensitive and in inside-out patches, continu-
ous application of exogenous PIP2 strikingly prevented the meflo-
quine inhibition.

lipophilicity (log P = 5.5) and interacts directly with membrane 
phospholipids to induce lipidosis. The side chain of the amino-
acridine group of quinacrine (pKa = 10.3) is identical to the side 
chain of the aminoquinoline drug, chloroquine. Quinacrine dif-
ferentially inhibited KIR channels in the following order of 
potency: KIR6.2 > KIR2.3 > KIR2.1. In addition, it was found in 
cardiac myocytes that quinacrine inhibited IKATP > IK1 
(see Figure 13-4). It was presented evidence that quinacrine dis-
played a double action toward KIR2.1 and 2.3 channels, that is, 
interfering with PIP2 interaction and direct pore block (see 
Figure 13-4). On KIR6.2/SUR2a channels, the inhibitory effects of 
quinacrine seemed to be only by interference in PIP2-channel 
interaction.55

Tamoxifen is a drug used in the treatment of hormone-
responsive breast cancer and prevention of breast cancer in 
women at high risk. At clinically relevant concentrations, tamoxi-
fen inhibited the inward rectifier potassium currents IK1, IKATP and 
IKACh in feline atrial and ventricular myocytes in the following 
order of sensitivity: IKACh > IKATP > atrial IK1 > ventricular IK1. 
Tamoxifen also inhibited in that same order KIR6.2/SUR2A and 
KIR3.1/3.4 > KIR2.3 > KIR2.1 = KIR2.2 in transfected HEK-293 
cells.51,52 The order of sensitivity of the different KIR channels, 
the slow inhibition time course, the independence of internal or 
external drug administration, and the voltage independence of 
the inhibition induced by tamoxifen suggested that tamoxifen 

Figure	13-4.  Inhibitory effects of quinacrine on KIR2.1 (wild type) (A), KIR2.1 (K182Q) (B), KIR2.3 (wild type) (D), and KIR2.3 (I213L) (E) channels expressed in HEK 293 cells. 
Each panel shows typical currents recorded under control conditions  (trace C) and in the presence of 30 µM quinacrine  (trace Q). Experiments were recorded using the 
whole-cell configuration, elicited by the protocol shown in the inset. Current was normalized to the amplitude recorded at −120 mV under control conditions. Panels C 
and F show concentration-response curves constructed from current measured at −120 mV. The IC50 of quinacrine on KIR2.1 (wild type) was 65 ± 7 µM, on KIR2.1 (K182Q) 
was 0.80 ± 0.07 µM, on KIR2.1 (L222I) was 24 ± 4 µM, on KIR2.3 (wild type) was 0.74 ± 0.15 µM, and on KIR2.3 (I213L) was 6.5 ± 0.9 µM (n = 5). Data shown represent mean ± 
SEM. 

(Modified	from	López-Izquierdo	A,	Aréchiga-Figueroa	IA,	Moreno-Galindo	EG,	et	al:	Mechanisms	for	Kir	channel	inhibition	by	quinacrine:	acute	pore	block	of	Kir2.x	channels	and	
interference	in	PIP2	interaction	with	Kir2.x	and	Kir6.2	channels.	Pflugers	Arch	462:505–517,	2011.)
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mutations in KCNJ2 associated with Andersen-Tawil syndrome. 
Recently, it was found that flecainide acutely increased human 
IKIR2.1, mainly by reducing the polyamine blockade of the channel. 
In addition, incubation with flecainide increased functional 
KIR2.1 channel density. It was proposed that flecainide reduces 
the inward rectification of the current at potentials positive to the 
potassium reversal potential. Flecainide interacts with C311 at 
the G loop of the CPD of the channel. It was also shown that 
incubation with flecainide increased expression of functional 
KIR2.1 channels on the plasma membrane, an effect also deter-
mined by C311. Interestingly, flecainide pharmacologically 
rescues R67W, but not R218W, channel mutations found in 
patients with Andersen-Tawil syndrome.58

The neurosteroid pregnenolone sulfate has been found to 
preferentially activate KIR2.3 with a half-maximal concentration 
of 16 µM and a maximal current potentiation of approximately 
80%. Pregnenolone appeared to be selective in that it had no 
effects on KIR1.1, KIR2.1, KIR2.2, or KIR3.1 currents. Preliminary 
data suggested that pregnenolone sulfate acts directly on KIR2.3 
at an extracellular site, although the precise binding site location 
and mechanism of action have not yet been defined.59

Conclusions and Outlook

Three different classes of inward rectifier currents—IK1, IKACh, 
and IKATP—have a prominent role in cardiac electrophysiology. 
Null mutations of KIR channels in experimental animals often 
have detrimental effects on normal cardiac electrophysiology. 
Loss- and gain-of-function mutations found in several human 
diseases and syndromes underscore their important roles in 
proper heart function. Many marketed drugs affect inward recti-
fier function by directly modulating the channel pore. These 
drugs can be divided into two major classes: those that enter the 
channel pore and directly obstruct the conduction pathway and 
those that interfere with PIP2-dependent channel activation. 
Conversely, their blocking effects may cause serious side effects 
and even arrhythmias, and their action potential–prolonging 
capacity may be beneficial under other circumstances such as 
atrial fibrillation or short QT syndrome. Continuation of the 
already impressive studies on structure-function relationships of 
these channels, their interaction with various drugs at the molec-
ular level, and functional studies of inward rectifier–modifying 
drugs in dedicated disease models will eventually provide oppor-
tunities to develop very specific and effective new drugs that 
target this channel class for treating a number of human cardiac 
diseases.

Carvedilol, a β- and α-adrenoceptor blocker, is used to treat 
congestive heart failure, mild to moderate hypertension, and 
myocardial infarction. Carvedilol is a CAD with a high lipophilic-
ity (log P = 3.8) and an α-hydroxyl secondary amine functional 
group (pKa 7.9). Ferrer et al. demonstrated that carvedilol inhib-
its KIR2.3-carried current with at least 100-fold higher potency 
(IC50 = 0.49 µM) than KIR2.1 (IC50 = 50 µM).54 KIR2.3 channels 
showed similar inhibition characteristics like tamoxifen and 
mefloquine, results that suggested that carvedilol, as other cat-
ionic amphiphilic drugs, inhibited KIR2.3 channels by interfering 
with the PIP2–channel interaction. Again, the effect was concen-
tration dependent and voltage-independent, whereas the KIR2.3 
(I213L) mutation decreased the potency of block more than 
20-fold (IC50 = 11.1 µM), and in the presence of exogenous PIP2, 
inhibition by carvedilol was strongly reduced (80 vs. 2% current 
inhibition).54

The acidic compound thiopental is a short-acting barbiturate 
used intravenously for anesthesia induction. Recently, it has been 
shown that thiopental inhibited KIR2.1, KIR2.2, KIR2.3, KIR1.1, 
and KIR6.2/SUR2A currents with similar potency; in whole-cell 
experiments, 30 µM thiopental decreased KIR2.1, KIR2.2, KIR2.3, 
and KIR1.1 currents to 55% ± 6%, 39% ± 8%, 42% ± 5%, and 
49% ± 5%, respectively.57 Evidence was presented showing that 
the thiopental effect on KIR channels likely involves disruption of 
interactions between KIR6.2/SUR2a and PIP2. Thiopental inhib-
ited all KIR channels in a concentration-dependent and voltage-
independent manner. In addition, the time course of thiopental 
inhibition was slow (T1/2-4 minutes) and independent of external 
or internal drug application, suggesting that the inhibitory effect 
was membrane delimited. In addition, in the presence of exoge-
nous PIP2, inhibition by thiopental on KIR channels was signifi-
cantly decreased, suggesting an interference of PIP2-KIR channel 
interaction. It was proposed that the anionic drug thiopental may 
have a different mechanism of action on KIR channels compared 
with polycations like neomycin or CADs. It was suggested that 
thiopental interacts with the various KIR channels directly at a 
common site and it interfered with the KIR channel–PIP2 interac-
tion. A candidate residue for thiopental binding may be R218 in 
KIR2.1, which is conserved among all KIR channels.57 However, 
that hypothesis requires validation, and more work needs to be 
done to determine whether the inhibition of thiopental depends 
specifically on interference with KIR channel–PIP2 interactions.

Drugs That Induce IK1 Activation

The multichannel-blocker antiarrhythmic drug flecainide exhib-
its effective control of ventricular arrhythmias associated with 
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insight into mechanisms underlying MEC, but also for the 
advancement of the topic beyond the perception of a scientifically 
ill-founded clinical curiosity. This chapter will discuss acute elec-
trophysiologic responses of the heart to mechanical stimulation 
and the involvement of SAC.

Functional Relevance of Cardiac  
Mechano-Electric Coupling

Effects of cardiac mechanical stimulation on heart rate and 
rhythm have been reported in the medical literature for more 
than a century. To name a few key contributions: pioneering work 
by Felice Meola2a and Ferdinand Riedinger2b in the late nine-
teenth century identified Commotio cordis (or Commotio thoracica) 
as an independent pathologic entity where cardiac rhythm dis-
turbances of varying severity are initiated by nonpenetrating 
mechanical stimulation of the precordium in the absence of 
visible structural damage to the heart. In the early twentieth 
century, Eduard Schott29 reported that precordial fist thumps can 
be used to pace otherwise asystolic ventricles, such as in Adams-
Stokes syndrome. At the same time, Francis Bainbridge2c famously 
identified the positive chronotropic response of the heart to 
increased venous return.

Thus, since the beginning of published reports in modern 
medical literature, mechanical stimulation of the heart has been 
found to have the potential of inducing and terminating heart 
rhythm disturbances, as well as to modulate cardiac pacemaker 
rate.

Mechanical Induction of Nonphysiologic Rhythms

The fact that mechanical stimuli of sufficient amplitude can be 
used to pace otherwise quiescent hearts has been illustrated by 
Franz et al., using Langendorff-perfused rabbit heart prepara-
tions where the ventricles (rendered asystolic by ablation of the 
atrioventricular node) were stimulated by periodic inflation of an 
intraventricular balloon (Figure 14-2, A).

Similar behavior is believed to underlie “fist pacing” in asys-
tolic patients. Energy levels required for mechanical PVB induc-
tion by precordial impact have been established by defibrillation 
pioneer Zoll et al.3 in human volunteers as 0.04 to 1.5 J. For 
comparison, the lower end of this energy range is equivalent to 
dropping a golf ball (46 g) from a height of 9 cm (3.5 in).

The study by Zoll et al.3 found that, in anaesthetized dogs, 
impacts with energies tenfold greater than the PVB-induction 
threshold do not induce repetitive responses, ventricular tachy-
cardia (VT), or VF, even if applied in the relative refractory 
period.3 Overall, this is in keeping with the notion that arrhyth-
mogenesis requires the combination of trigger and sustaining 
mechanisms, so that consequences of isolated ectopic beats, 
whether mechanically induced or not, are usually benign.

Although these examples illustrate the effects of the external 
mechanical environment on cardiac MEC (see Figure 14-1, 
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It is remarkable that basic scientists and clinical practitioners 
often are inclined to reduce the heart, and what may be wrong 
with it, to its electrical function. Of course, it is not a lack of 
action potential (AP) generation (e.g., asystole) or a surplus of 
uncoordinated AP-cycles (e.g., ventricular fibrillation [VF]) that 
is lethal, but the cessation of competent cardiac pump function. 
A case in point is pulseless electrical activity, a cause of cardiac 
arrest whose prevalence has been rising in recent decades. In 
pulseless electrical activity, the electrocardiogram (ECG) can 
show near-normal cycles of electrical excitation and repolariza-
tion, yet these occur in the absence of contractile activity, pres-
sure generation, and, hence, cardiac output.

The processes that underlie excitation-contraction coupling 
(ECC; see chapter 16), as well as contractile activity of cardiac 
muscle, form major foci of basic and applied research. In contrast, 
the relevance of the mechanical environment for cardiac electri-
cal activity—mechano-electric coupling (MEC)—is often over-
looked or ignored. Thus, mechano-electric dissociation is often 
introduced in experimental research on purpose, by applying 
pharmacologic uncouplers, to reduce or abolish motion artifacts 
that interfere with the fidelity of electrical signals, even though 
this uncoupling alters observed electrical behavior.1 In conceptual 
terms, cardiac MEC complements ECC, integrating cardiac elec-
trical and mechanical activity into an intracardiac regulatory loop 
(Figure 14-1).

Myocardium is an exquisite mechano-electric transducer. A 
tangible example is the classic coronary-perfused heart prepara-
tion, established by Oskar Langendorff in the nineteenth century, 
which can be stopped or restarted at the flick of a finger. This 
phenomenon is not restricted to the isolated heart. Catheter 
approach to the ventricles can be judged by the appearance of 
premature ventricular beats (PVB). Mechanically induced ectopic 
excitation by finger-tapping of the exposed ventricular wall is 
used for reinstatement of sinoatrial node (SAN) rhythm in 
patients that are being weaned from cardiac bypass, in particular 
if prior electrical defibrillation has caused asystole.

In fact, manifestations of cardiac MEC are present at all levels 
of structural and functional integration, from in situ and ex vivo 
whole heart, over in vitro tissue and cells, to subcellular domains 
such as membrane patches. Indeed, patch-clamp identification of 
cardiac stretch-activated ion channels (SACs) by Guharay and 
Sachs2 was pivotal not only for the development of quantitative 
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bottom box), mechanical PVB induction can also arise because of 
the heart’s own contractile activity (see Figure 14-1, middle box). 
This is illustrated in Figure 14-2, B, which shows MAP record-
ings from a patient undergoing pulmonary balloon valvuloplasty. 
In this procedure, the stenosed RV outflow valve is widened by 
insertion and inflation of a balloon. During balloon inflation,  
RV contractions are isovolumic (no ejection) and give rise to 
significantly increased RV peak-pressures. This increase is  
generally associated with AP-shortening, diastolic depolarization, 
and occurrence of early afterdepolarization (EAD)-like events. If 
supra-threshold, these depolarization can give trigger PVB.4 As 
before, against an otherwise inconspicuous myocardial back-
ground, self-sustained repetitive activity is not normally induced.

In contrast, in the presence of preexisting pathologies, PVB 
can give rise to sustained arrhythmias, as shown in whole-animal 
studies of pathologically prolonged QT intervals, conducted by 
Volders et al. In their model, QT-prolongation was induced 

Figure 14-1.  Schematic  view  of  cardiac  electromechanic  integration. Within  the 
heart  (center box),  electrical  behavior  steers  mechanical  activity  via  excitation-
contraction coupling (ECC) but, in turn, it is affected by mechano-electric coupling 
(MEC).  This  involves  a  multitude  of  interdependent  feed-forward  and  feed-back 
pathways  that  alter  transsarcolemmal  and  intracellular  ion  transport,  membrane 
and  action  potential  configuration  (ΔVm/AP),  calcium  handling,  and  stress–strain 
dynamics.  Intracardiac  electromechanic  interactions  are  modulated  by  the  bio-
physical environment of the heart (bottom box), and form a target of extracardiac 
control (top box). 

Extracardiac Control Mechanisms
(e.g., autonomic nervous system, hormones, drugs)

Cardiac Mechano-Electric Coupling (MEC)

Cardiac electrophysiology

Ion currents Calcium

Cardiac mechanics

Biophysical Environment
(e.g., ion concentrations, electrical fields, stress/strain, temperature)

ECC
� Vm/AP � Stress/strain

Figure 14-2.  Mechanically  induced premature ventricular beats  (PVB). A, Mechanical pacing of  the Langendorff-perfused asystolic  rabbit heart. Pulsatile  left-ventricular 
(LV) distention (bottom trace, showing increasing LV balloon inflation) causes diastolic membrane depolarization (top trace, blue highlights). The amplitude of depolarization 
increases with the mechanical stimulus and, upon reaching threshold levels, gives rise to the generation of action potentials (APs; top trace, red) with each volume pulse. 
Note that the first two APs are spontaneous escape beats, unrelated to the mechanical stimuli. B, Cardiac contraction–induced tissue depolarization (blue) and PVB induc-
tion  (red)  in  patients.  MAP  recording  before  (left)  and  during  (middle  and  right)  inflation  of  a  balloon  in  the  right-ventricular  outflow  tract,  which  gives  rise  to  early 
afterdepolarization-like events (blue) and PVB-induction (red). LVVol, volume pulses; MAP, monophasic AP. 

(A, From Franz MR, Cima R, Wang D, et al: Electrophysiological effects of myocardial stretch and mechanical determinants of stretch-activated arrhythmias. Circulation 86:968–978, 
1992. B, From Levine JH, Guarnieri T, Kadish AH, et al: Changes in myocardial repolarization in patients undergoing balloon valvuloplasty for congenital pulmonary stenosis: 
evidence for contraction-excitation feedback in humans. Circulation 77:70–77, 1988.)
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acutely by pharmacologic block of the slowly activating delayed 
rectifier potassium current. On this background, additional 
β-adrenergic stimulation by bolus injection of isoproterenol gives 
rise to ventricular after contractions of increasing amplitude  
(up to 25 mm Hg). Originating from near-endocardial locations, 
their onset precedes (by tens of milliseconds) EAD-like epicardial 
potentials and alterations in descending T-wave morphology. 
With increasing amplitude, these apparently contraction- 
induced afterdepolarizations eventually reach threshold for PVB-
induction, followed by torsades de pointes arrhythmic activity.5

Under certain conditions, acute mechanical stimulation can 
be sufficient to give rise to both trigger and sustaining mecha-
nisms for maintained arrhythmias, even in otherwise healthy 
myocardium. A prominent example of this is Commotio cordis. A 
number of risk factors for the mechanical induction of such 
rhythm disturbances have been identified, based on experimental 
observations from the pioneering work of Schlomka6 to modern 
studies by Link.7 Key risk factors include (1) type of impact 
(impulse-like stimulation, whose arrhythmogenic risk is inversely 
related to projectile compliance and contact area); (2) impact 
energy (large subcontusional forces, reaching more than 100 J in 
competitive sports); (3) impact location (precordial, or in human 
also spinal, areas that offer efficient energy transmission from 
body surface to myocardium); and (4) impact timing. Factors 1 
to 3 can be regarded as permissive: only if they are all present 
does timing become decisive.8 This presumably explains why the 
vast majority of precordial (or spinal) impacts result in relatively 
benign heart rhythm changes, if any.

The critical time-window for the worst possible outcome of 
Commotio cordis, induction of VF, overlaps with the T wave. The 
T wave, during which myocardial electrophysiologic heterogene-
ity is maximal, has long been associated with a period of increased 
susceptibility to arrhythmogenesis by electrical stimulation, the 
so-called vulnerable window. Compared with electrical stimula-
tion, the vulnerable window for mechanical VF-induction is sur-
prisingly narrow (∼15 ms, just before the peak of the T wave in 
anaesthetized pig).9

Quantitative computational modeling suggests that mechani-
cally induced VF is favored during a short period of time only, 
when the mechanically stimulated tissue volume overlaps with 
the trailing wave of excitation.10,11 In this setting, sustained 
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In contrast to acute effects, MEC-contributions to arrhyth-

mogenesis in chronic cardiac overload are more difficult to 
uncover. Usually, pathologies that involve cardiac pressure or 
volume overload develop slowly, and they are associated with 
pronounced structural and functional remodeling. In addition, 
the causes of overload and tissue remodeling could be proar-
rhythmogenic in their own right. Nonetheless, mechanical 
factors have been implicated in the domestication of atrial fibril-
lation (AF),13 whose dominant frequency in patients correlates 
with atrial pressure.14 Similarly, ventricular arrhythmogenesis has 
been linked to pressure and volume overload.15,16

A conceptually interesting approach to probing the relevance 
of mechanical factors for arrhythmogenesis in the chronically 
overloaded heart is the temporary removal of tissue strain. This 
can be achieved with the Valsalva maneuver, an attempt to force-
fully exhale against the closed glottis. Intrathoracic pressure 
increases during the strain phase of the maneuver, reducing 
venous return and favoring arterial drainage from the chest. This 
condition leads to measurable reductions in cardiac dimensions. 
On this background, VT has been found to convert to sinus 
rhythm.17 In this study, 7 of 15 patients showed sustained and 2 
showed transient cardioversion. Relief of ventricular wall stress, 
rather than autonomic nervous system–mediated responses, 
appears to be a causal contributor to this antiarrhythmic effect, 
because successful cardioversion can also be observed in the pres-
ence of pharmacologic17 or surgical denervation of the heart, such 
as in transplant recipients.18

Thus, acute stretch can cause diastolic depolarization, which 
can trigger ectopic excitation. Systolic or sustained stretch can 
contribute to arrhythmia sustenance by enhancing heterogene-
ities in excitability, refractoriness, and electrical load. These 
MEC effects have implications for preventive measures (e.g., 
chest protector design for sports involving fast-moving projec-
tiles) and for interventions such as hemodynamic unloading, 
active and passive cardiac assist, or biventricular pacing. In addi-
tion, defibrillation threshold increases with ventricular preload,19 
apparently not only because of geometric factors,20 but also 
because of regionally differing MEC-mediated strain effects that 
raise background electrophysiologic heterogeneity.21 Cardiac 
mechanosensitivity therefore adds an interesting dimension to 
the present discussion about whether a period of chest compres-
sions should precede defibrillation attempts in cardiac arrest 
victims with prolonged delays to intervention.

Mechanical Termination of  
Nonphysiologic Rhythms

Acute mechanical stimulation, usually by precordial thump (PT), 
can be used as a means of cardiopulmonary resuscitation. PT has 
been reported to terminate arrhythmias, including asystole, VT, 
and rarely VF (Figure 14-4).

In the emergency resuscitation setting, PT is often the fastest 
resuscitative procedure available. PT is delivered with the ulnar 
side of the clinched fist, from a height of approximately 20 cm (8 
in), followed by active retraction to emphasize the impulse like 
nature of the stimulus. The energy levels required for PT-based 
termination of VT and VF are one to two orders of magnitude 
higher than those involved in mechanical pacing of the acutely 
asystolic ventricle (4 to 10 J vs. 0.04 to 1.5 J in adults).22 The 
more powerful thumps are applied preferentially to the lower 
sternum, rather than the left sternal edge, which is targeted for 
fist-pacing or precordial percussion.23

Efficacy of PT in real-life settings is difficult to calibrate and 
compare, because patient backgrounds vary, mechanical impact 
properties are not normally monitored, controlled study designs 
are not usually possible, and single case reports in particular 
suffer from positive data publication bias. The available 

arrhythmogenesis occurs because, in addition to mechanical PVB 
induction in tissue that has regained excitability (trigger), the 
intersection of mechanically affected myocardium and the trail-
ing repolarization wave gives rise to a functional block zone 
around which reentry develops (sustaining mechanism; Figure 
14-3). In three-dimensional tissue, the ectopic activation front 
forms around a transmurally directed conelike volume of tissue 
in which mechanical activation reaches the AP threshold.12 The 
more forceful the impact, the closer to fully transmural is the 
affected tissue cone. In addition, the more focal the stimulus,  
the closer to perpendicular is this ectopic wavefront, relative to 
the cardiac surface and, by implication, to the trailing wave-end. 
This relationship enhances the arrhythmogenic potential, as seen 
in classic S1/S2 cross-stimulus experiments, and could hold a key 
to understanding risk factors 1 and 2.

Risk factors 3 and 4 are related to the understanding that the 
critical window for mechanical VF-induction will differ, depend-
ing on where on the surface of the heart a stimulus is applied; 
therefore, this critical window exists in space and time. However, 
only a limited part of myocardial tissue is in close proximity to 
the precordium and, hence, accessible to extracorporeally applied 
local mechanical stimulation. Therefore, only a subset of the 
(location-specific) critical windows present throughout the heart 
form a mechanically accessible target in vivo. This is qualitatively 
different from electrical stimulation, which is less focused and 
less dependent on proximity, and therefore potentially arrhyth-
mogenic over a longer part of the T-wave duration.

Figure 14-3.  Effect of  local mechanical stimulation during the critical window of 
the T wave in a two-dimensional model of ventricular free wall consisting of 256 × 
256 electrotonically coupled guinea pig ventricular cell models. A local impact to 
the epicardium (right-hand side of the grid), timed to occur at 40% tissue repolar-
ization (see trailing wave-end of the previous activation, which travels from right 
to  left;  for  color-coding,  see  scale  bar),  stimulates  cation  nonselective  stretch-
activated channels in the mechanically affected tissue (white outline, top left panel). 
This  gives  rise  to  depolarization  in  tissue  that  has  regained  excitability  and  early 
repolarization of tissue with positive membrane potentials (top right panel). If supra-
threshold,  stretch-induced  depolarization  causes  ectopic  excitation  (bottom left 
panel). The intersection of trailing wave and mechanically induced new excitation 
forms a functional block zone. This causes the formation of two wave fronts that 
progress across the tissue near perpendicularly to the normal direction of electrical 
wave propagation (bottom-right, see white arrows) and give rise to the formation of 
two stable reentrant rotors of excitation. 

(Data from Garny A, Kohl P: Mechanical induction of arrhythmias during ventricular 
repolarisation: modelling cellular mechanisms and their interaction in 2D. Ann N Y 
Acad Sci 1015:133–143, 2004.)
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levels of potassium-selective SAC (SACK) such as TREK-134 and 
cation nonselective SAC (SACNS) such as TRPC1.35

Overall, the range of cardiac electrophysiologic responses to 
mechanical stimulation is not principally different from those 
caused by electrical energy delivery. Both can be used to pace, 
cardiovert, or arrest the heart. Concepts such as the vulnerable 
window for VF-induction apply to both electrical and mechanical 
stimuli. Even the effective energy ranges required for pacing, 
cardioversion and defibrillation are not entirely dissimilar. For 
example, external electrical defibrillation is usually achieved by 
extracorporeal energy application of 150 to 250 J; of this, only 4% 
traverses the heart,36 yielding a cardiac energy delivery of 6 to 10 J, 
similar to that for the PT-version of tachyarrhythmia. These simi-
larities should not be surprising, because mechanical energy can 
be converted into a transmembrane current by ion fluxes through 
SAC at the intervention’s target site: the cardiac cell.

Mechanical Modulation of Pacemaking

Diastolic stretch of cardiac tissue causes membrane depolariza-
tion, if strong enough to induce any change. In working myocar-
dium, such depolarization may trigger PVB (see Figure 14-2), 
while in conduction33 and pacemaker tissue37 of many species an 
increase in beating rate (BR) is observed (Figure 14-5). This 
positive chronotropic response to stretch is seen predominantly 
in mammals with low resting heart rates, such as guinea pigs, 
rabbits, cats, dogs, and humans. In fast-beating murine hearts, in 
contrast, sustained stretch reduces BR, although apparently via 
the same underlying mechanism: SACNS activation.38

From a systematic point of view, early induction of the next 
heartbeat in response to increased venous return is advantageous, 
unless volume throughput is limited by inflow, such as in species 
with already very high heart rates. In species with an upright body 
posture, however, a chief and evidently overriding requirement 
for survival is the control of cardiac output pressure to ensure 
brain perfusion. Therefore, heart rate responses to hemodynamic 

information from case series involving tens24 to 100 patients25 
suggest that fist-pacing of the bradycardic heart has higher 
success rates (up to 90%)25 than PT-version of tachyarrhythmias 
(1% to 60%).24,26 Only three small prospective studies have inves-
tigated the clinical utility of PT.26-28 They showed that PT is 
ineffective in most tachyarrhythmias, that acutely-asystolic arrest 
(for which PT was initially described in 1920)29 may be the most 
amenable target for mechanical cardioversion, and that negative 
side effects are rare (none in >700 cases).26-28

In cases where PT causes successful termination of tachyar-
rhythmias, it is believed to act primarily via depolarizing excitable 
tissue in the excitable gaps.30 However, as these gaps may be in 
myocardium at sites distant from the tissue underneath the pre-
cordium, high PT energy levels are necessary and, if there is a 
multitude of them (e.g., in VF), positive outcomes are rare.

In the asystolic heart, fist-pacing can trigger cardiac excitation 
and active contraction. The hemodynamic efficacy of such 
mechanically induced cardiac contractions is not different from 
electrically stimulated beats,31 and both are about twice as pro-
ductive (in terms of volume output) as chest compressions, even 
if performed optimally.32 This efficacy confers resuscitatory value 
to fist-pacing even when normal sinus rhythm is not immediately 
reinstated; of course, PT should not delay implementation of 
other established resuscitation measures.

The most common manifestation of PT effects in ECG 
recordings, in particular in the asystolic heart, is an impact-
induced electrical artifact with an electrical axis that tends to 
resemble the direction of normal QRS-complexes. This manifes-
tation suggests that mechanically induced excitation in the qui-
escent heart can proceed along a pathway that has an overall 
trajectory similar to that of normal activation. It is possible, 
therefore, that earliest excitation is triggered preferentially either 
in cells of the secondary/tertiary pacemaker/conduction tissue of 
the heart (e.g., Purkinje fibers that have long been known to be 
mechanosensitive),33 or in subendocardial locations, which appear 
to be more mechanosensitive than subepicardial tissue.5 This 
possibility is supported by transmural differences in expression 

Figure 14-4.  Electrocardiograph recordings of precordial thump (PT)-induced cardioversion in patients. A, Conversion of ventricular asystole (AS) to normal sinus rhythm 
(NSR) by PT. B, PT-conversion of ventricular tachycardia (VT). C, PT-induced termination of early ventricular fibrillation (VF). Arrows indicate PT application. 

(A, From Pellis T, Kette F, Lovisa D, et al: Utility of precordial thump for treatment of out of hospital cardiac arrest: a prospective study. Resuscitation 80:17–23, 2009. B, From 
Pennington JE, Taylor J, Lown B: Chest thump for reverting ventricular tachycardia. N Engl J Med 283:1192–1195, 1970. C, From Barrett JS: Chest thumps and the heartbeat. 
N Engl J Med 284:393, 1971.)
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selection bias. This question is somewhat misleading, of course, 
because we do not know the evolutionary cost of removing any 
trait (in particular if that trait per se does not conflict with repro-
ductive probability). It is possible, however, that the deleterious 
electrophysiologic manifestations of cardiac MEC are side effects 
rather than main targets of underlying mechanisms, akin to the 
arrhythmogenic potential of the sodium-calcium exchanger in 
calcium-overloaded cells, as a consequence of its electrogenicity, 
whereas its physiologic function is to maintain ion concentration 
gradients. Therefore, it is conceivable that MEC is a side effect 
of mechano-mechanic coupling, perhaps required for the adjust-
ment of individual cells’ calcium concentration to external 
mechanical demand (see Summary and Outlook).

Cardiac Stretch–Activated Ion Channels

Transsarcolemmal Channels

Mechanosensitive ion channels can be found in the sarcolemma 
of most prokaryotic and eukaryotic cell types. The open probabil-
ity of these channels is primarily modulated by mechanical 
stimuli, such as stretch (e.g., SAC) or cell volume changes 

stimuli that affect both venous return and arterial pressure, such 
as most changes in body posture (including standard tilt-table 
experiments), will be determined primarily by arterial pressure 
control patterns. This obscured the identification of the positive 
chronotropic response to stretch in human until Donald and 
Shepherd39 dissociated the increase in venous return from arterial 
pressure changes, by passively elevating the legs of healthy vol-
unteers in supine position, confirming the positive chronotropic 
response in humans.39

Similar mechanosensitive behavior is believed to underlie the 
nonnervous component of respiratory sinus arrhythmia (RSA). 
Dynamic changes in thoracoabdominal pressure gradients favor 
venous blood return to the heart during inspiration, causing a 
relative increase in right atrial filling and an associated rise in 
heart rate. Although this mechanical component contributes little 
to RSA at rest (when modulation of vagal innervation is the 
dominant driver), it is a major cause of RSA during peak exercise 
in healthy subjects (when vagal tone is reduced, while respiratory 
effort and associated pressure gradients are enhanced),40,41 and 
explains the presence of RSA in heart transplant recipients.41

If mechanical modulation of the heart rate was the only physi-
ologically relevant effect, one might be tempted to wonder why 
cardiac MEC has been preserved during evolution, against its 
pro-arrhythmic potential that could have exerted a negative 

Figure 14-5.  Positive chronotropic response to stretch in whole animal, isolated tissue, and single pacemaker cell. Left, Classic observation by Francis Bainbridge, showing 
that intravenous injection of saline (bottom) raises venous pressure (top) and pulse rate (second from top) without coinciding change in arterial blood pressure (BP) in the 
anesthetized dog. Top right, Sharp electrode recording of sinoatrial node (SAN) pacemaker cell potential  (top) and tissue tension (bottom, contraction pointing upward) 
during application of a 30% area increase to isolated right-atrial tissue containing the SAN (stretch indicated by the increase in resting tension). Telltale signs of MEC effects 
are reduction of maximal diastolic and maximal systolic potentials, and increased beating rate. Bottom right, Axial stretch by 7% (black curve) of rabbit single SAN cell gives 
rise to electrophysiologic changes that match those seen at tissue level. 

(A, From Bainbridge FA: The influence of venous filling upon the rate of the heart. J Physiol 50:65–84, 1915. B, From Deck KA: Dehnungseffekte am spontanschlagenden, isolierten 
Sinusknoten. Pflug Arch 280:120–130,1964. C, From Cooper PJ, Lei M, Cheng LX, Kohl P. Axial stretch increases spontaneous pacemaker activity in rabbit isolated sinoatrial node 
cells. J Appl Physiol 89:2099–2104, 2000.)
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(volume-activated channels; VACs). VACs in particular are 
believed to be a phylogenetically ancient theme, required to allow 
single-cell organisms to adapt to potentially drastic changes in 
osmotic pressure in their external environment.

The mammalian heart contains both SACs and VACs. SACs 
respond instantaneously to mechanical stimuli, whereas VACs 
tend to show a significant lag-time (up to minutes) between the 
onset of cell volume changes and ion channel response. VACs, 
possibly encoded by CIC-3,42 are understood to be important 
contributors to cardiac electrophysiology in chronic settings, 
such as ischemic or postischemic cell swelling and hypertrophy 
(where VAC are constitutionally active).43 In the context of elec-
trophysiologic responses to beat-by-beat changes in the mechani-
cal environment, however, SACs are implied as a key mechanism 
underlying MEC.

SACs were discovered in the 1980s, initially in cultured avian 
skeletal muscle by Guhara and Sachs,2 and confirmed in mam-
malian cardiomyocytes by Craelius et al.44 SACs show either little 
selectivity for (predominantly monovalent) cations (SACNS, for 
nonselective), or they preferentially conduct potassium ions 
(SACK). These selectivity profiles determine their transmem-
brane current reversal potentials, which are half-way between 
AP-plateau and resting potentials for SACNS (usually between 0 
and –25 mV), and close to the potassium equilibrium-potential 
for SACK (approximately –95 mV in cardiomyocytes).

Like other phenomenological classifications, mechanosensi-
tive ion channel categories are not absolute, and there is overlap 
with other types of ion channels. Several mechanosensitive chan-
nels are also voltage or ligand sensitive, and vice versa, voltage 
or ligand activated channels can be modulated by their mechani-
cal environment. Thus, the hyperpolarization-activated cyclic 
nucleotide gated (HCN) channel is mechanically modulated,45 as 
is the adenosine triphosphate (ATP)-inactivated potassium 
channel (KATP), whose open probability is increased by stretch in 
atrial46 and ventricular myocytes.47 Mechanosensitivity could 
explain why these two ion channel populations appear to be less 
active when studied in vitro, compared with predictions based on 
in situ observations. The contribution of the funny current, if 
(HCN equivalent in cardiac pacemaker cells) to pacemaking, for 
example, could be underestimated under conditions of reduced 
external load, such as in isolated cell and tissue preparations. 
Likewise, in vitro activation of KATP channels can occur only after 
reaching abnormally low ATP levels in mechanically unloaded 
cells. This would be in keeping with the in situ observation that 
prevention of systolic stretch (or paradoxical segment lengthen-
ing) of ischemic myocardium, achieved using a tripodlike 
mechanical clamp, reduces or delays extracellular potassium 
accumulation in the anaesthetized pig.16

For practicality, SACs are therefore regarded as the channels 
whose open probability is primarily affected by the mechanical 
environment, and for whom mechanical stimulation in the 
absence of cell volume changes is sufficient to promote opening.

SACs typically respond to a range of mechanical stimuli, 
including local membrane deformation, changes in cell curvature, 
lateral compression, and axial stretch. Whether transfer of 
mechanical energy to the ion channel protein occurs mainly via 
the cytoskeleton, or via the lipid bilayer, is a matter of debate. It 
is likely that both are involved to individually varying degrees. 
Some SACs, such as the transient receptor potential channel 
(TRPC1), can be activated in pure lipid bilayers.48 Other SACs 
are sensitive to cytoskeletal integrity, which could either promote 
or prevent their opening.49

The actual mechanisms of cardiac SAC activation are not well 
established. Open and closed state data from large conductance 
prokaryotic mechanosensitive channels (MscL) have identified 
one mode of action. This action involves an irislike increase in 
pore dimensions during channel opening, involving an increase 
in the outer circumference of the protein in the plane of the 

sarcolemma, combined with a reduction in transsarcolemmal 
dimensions.50 These configurational changes would be favored 
by increased lipid bilayer tension and by membrane thinning, 
both of which could underlie the mechanosensitive gating of the 
channel. In this context, any channel whose area projection in the 
plane of the cell membrane increases during opening should be 
sensitive to lipid bilayer tension. The question “why do SAC 
channels exist?” could be replaced, therefore, by asking “should 
not more channels be at least modulated by their mechanical 
environment?” Recent reports indicate that the range of mechan-
ically modulated ion channels is indeed significantly larger than 
generally assumed.45,51

At the same time, no sequence or structure homologues of 
MscL have been identified in mammalian myocardium. However, 
recent evidence suggests that TRPC channels (such as TRPC148 
or TRPC652) underlie cardiac sarcolemmal SACNS, whereas 
cardiac SACK appear to include two pore-domain channels (e.g., 
TREK-1),53 inwardly rectifying channels (e.g., Kir),54 and ligand-
activated channels (e.g., KATP, BKCa).46,55 Another promising can-
didate is formed by piezo proteins that have been shown recently 
to assemble into large (protein-tetramers containing more than 
100 transmembrane domains) mechanosensitive channels in a 
range of species, from flies to mammals.56

Detailed functional description of SAC has been complicated 
by the fact that some of them (in particular SACNS) appear to be 
located in membrane areas that are not easily accessible to patch-
clamp investigations in adult mammalian ventricular cells, such 
as T-tubules57 and caveolae.58 Single-ion channel data have there-
fore been obtained mainly on neonatal or atrial cells.

Nontranssarcolemmal Channels

In addition to transsarcolemmal SACs that allow ion flux between 
cell interior and extracellular spaces, ion channels in certain sub-
cellular compartments may be mechanosensitive. These com-
partments include the sarcoplasmic reticulum (SR), mitochondria, 
and the nuclear envelope.

Calcium release from and reuptake into the SR have been 
shown to be modulated in cardiac cells by the mechanical envi-
ronment, chiefly invoking length-dependent changes in calcium 
buffer capacity of contractile filaments and direct or secondary 
effects of transsarcolemmal ion fluxes (e.g., Ca2+-fluxes, or Na+-
fluxes that affect the Ca2+-balance via sodium-calcium exchange). 
However, SR calcium release events (“sparks”) become more 
frequent during acute axial stretch, even in resting cardiomyo-
cytes and in the absence of extracellular sodium and calcium 
(Figure 14-6).59 Similarly, stimulation of cultured atrial and ven-
tricular cardiomyocytes by the application of small fluid jets can 
increase calcium spark rate in a way that appears to draw on 
mitochondrial calcium.60

In other cell types, the nuclear envelope has been found to 
contain SACs that contribute to calcium signaling in this 
domain,61 and it would not be surprising if the same applied to 
the heart.

Finally, connexin channels can be mechanosensitive. Con-
nexins are best known for linking the cytosols of two contacting 
cells; although “sarcolemmal,” they do not connect a cell’s  
inside to the outside in this configuration. Noncardiac con-
nexin46 has been shown to be mechanosensitive.62 It will be 
interesting to see whether the same applies to cardiac isoforms, 
such as connexin43, whether located in the sarcolemmal or in the 
internal membranes of cardiac mitochondria.63 In fact, mitochon-
dria could be more important players in cardiac MEC than cus-
tomarily assumed, because they are able to generate significant 
intracellular forces during mitochondrial swelling,64 and hence 
possibly link metabolic disturbances to mechanisms involved  
in MEC.
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contain streptomycin. In addition, efficacy in vitro cannot simply 
be extrapolated to the in situ setting, where it would appear that 
cardiac SACs, accessible to GsMTx-4, can be protected from 
acute block by streptomycin.66

The mechanisms of action of SAC block have not been 
resolved, but they might include screening of negative charges 
(popular blockers are cations with net charges ranging from 2+ 
for streptomycin to 5+ for GsMTx-4), interactions with the lipid 
bilayer, and open channel block (for detail on SACs as pharma-
cologic targets, see the review by White67).

Manifestations of Cardiac Stretch–Activated 
Ion Channel Activation

Cell-Level Responses

Whole-cell SAC currents have been recorded from most cardio-
myocyte types, including SAN pacemaker cells, Purkinje fibers, 
and atrial and ventricular myocytes. Their effects on cellular 
electrophysiology depend on the effective stretch target (SACNS 
or SACK), stretch timing (relative to the cardiac cycle), and 
stretch characteristics (e.g., rate of rise, amplitude).

As a rule, diastolic stretch gives rise to depolarization if it is 
of sufficient amplitude to cause any changes in membrane poten-
tial (Vm; Figure 14-8). This can best be explained by the activa-
tion of SACs whose reversal potential is positive to the resting 
cell membrane (i.e., SACNS).

The effects of stretch during the AP are less clear, because AP 
shortening, crossover of repolarization, and delayed repolariza-
tion have all been reported. Some of this discrepancy could be 
explained by differences in recording techniques, which can affect 

Pharmacologic Probes

In the absence of direct access to several of the relevant ion 
channel populations by patch-clamp approaches, SAC contribu-
tions to cardiac electrophysiology have been studied by pharma-
cologic block. There are three main types of SAC blockers 
commonly used in experiments: the ionic form of gadolinium 
(Gd3+; typically 10 to 100 µM), aminoglycosidic antibiotics (e.g., 
streptomycin, 30 to 50 µM), and a tarantula venom peptide 
(Grammostola spatulata mechano-toxin 4, GsMTx-4; effective at 
concentrations of 100 nM using the native peptide, but rising to 
1 to 5 µM with at least some of the commercially available syn-
thetic forms).

All these substances have drawbacks. Gadolinium suffers from 
a lack in specificity (overlapping concentration range for block of 
L-type calcium, sodium, and rapid delayed rectifier potassium 
channels, as well as of the sodium-calcium exchanger) and from 
precipitation in bicarbonate/phosphate-buffered solutions 
(although both Gd3+ and gadolinium salts may affect SACs). Ami-
noglycosidic antibiotics are neither strictly selective (e.g., L-type 
calcium channel block with a half-maximal inhibition at 1 to 
2 mM), nor are they necessarily reliable tools for acute SAC 
block in situ (if they were, prescribing them as antibiotics would 
be unlikely). Finally, high-purity GsMTx-4,65 although selective 
and effective in both D- and L-configurations, still suffers from 
limited availability and high cost.

Given the above limitations, streptomycin has emerged as a 
popular pharmacologic probe to study SACs in vitro, where it 
efficiently and reasonably specifically (at micromolar concentra-
tions) blocks whole-cell currents activated by axial stretch (Figure 
14-7). In this context, caution is advised when using cultured cells 
to study mechanosensitive behavior, because many culture media 

Figure 14-6.  Time course of relative Fluo-4 signal intensity in a rat ventricular resting cardiomyocyte, illustrating dynamic changes in spatially resolved Ca2+ concentration 
before and during axial cell stretch. Upright panels show cell  images, averaged from 10 confocal XY scans, before (back) and after (front) stretch application. Low signal-
intensity areas, overlapping the cell, reveal carbon fiber (CF) positions (scale bars, 20 µm). In between, fluorescence intensity in each confocal XY scan was added along 
the y-axis and plotted as a pseudo-3D XT-sequence of relative Ca2+ fluorescence. Note the corrugated appearance of background intensity, which is indicative of sarcomere 
length  (SL). Axial  stretch was applied by  lateral movement of both CF  (shading across XT plot  indicates period of CF movement),  increasing SL  in  the affected area by 
approximately 8%. This is associated with an increase in spark rate. 

(Data from Iribe G, Ward CW, Camelliti P et al: Axial stretch of rat single ventricular cardiomyocytes causes an acute and transient increase in Ca2+ spark rate. Circ Res 104:787–795, 
2009. Figure design courtesy Dr. Alan Garny, University of Oxford.)
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stretch targets. For instance, sharp electrodes and a perforated or 
ruptured patch can give rise to opposite AP duration changes, 
hinging on differential effects of these techniques on the interac-
tion between SACs and calcium handling.68 Stretch configuration 
matters as well, because moderate stretch initially affects only AP 
duration (the AP plateau is electrophysiologically more labile 
than the resting potential), whereas more severe distension alters 
diastolic behavior, potentially causing crossover of late AP repo-
larization and EAD-like behavior (see Figure 14-8). Another 
confounding aspect is related to the repolarization level at which 
AP duration is measured. Because early AP shortening may coin-
cide with late AP-prolongation, this can give rise to apparently 
contradictory changes in reported AP duration.

Whereas stretch of normal myocardium appears to preferen-
tially target SACNS (whose block fully eradicates whole-cell 
current responses in isolated cells; see Figure 14-7), this could be 
different under conditions of metabolic impairment. Thus, KATP 
channels that are normally quiescent in atrial and ventricular 
cardiomyocytes respond to pipette suction46 and axial stretch47 
when preactivated by a reduction in ATP concentration. Coacti-
vation of a potassium-selective channel by ATP reduction and 
stretch will give rise to a less-positive reversal potential of the 
“net whole-cell current” induced by stretch in the ATP-starved 
heart. This might explain the reduced efficacy of PT (less effi-
cient eradication of excitable gaps by reduced net inward current) 
in myocardium with severe metabolic impairment.47

Stretch effects may vary not only with disease, but also with 
species, age, cell type, and location. For example, subendocardial 
ventricular cardiomyocytes appear to be more likely than subepi-
cardial cells to respond to mechanical stimulation with EAD-like 
behavior.5 Differences in mechanosensitivity can be caused by (1) 
regionally or transmurally varying levels of relevant mechanical 
stimuli; (2) different mechanical properties of cell and tissue 
components involved in the transmission of external mechanical 
stimuli to the actual mechanotransducers; (3) variable expression 
or responsiveness of mechanotransducers; and (4) distinct elec-
trophysiologic background properties of affected cells and tissues. 
The latter appears to underlie species differences in SAN pace-
maker responses to mechanical stimulation.

The response of the SAN pacemaker cells to stretch seems to 
chiefly involve SACNS activation, as shown in rabbit SAN isolated 
cells during axial stretch.69 The principal effects of stretch on 
SAN cell AP-morphology are qualitatively equivalent to those 
observed in SAN tissue (see Figure 14-5). They include (in addi-
tion to truncation of diastolic and systolic Vm-maxima) accelera-
tion of spontaneous diastolic depolarization and of early AP 
repolarization, which can both act to increase pacemaker rate, 
combined with a slowing of late AP repolarization when Vm is 
below the SACNS reversal potential, which would prolong the 
pacemaker cycle and reduce beating rate if it dominated the 
response. In other words, SAN pacemaker potential changes that 
move toward the reversal potential of SACNS (–11 mV in rabbit 
SAN cells)69 are accelerated by stretch, whereas those that move 
away from the reversal potential are slowed.

If one compares the SAN pacemaker potential waveforms of 
slow- and fast-beating mammalian heart (e.g., guinea pig or 
rabbit versus mouse or rat), it is apparent that murine SAN pace-
maker potentials have a very different AP morphology: both 
upstroke and initial repolarization are extremely fast, followed by 
an extended late repolarization phase. The percentage of the 
pacemaker cycle during which Vm moves away from the SACNS 
reversal potential dominates murine SAN pacemaking (71% in 
mouse, compared to 46% in rabbit)66; this might underlie the 
negative chronotropic response to sustained stretch, observed in 
murine hearts. Importantly, both negative and positive chrono-
tropic responses to sustained stretch can be abolished by the 
application of GsMTx-4,66 confirming the pivotal contribution 
of SACNS. Thus, identical mechanisms can give rise to opposite 

Figure 14-7.  Action potential (AP) clamp recording of whole-cell current, induced 
by axial stretch of guinea pig ventricular myocyte, in the absence and presence of 40 
µM of streptomycin. A, AP recorded in control conditions and reapplied to the same 
cell as a voltage-command (AP clamp). Compensation currents (B-E) illustrate the 
cell’s response to interventions. Note that compensation currents have the opposite 
polarity  to native transmembrane currents. B, Control. C, After application of 5% 
stretch (ST). D, After return to control length and application of streptomycin (SM). 
E, During 5% stretch in the presence of streptomycin (SM/ST). F, Difference current 
(E minus D), illustrating that any SM-resistant stretch-induced currents are negligible. 
G,  Current-voltage  relation  of  the  stretch-induced  whole-cell  current,  measured 
during AP-clamp repolarization from +40 to –40 mV. This current appears to be com-
mensurate with SACNS and is completely abolished with 40 µM of streptomycin. 

(Data from Lei M, Cooper PJ, Kohl P. Unpublished.)
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velocity (reports in the literature are divided between increase, 
reduction, and no change, whereas reported effects depend on 
stretch amplitudes and could differ in conduction system versus 
working muscle),70 which would be important for the interpreta-
tion of electrophysiologic ensemble data, and for their patho-
physiologic relevance.

Given this complexity, the identification of SAC contributions 
to cardiac MEC in multicellular preparations has relied largely 
on pharmacologic probes. For most SAC types, specific and effi-
cient openers are not available, whereas available blockers suffer 
from a lack of cardiomyocyte specificity, as well as the limitations 
discussed earlier. In addition, it is not sufficient for a blocker to 
be SAC specific at the single cell level, but it must also be effective 
upon acute application to native tissue. This is not necessarily the 
case for streptomycin,66 which calls for careful interpretation, in 
particular of apparently negative observations at the tissue level.

Despite these notes of caution, the available evidence over-
whelmingly demonstrates that block of SACNS abolishes stretch-
induced changes in SAN pacemaker rate. It can also prevent the 
mechanical induction of arrhythmogenic triggers, such as single 
PVB,71 and the mechanical promotion of sustained arrhythmias, 
such as the preload-dependent amplification of burst-pacing–
induced AF.72 In contrast, block of SACK can increase PVB induc-
ibility.55 Interestingly, however, SACK block may still prevent 
mechanically induced development of VF.73 Whether this is 
caused by removal of an arrhythmia-sustaining effect (ectopic 
excitation is still observed), a shift in the space-time sensitive 
narrow vulnerable window for mechanical VF-induction, or 
another mechanism, remains to be confirmed.

Summary and Outlook

The currently available data suggest that mechanical stimulation, 
acting via sarcolemmal SACs, gives rise to changes in cardiomyo-
cyte Vm and AP morphology. SACNS-mediated effects in particu-
lar appear to be sufficient to explain quantitatively the majority 
of acute functional consequences of cardiac MEC quantitatively 
in physiologic conditions (Figure 14-9). Sufficiency should not, 
however, be confused with validity, necessity, or exclusivity. 
There are complex interactions of SAC effects with other media-
tors of mechano-electric integration, in particular those affecting 
calcium.74 SACs can contribute to altered calcium handling either 
directly (e.g., via changes in SR calcium release or via transsar-
colemmal Ca2+-flux through SACNS), or indirectly (via changes in 

responses, depending on the electrophysiologic background of 
affected cells. This reemphasizes the need for caution when 
extrapolating observations between species, such as from mouse 
to human.

Of course, SAN tissue in situ will not normally be stretched 
throughout the entire cycle, and more refined experimental study 
designs are needed to apply mechanical stimulation in a cycle-
dependent manner. In addition, it will be interesting to explore 
whether individual components of the “voltage- and calcium-
clocks” that drive pacemaking are directly mechanosensitive in 
native SAN cells (e.g., HCN or SR-release channels) and whether 
effects secondary to other MEC-actions, such as changes in intra-
cellular calcium concentration, determine pacemaker responses 
to stretch.70

Tissue- and Organ-Level Effects

Cardiac arrhythmias are inherently multicellular phenomena, 
and it is therefore necessary to understand mechanisms, modula-
tors, and outcomes of cardiac MEC at tissue and organ levels. 
However, linking macroscopic to microscopic events is not 
without challenges in multicellular biologic systems.

On the “input side,” quantification of mechanical interven-
tions is even more difficult in tissue than it is in cells, where 
sarcomere length can be used as an indicator of strain, or in 
membrane patches where deformation can be optically moni-
tored, at least in principle. In most tissue preparations—except 
for trabeculae, thin papillary muscles, and live tissue slices—
mechanical deformation usually cannot be quantified or graded 
with respect to subcellular or cellular strains. In the absence of 
cell deformation data, the characterization of externally applied 
mechanical stimuli is helpful. However, because of complex vis-
coelastic tissue properties that confer a strong time-varying com-
ponent to the translation of external interventions to effective 
stimuli for MEC, this is a restricted surrogate measure only.

On the “output side,” many of the standard techniques used 
to record electrophysiologic consequences of mechanical stimu-
lation in tissue and organ preparations report ensemble proper-
ties (including ECG, MAP, and optical mapping). In this context, 
it is important to recall that the heart contains a large number of 
different cell types, the majority of which are not cardiomyocytes. 
These types include endothelial cells, fibroblasts, smooth muscle, 
and intracardiac neurons, all of which are mechanosensitive and 
can affect cardiac electrophysiologic responses to mechanical 
stimulation. In addition, stretch can influence conduction 

Figure 14-8.  Effects of sustained moderate (≤5%) and severe (≥10%) axial stretch on guinea pig isolated ventricular myocyte action potential (AP) morphology. Perforated 
patch-clamp recordings show AP shortening in the absence of diastolic membrane potential changes during moderate stretch, applied using a pair of carbon fibers (left), 
whereas more severe distension gives rise to diastolic depolarization, early AP shortening, and crossover of AP repolarization, yielding early afterdepolarization-like behavior 
(right). Black, Control; red, during stretch; SACNS and SACK indicate differences in reversal potential of SAC populations with different ion selectivity. Note different time scales. 

(Data from Kohl P, Nesbitt AD, Cooper PJ et al: Sudden cardiac death by Commotio cordis: role of mechano-electric feedback. Cardiovasc Res 50:280-289, 2001.)
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linked cardiac muscle preparations,75 and it could act as an equal-
izer of the inotropic state of individual cardiomyocytes (see 
Figure 14-9). This mechanism could underlie efficient function 
of cells across regionally and temporally varying myocardial 
stress–strain gradients in the healthy heart—in particular as the 
activity of individual cells is not controlled by neuromuscular 
junctions, in contrast to skeletal muscle. Disturbances of this 
balance can be arrhythmogenic if they are sustained, because even 
small wall-motion abnormalities in patients are associated with 
increased dispersion of repolarization.76

So—What Next?

In addition to populating and interconnecting the pockets of 
current insight into MEC effects and mechanisms, there are a 
number of key challenges. These include:
• Development of improved tools to assess strain and stress in 

cells and tissue, such as those heralded by the advent of fluo-
rescent force-sensors for live-cell studies,77 and by stretchable 
electronics for whole-heart research78

• Identification of the mechanisms underlying SAC activation, 
including open and closed state SAC structures, differential  
contributions of stress and strain, and characterization of  
links between externally applied and internally sensed  
mechanical clues, including transmission to nonsarcolemmal 
ion channels59

• Integration of MEC research with mechano-mechanic and 
acute mechanochemical transduction studies, such as involving 
reactive oxygen species79,80

• Exploration of cross-talk between MEC and pharmacologic 
interventions, including the identification of MEC compo-
nents as drug targets and modulators81
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Vm/AP morphology that alter voltage-sensitive Ca2+ fluxes, or 
through SACNS Na+-influx with knock-on effects on the balance 
of transsarcolemmal ion exchange).

This interplay of SAC effects and Ca2+ handling could, in fact, 
hold the key to a better understanding of the physiologic rele-
vance of cardiac SACs. If, for example, an individual myocyte in 
situ was “less contractile” than its neighbors, then it would be 
stretched (or prevented from shortening) during systole. If this 
contributed to a gain of additional (or preservation of available) 
intracellular calcium, then it could enable affected cells to adapt 
their contractility to external demand on a beat-by-beat basis.

Such matching of local contractility to dynamically varying 
external loads has been shown experimentally in mechanically 

Figure 14-9.  Schematic  representation  of  functional  relevance  (blue)  and  key 
mechanisms  (red) of acute cardiac MEC. Effects of MEC are particularly striking in 
the context of induction and termination of arrhythmias (top left and middle), and 
can be explained by effects of stretch-activated ion channels (SACs) on cardiomyo-
cyte electrophysiology. The physiologic relevance of cardiac SAC (top right)  is not 
documented as well, which in addition to preload-dependent modulation of pace-
making rate  is  likely to  include an additional  role:  the matching of  individual cell 
contractility to external demand. The latter is linked to mechanical modulation of 
cellular calcium handling (ΔCa2+). Dashed lines  indicate some of the possible links 
between classic MEC components and cell calcium, such as  from SAC-effects on 
calcium handling, to modulation of SAN pacemaking (see text for detail). Vm, Mem-
brane potential; AP, action potential. 

Cardiac Mechano-electric Coupling Effects

Pathology Therapy Physiology

Inotropy
equalizer

e.g., Positive
chronotropy

e.g., Pre-cordial
thump

e.g., Commotio
cordis

∆ Vm/AP ∆ Ca2+

Sarcolemmal SAC Non-sarco-
lemmal SAC

∆ Stress/strain

References
1. Brines L, Such-Miquel L, Gallego D, et al: Modi-

fications of mechanoelectric feedback induce1d by 
2,3-butanedione monoxime and blebbistatin in 
Langendorff-perfused rabbit hearts. Acta Physiol 
206:29–41, 2012.

2. Guharay F, Sachs F: Stretch-activated single ion 
channel currents in tissue-cultured embryonic 
chick skeletal muscle. J Physiol 352:685–701, 1984.

2a. Meola F: La commozione toracica. G Int Sci Med 
1:923–937, 1879.

2b. Riedinger F: Über Brusterschütterung. In Fest-
chrift zur dritten Saecularfeier der Alma Julia 
Maximiliana Leipzig. Leipzig, 1882, Verlag von 
F.C.W. Vogel, pp 221–234.

2c. Bainbridge FA: The influence of venous filling 
upon the rate of the heart. J Physiol 50:65–84, 
1915.

3. Zoll PM, Belgard AH, Weintraub MJ, et al: Exter-
nal mechanical cardiac stimulation. N Engl J Med 
294:1274–1275, 1976.

4. Levine JH, Guarnieri T, Kadish AH, et al: Changes 
in myocardial repolarization in patients undergo-
ing balloon valvuloplasty for congenital pulmonary 
stenosis: evidence for contraction-excitation feed-
back in humans. Circulation 77:70–77, 1988.

5. Gallacher DJ, Van de Water A, van der Linde H, 
et al: In vivo mechanisms precipitating torsades de 
pointes in a canine model of drug-induced long-
QT1 syndrome. Cardiovasc Res 76:247–256,  
2007.

6. Schlomka G: Commotio cordis und ihre Folgen. 
Die Einwirkung stumpfer Brustwandtraumen auf 
das Herz. Ergeb inn Med Kinderhkd 47:1–91, 
1934.

7. Link MS: Commotio cordis: sudden death from 
blows to the chest wall. In Kohl P, Sachs F, Franz 
MR, editors: Cardiac Mechano-Electric Coupling 
and Arrhythmias, Oxford, 2011, Oxford University 
Press, pp 325–239.

8. Kohl P, Nesbitt AD, Cooper PJ, et al: Sudden 
cardiac death by Commotio cordis: role of 
mechano-electric feedback. Cardiovasc Res 
50:280–289, 2001.

9. Link MS, Wang PJ, Pandian NG, et al: An experi-
mental model of sudden cardiac death due to low-
energy chest-wall impact (Commotio cordis). 
NEJM 338:1805–1811, 1998.

10. Garny A, Kohl P: Mechanical induction of arrhyth-
mias during ventricular repolarisation: modelling 
cellular mechanisms and their interaction in 2D. 
Ann NY Acad Sci 1015:133–143, 2004.

11. Li W, Kohl P, Trayanova N: Induction of ventricu-
lar arrhythmias following a mechanical impact: a 

simulation study in 3D. J Mol Histol 35:679–686, 
2004.

12. Garny A, Noble D, Kohl P: Dimensionality in 
cardiac modelling. Prog Biophys Mol Biol 87:47–
66, 2005.

13. Allessie MA, Ausma J, Schotten U: Electrical,  
contractile and structural remodeling during  
atrial fibrillation. Cardiovasc Res 54:230–246, 
2002.

14. Yoshida K, Ulfarsson M, Oral H, et al: Left atrial 
pressure and dominant frequency of atrial fibrilla-
tion in humans. Heart Rhythm 8:181–187, 2011.

15. Moreno J, Zaitsev AV, Warren M, et al: Effect of 
remodelling, stretch and ischaemia on ventricular 
fibrillation frequency and dynamics in a heart 
failure model. Cardiovasc Res 65:158, 2005.

16. Bollensdorff C, Lab MJ: Stretch effects on potas-
sium accumulation and alternans in pathological 
myocardium. In Kohl P, Sachs F, Franz MR, 
editors: Cardiac Mechano-Electric Coupling and 
Arrhythmias, Oxford, 2011, Oxford University 
Press, pp 173–179.

17. Waxman MB, Wald RW, Finley JP, et al: Valsalva 
termination of ventricular tachycardia. Circulation 
62:843–851, 1980.

18. Ambrosi P, Habib G, Kreitmann B, et al: Valsalva 
manoeuvre for supraventricular tachycardia in 
transplanted heart recipient. Lancet 346:713, 1995.

http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0010
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0010
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0010
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0010
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0010
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0015
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0015
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0015
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr9000
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr9000
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr9005
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr9005
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr9005
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr9005
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr9010
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr9010
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr9010
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0020
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0020
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0020
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0025
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0025
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0025
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0025
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0025
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0030
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0030
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0030
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0030
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0030
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0035
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0035
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0035
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0035
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0040
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0040
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0040
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0040
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0040
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0045
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0045
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0045
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0045
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0050
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0050
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0050
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0050
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0055
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0055
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0055
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0055
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0060
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0060
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0060
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0060
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0065
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0065
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0065
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0070
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0070
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0070
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0070
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0075
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0075
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0075
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0080
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0080
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0080
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0080
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0085
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0085
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0085
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0085
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0085
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0085
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0090
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0090
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0090
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0095
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0095
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0095


CARDIAC STRETCH–ACTIvATED CHANNELS AND MECHANO-ELECTRIC COUPLING 149

14 
19. Dosdall DJ, Doppalapudi H, Ideker RE: Mechani-

cal modulation of defibrillation and resuscitation 
efficacy. In Kohl P, Sachs F, Franz MR, editors: 
Cardiac Mechano-Electric Coupling and Arrhyth-
mias, Oxford, 2011, Oxford University Press,  
pp 374–380.

20. Trayanova N, Li WH, Eason J, et al: Effect of 
stretch-activated channels on defibrillation effi-
cacy. Heart Rhythm 1:67–77, 2004.

21. Li W, Gurev V, McCulloch AD, et al: The role of 
mechanoelectric feedback in vulnerability to elec-
tric shock. Prog Biophys Mol Biol 97:461–478, 
2008.

22. Pellis T, Kohl P: Anti-arrhythmic effects of acute 
mechanical stimulation. In Kohl P, Sachs F, Franz 
M, editors: Cardiac Mechano-Electric Coupling 
and Arrhythmias, Oxford, 2011, Oxford University 
Press, pp 361–368.

23. Eich C, Bleckmann A, Schwarz SKW: Percussion 
pacing – an almost forgotten procedure for haemo-
dynamically unstable bradycardias? A report of 
three case studies and review of the literature. Brit 
J Anaesth 98:429–433, 2007.

24. Befeler B: Mechanical stimulation of the heart: its 
therapeutic value in tachyarrhythmias. Chest 
73:832–838, 1978.

25. Klumbies A, Paliege R, Volkmann H: Mechanische 
Notfallstimulation bei Asystolie und extremer Bra-
dykardie. Z Ges 43:348–352, 1988.

26. Amir O, Schliamser JE, Nemer S, et al: Ineffective-
ness of precordial thump for cardioversion of 
malignant ventricular tachyarrhythmias. Pacing 
Clin Electro Physiol 30:153–156, 2007.

27. Haman L, Parizek P, Vojacek J: Precordial thump 
efficacy in termination of induced ventricular 
arrhythmias. Resuscitation 80:14–16, 2009.

28. Pellis T, Kette F, Lovisa D, et al: Utility of pre-
cordial thump for treatment of out of hospital 
cardiac arrest: a prospective study. Resuscitation 
80:17–23, 2009.

29. Schott E: Über Ventrikelstillstand (Adam-
Stokes’sche Anfälle) nebst Bemerkungen über 
andersartige Arrhythmien passagerer Natur. (“On 
Ventricular Standstill (Adam-Stokes Attacks) 
together with other Arrhythmias of Temporary 
Nature.”). Dtsch Arch Klin Med 131:211–229, 1920.

30. Pennington JE, Taylor J, Lown B: Chest thump for 
reverting ventricular tachycardia. N Eng J Med 
283:1192–1195, 1970.

31. Chan L, Reid C, Taylor B: Effect of three emer-
gency pacing modalities on cardiac output in 
cardiac arrest due to ventricular asystole. Resusci-
tation 52:117–119, 2002.

32. Iseri LT, Allen BJ, Baron K, et al: Fist pacing, a 
forgotten procedure in bradysystolic cardiac arrest. 
Am Heart J 113:1545–1550, 1987.

33. Kaufmann R, Theophile U: Automatie-fördernde 
Dehnungseffekte an Purkinje-Fäden, Papillarmus-
keln und Vorhoftrabekeln von Rhesus-Affen. Pflüg 
Arch 297:174–189, 1967.

34. Tan JH, Liu W, Saint DA: Differential expression 
of the mechanosensitive potassium channel 
TREK-1 in epicardial and endocardial myocytes in 
rat ventricle. Exp Physiol 89:237–242, 2004.

35. Stones R, Calaghan SC, Billeter R, et al: Transmu-
ral variations in gene expression of stretch-
modulated proteins in the rat left ventricle. Pflug 
Arch 454:545–549, 2007.

36. Lerman BB, Deale OC: Relation between transcar-
diac and transthoracic current during defibrillation 
in humans. Circ Res 67:1420–1426, 1990.

37. Deck KA: Dehnungseffekte am spontanschlagen-
den, isolierten Sinusknoten. Pflüg Arch 280:120–
130, 1964.

38. Cooper PJ, Ravens U: Mechanical modulation of 
pacemaker electrophysiology. In Kohl P, Sachs F, 
Franz MR, editors: Cardiac Mechano-Electric 
Coupling and Arrhythmias, Oxford, 2011, Oxford 
University Press, pp 95–102.

39. Donald DE, Shepherd JT: Reflexes from the heart 
and lungs: physiological curiosities or important 

regulatory mechanisms. Cardiovasc Res 12:449–
469, 1978.

40. Casadei B, Moon J, Johnston J, et al: Is respiratory 
sinus arrhythmia a good index of cardiac vagal tone 
in exercise? J Appl Physiol 81:556–564, 1996.

41. Bernardi L, Salvucci F, Suardi R, et al: Evidence 
for an intrinsic mechanism regulating heart rate 
variability in the transplanted and the intact heart 
during submaximal dynamic exercise? Cardiovasc 
Res 24:969–981, 1990.

42. Duan DD: The ClC-3 chloride channels in cardio-
vascular disease. Acta Pharmacol Sin 32:675–684, 
2011.

43. Baumgarten CM, Clemo HF: Swelling-activated 
chloride channels in cardiac physiology and patho-
physiology. Prog Biophys Mol Biol 82:25–42, 
2003.

44. Craelius W, Chen V, El-Sherif N: Stretch activated 
ion channels in ventricular myocytes. Bosci Rep 
8:407–414, 1988.

45. Lin W, Laitko U, Juranka PF, et al: Dual stretch 
responses of mHCN2 pacemaker channels: accel-
erated activation, accelerated deactivation. Biophys 
J 92:1559–1572, 2007.

46. Van Wagoner DR, Lamorgese M: Ischemia poten-
tiates the mechanosensitive modulation of atrial 
ATP-sensitive potassium channels. Ann N Y Acad 
Sci 723:392–395, 1994.

47. Kohl P, Bollensdorff C, Garny A: Effects of 
mechano-sensitive ion channels on ventricular 
electrophysiology: experimental and theoretical 
models. Exp Physiol 91:307–321, 2006.

48. Maroto R, Raso A, Wood TG, et al: TRPC1 forms 
the stretch-activated cation channel in vertebrate 
cells. Nature Cell Biol 7:179–185, 2005.

49. Janmey PA: The cytoskeleton and cell signalling: 
component localization and mechanical coupling. 
Physiol Rev 78:763–781, 1998.

50. Perozo E, Kloda A, Cortes DM, et al: Physical 
principles underlying the transduction of bilayer 
deformation forces during mechanosensitive 
channel gating. Nat Struct Biol 9:696–703, 
2002.

51. Morris CE, Juranka PF: Nav channel mechanosen-
sitivity: activation and inactivation accelerate 
reversibly with stretch. Biophys J 93:822–833, 
2007.

52. Dyachenko V, Christ A, Gubanov R, et al: Mis-
alignment of sarcomeres by mechanical stimuli: an 
input signal for integrin dependent modulation of 
ion channels? Prog Biophys Mol Biol 97:196–216, 
2008.

53. Terrenoire C, Lauritzen I, Lesage F, et al: TREK-
1-like potassium channel in atrial cells inhibited by 
β-adrenergic stimulation and activated by volatile 
anesthetics. Circ Res 89:336–342, 2001.

54. Tamargo J, Caballero R, Gomez R, et al: Pharma-
cology of cardiac potassium channels. Cardiovasc 
Res 62:9–33, 2004.

55. Iribe G, Jin H, Naruse K: Role of sarcolemmal 
BKCa channels in stretch-induced extrasystoles 
in isolated chick hearts. Circ J 75:2552–2558,  
2011.

56. Coste B, Xiao B, Santos JS, et al: Piezo proteins 
are pore-forming subunits of mechanically acti-
vated channels. Nature 483:176–181, 2012.

57. Zeng T, Bett GCL, Sachs F: Stretch-activated 
whole cell currents in adult rat cardiac myocytes. 
Am J Physiol 278:H548–H557, 2000.

58. Kohl P, Cooper PJ, Holloway H: Effects of acute 
ventricular volume manipulation on in situ cardio-
myocyte cell membrane configuration. Prog 
Biophys Mol Biol 82:221–227, 2003.

59. Iribe G, Ward CW, Camelliti P, et al: Axial stretch 
of rat single ventricular cardiomyocytes causes an 
acute and transient increase in Ca2+ spark rate. Circ 
Res 104:787–795, 2009.

60. Belmonte S, Morad M: ‘Pressure-flow’-triggered 
intracellular Ca2+ transients in rat cardiac myo-
cytes: possible mechanisms and role of mitochon-
dria. J Physiol 586:1379–1397, 2008.

61. Itano N, Okamoto S, Zhang D, et al: Cell spread-
ing controls endoplasmic and nuclear calcium:  
a physical gene regulation pathway from the cell 
surface to the nucleus. Proc Natl Acad Sci U S A 
100:5181–5186, 2003.

62. Bao L, Sachs F, Dahl G: Connexins are mechano-
sensitive. Am J Physiol 278:C1389–C1395, 2004.

63. Miro-Casas E, Ruiz-Meana M, Agullo E, et al: 
Connexin43 in cardiomyocyte mitochondria con-
tributes to mitochondrial potassium uptake. Car-
diovasc Res 83:747–756, 2009.

64. Kaasik A, Kuum M, Joubert F, et al: Mitochondria 
as a source of mechanical signals in cardiomyo-
cytes. Cardiovas Res 87:83–91, 2010.

65. Bowman CL, Gottlieb PA, Suchyna TM, et al: 
Mechanosensitive ion channels and the peptide 
inhibitor GsMTx-4: history, properties, mechanisms 
and pharmacology. Toxicon 49:249–270, 2007.

66. Cooper PJ, Kohl P: Species- and preparation-
dependence of stretch effects on sino-atrial node 
pacemaking. Ann N Y Acad Sci 1047:324–335, 2005.

67. White E: Mechanosensitive channels: therapeutic 
targets in the myocardium? Current Pharmaceuti-
cal Design 12:3645–3663, 2006.

68. Calaghan SC, Belus A, White E: Do stretch-
induced changes in intracellular calcium modify 
the electrical activity of cardiac muscle? Prog 
Biophys Mol Biol 82:81–95, 2003.

69. Cooper PJ, Lei M, Cheng L-X, et al: Axial stretch 
increases spontaneous pacemaker activity in rabbit 
isolated sinoatrial node cells. J Appl Physiol 
89:2099–2104, 2000.

70. Quinn TA, Kohl P: Mechano-sensitivity of cardiac 
pacemaker function: pathophysiological relevance, 
experimental implications, and conceptual integra-
tion with other mechanisms of rhythmicity. Prog 
Biophys Mol Biol 110:257–268, 2012.

71. Hansen DE, Borganelli M, Stacy GPJ, et al: Dose-
dependent inhibition of stretch-induced arrhyth-
mias by gadolinium in isolated canine ventricles. 
Evidence for a unique mode of antiarrhythmic 
action. Circ Res 69:820–831, 1991.

72. Bode F, Sachs F, Franz MR: Tarantula peptide 
inhibits atrial fibrillation. Nature 409:35–36, 2001.

73. Link MS, Wang PJ, VanderBrink BA, et al: Selec-
tive activation of the K+

ATP channel is a mechanism 
by which sudden death is produced by low-energy 
chest-wall impact (commotio cordis). Circulation 
100:413–418, 1999.

74. ter Keurs HE, Wakayama Y, Sugai Y, et al: Role of 
sarcomere mechanics and Ca2+ overload in Ca2+ 
waves and arrhythmias in rat cardiac muscle. Ann 
NY Acad Sci 1080:248–267, 2006.

75. Solovyova O, Katsnelson L, Konovalov P, et al: 
Activation sequence as a key factor in spatio-
temporal optimization of myocardial function. Phil 
Trans Roy Soc 364:1367–1383, 2006.

76. Opthof T, Sutton P, Coronel R, et al: The associa-
tion of abnormal ventricular wall motion and 
increased dispersion of repolarization in humans is 
independent of the presence of myocardial infarc-
tion. Front Physiol 3:235, 2012.

77. Meng F, Suchyna TM, Sachs F: A fluorescence 
energy transfer-based mechanical stress sensor for 
specific proteins in situ. FEBS J 275:3072–3087, 
2008.

78. Kim DH, Ghaffari R, Lu N, et al: Flexible and 
stretchable electronics for biointegrated devices. 
Annu Rev Biomed Eng. 14:113–128, 2012.

79. Dyachenko V, Rueckschloss U, Isenberg G: Modu-
lation of cardiac mechanosensitive ion channels 
involves superoxide, nitric oxide and peroxynitrite. 
Cell Calcium 45:55–64, 2009.

80. Prosser BL, Ward CW, Lederer WJ: X-ROS sig-
naling: rapid mechano-chemo transduction in 
heart. Science 333:1440–1445, 2011.

81. Beyder A, Strege PR, Reyes S, et al: Ranolazine 
decreases mechanosensitivity of the voltage-gated 
sodium ion channel NaV1.5: A novel mechanism 
of drug action. Circulation 125:2698–2706,  
2012.

http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0100
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0100
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0100
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0100
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0100
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0100
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0105
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0105
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0105
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0110
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0110
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0110
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0110
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0115
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0115
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0115
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0115
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0115
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0120
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0120
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0120
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0120
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0120
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0125
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0125
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0125
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0130
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0130
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0130
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0135
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0135
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0135
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0135
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0140
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0140
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0140
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0145
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0145
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0145
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0145
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0150
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0150
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0150
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0150
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0150
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0150
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0155
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0155
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0155
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0160
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0160
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0160
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0160
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0165
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0165
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0165
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0170
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0170
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0170
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0170
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0175
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0175
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0175
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0175
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0180
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0180
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0180
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0180
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0185
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0185
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0185
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0190
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0190
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0190
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0195
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0195
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0195
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0195
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0195
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0200
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0200
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0200
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0200
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0205
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0205
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0205
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0210
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0210
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0210
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0210
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0210
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0215
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0215
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0215
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0220
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0220
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0220
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0220
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0225
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0225
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0225
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0230
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0230
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0230
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0230
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0235
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0235
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0235
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0235
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0240
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0240
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0240
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0240
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0245
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0245
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0245
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0250
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0250
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0250
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0255
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0255
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0255
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0255
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0255
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0260
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0260
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0260
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0260
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0265
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0265
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0265
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0265
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0265
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0270
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0270
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0270
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0270
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0275
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0275
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0275
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0280
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0280
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0280
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0280
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0285
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0285
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0285
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0290
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0290
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0290
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0295
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0295
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0295
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0295
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0300
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0300
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0300
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0300
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0305
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0305
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0305
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0305
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0310
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0310
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0310
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0310
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0310
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0315
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0315
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0320
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0320
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0320
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0320
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0325
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0325
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0325
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0330
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0330
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0330
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0330
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0335
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0335
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0335
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0340
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0340
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0340
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0345
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0345
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0345
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0345
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0350
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0350
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0350
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0350
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0355
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0355
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0355
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0355
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0355
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0360
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0360
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0360
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0360
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0360
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0365
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0365
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0370
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0370
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0370
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0370
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0370
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0375
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0375
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0375
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0375
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0380
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0380
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0380
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0380
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0385
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0385
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0385
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0385
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0385
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0390
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0390
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0390
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0390
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0395
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0395
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0395
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0400
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0400
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0400
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0400
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0405
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0405
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0405
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0410
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0410
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0410
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0410
http://refhub.elsevier.com/B978-1-4557-2856-5.00014-5/sr0410


151

15 

Structure of Gap Junction Channels

Structural analysis has revealed that gap junction channels are 
composed of two hemichannels or connexons linked together 
that provide an intercellular pathway between two adjacent cell 
interiors (Figure 15-1, A). Each hemichannel is composed of six 
connexins. Each connexin contains four membrane-spanning 
domains (M1-M4; see Figure 15-1, B). The N-terminus pro-
trudes from M1 into the cytosol. M1 and M2 are connected by 
an extracellular loop E1, whereas M2 and M3 are connected by 
a cytoplasmic loop. M3 and M4 are connected by another extra-
cellular loop (E2), and the cytoplasmic extension of M4 is the 
C-terminus (see Figure 15-1, B). This general model is true for 
all the cardiac connexins and the other human connexins. Indi-
vidual gap junction channels within the atrial and ventricular 
myocardium are found in abundance at the intercalated discs in 
the form of membrane complexes or plaques containing a large 
number of channels, ranging from hundreds to thousands. A 
small portion of such a plaque is depicted in Figure 15-1, A. 
These plaques can also form along the lateral surfaces of myo-
cytes in normal myocardium and can become even larger struc-
tures in stressed or diseased myocardium.2

Only a few studies have been successful in elucidating the 
molecular structure of gap junction channels using electron crys-
tallography. The first analysis was performed on a noncardiac 
connexin, Cx26, and more recently has been revisited, revealing 
structural detail to a resolution of approximately 0.35 nm.3 Cx43 
has also been analyzed using crystallographic methods with a 
resolution of approximately 1.0 nm.4 Figure 15-1, C, depicts a 
representation of the helical membrane domains and the extracel-
lular loops of a hemichannel as viewed from within the plasma 
membrane of a cell. Figure 15-1, D, illustrates the structure of 
Cx26 from the perspective of looking down its long axis directly 
into the channel from the cytoplasm where the four transmem-
brane domains of each connexin can be visualized. The structural 
analysis has not been sufficiently detailed to demonstrate clearly 
which membrane-spanning domains are forming the channel 
wall. However, the structure shown in Figure 15-1, D, again 
depicting the four transmembrane helices, suggests that M1, M2, 
M3, and even M4 are potential contributors to the lining of the 
pore or the cytoplasmic vestibule.

One approach that has been used to define the pore lining 
regions of connexins has been the substituted cysteine accessibil-
ity method (SCAM). Substituting cysteine for other amino acids 
thought to be contributing to the pore wall is the first step to 
successful use of SCAM. This step is followed by a demonstration 
that the substitution does not affect normal channel activity. To 
establish whether the substituted group is part of the pore wall, 
a thiol reactive agent such as maleimide or a derivative is then 
perfused into the preparation while monitoring channel activity. 
One possible outcome is altered unitary conductance consistent, 
with the substituted group being a component of the pore wall. 
In fact, the application of SCAM to connexins has provided 
varied results when assessing pore lining regions of the four 
membrane-spanning domains and extracellular loops and 
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Background

The propagation of the cardiac action potential throughout the 
working myocardium is made possible by voltage-dependent Na+, 
Ca2+

, and K+ currents and by gap junction channels. One of the 
roles of gap junction channels is to permit the passage of currents 
from cell to cell that are essential for action potential propagation 
throughout the working myocardium. When considering action 
potential propagation gap junctions can be best understood as 
components of the longitudinal resistance within the functional 
syncytium of the myocardium. Gap junction channels are in 
series with the cytoplasmic resistance. The intercellular resis-
tance of gap junctions is in series with the intracellular resistance 
of the cytoplasm, and together they represent longitudinal resis-
tance. Both resistances can affect conduction velocity within  
the heart, but it is the gap junction channels composed of con-
nexins that dominates longitudinal resistance. Dual whole-cell 
patch clamp studies of cardiac myocytes have been used to quan-
tify gap junction membrane resistance or junctional conductance 
in vitro. The estimates of junctional resistance for ventricular 
myocyte cell pairs reveal that it is often an order of magnitude 
less than the input resistance of an isolated myocyte, somewhere 
in the range of 2 to 10 MΩ or 1000 to 100 nS.1 These values 
must be considered under estimates because of the series resis-
tance of the pipettes that have similar resistance values to the 
junctions themselves.1 In addition to creating an electrical syncy-
tium for the heart gap junctions also allow the passage of small 
solutes such as cAMP that are able to affect the function of mul-
tiple systems within cardiac myocytes. To better understand how 
gap junction channels contribute to the normal functions of the 
heart and how they participate in cardiac arrhythmias and isch-
emia, it is necessary to first describe their structure and biophysi-
cal properties.
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intracellular regions. The use of SCAM to elucidate the pore wall 
structure on Cx46 has generated data most consistent with pore 
lining domains or pore access regions in M1 and the E1 loop,5 
but Cx32 SCAM data are more consistent with M3 as a major 
pore lining helix.5 No SCAM analysis has been performed on 
Cx43, Cx40, Cx45, or Cx37. Site-directed mutagenesis has also 
been used for Cx43 and Cx37 with various substitution strategies. 
In Cx43, mutations were introduced in M3 that resulted in silent 
channels.5 This is not conclusive evidence that M3 participates 
as a functional member of the pore wall, but it does not exclude 
the possibility. For Cx37, site-directed mutations in M3 resulted 
in altered conductive states, which is consistent with M3 partici-
pation in forming the pore wall, but does not exclusively demon-
strate that either.6 The crystallographic and mutagenic data lead 
to one possible explanation: different connexins do not use the 
identical structural motifs in the formation of an intercellular 
pore despite functional similarities. The crystallographic struc-
ture shown in Figure 15-1, C, indicates that there are potential 
surfaces for all four domains contributing to the channel or pore 
and the cytoplasmic vestibule.

Cardiac Gap Junctions: Homomeric, 
Heterotypic, and Heteromeric Forms

Hemichannels composed of six connexins from two closed 
aligned cells form a linkage via the extracellular domains E1 and 
E2 to create a complete gap junction channel. The heart does 
not express all 21 identified connexins7 that are able to assemble 
into functional gap junction channels (see Figure 15-1, A, B). 
Instead, a select number of connexins are expressed within the 
human heart; they are Cx43, Cx40, Cx45, Cx46, and Cx37.8 

Figure	15-1.  A, A portion of a junctional plaque. Yellow bilayers are the plasma membranes of two adjacent cells. Each gap junction channel is composed of two hemi-
channels or connexons that are themselves composed of connexins. Modified after  reference.55 B, Schematic  representation of a connexin with 4 membrane domains, 
M1-M4, 2 extracellular loops, E1 and E2, and 3 cytoplasmic domains, N-terminus, cytoplasmic loop, and the C-terminus. C, En face view the hemichannel from the cytoplasm 
of a cell. D, Molecular rendition of connexin26 (Cx26) viewed from within the plasma membrane of a cell. Each connexin is colored differently. 

(A,	Modified	from	Makowski	L,	Caspar	DL,	Phillips	WC,	et	al:	Gap	junction	structures.	VI.	Variation	and	conservation	in	connexon	conformation	and	packing.	Biophys	J	45:208–218,	
1984.)
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Table 15-1.	 Connexins	of	the	Human	Heart

Ventricles Cx43	>	Cx45	>	>	Cx40	>	>	Cx46~Cx37

Atrium Cx40	>	Cx43	~	Cx45

BB/CS Cx40	~	Cx43	~	Cx45

AV	node Cx45	>	Cx40	~	Cx43

SA	node Cx45	>	Cx40	>	>	>	>	Cx43

BB/CS,	Bundle	branch/conducting	system;	AV,	ventricular;	SA,	sinoatrial.
From	Severs	NJ,	Bruce	AF,	Dupont	E,	et	al:	Remodelling	of	gap	junctions	and	
connexin	expression	in	diseased	myocardium.	Cardiovasc	Res	80:9–19,	2008;	
and	Jansen	JA,	van	Veen	TA,	de	Bakker	JM,	et	al:	Cardiac	connexins	and	impulse	
propagation.	J	Mol	Cell	Cardiol	48:76–82,	2010.

Their distribution within the heart is not uniform. For example, 
Cx43 is abundantly expressed within the ventricles but is only 
sparingly expressed within the AV and SA nodes.8,9 Table 15-1 
illustrates the relative connexin expression levels within the ven-
tricles, atrium, SA node, AV node, and bundle branch/conducting 
system (BB/CS). Connexin 31.9, the ortholog of mouse Cx30.2 
found in the mouse AV node, has thus far not been detected in 
the human heart. Cx30.2 has been shown to be in part responsible 
for conduction delay at the AV node in mice.9 The absence of 
Cx31.9 in the human AV node suggests that the delay in humans 
might be the result of reduced channel numbers or the presence 
of heteromeric or heterotypic forms of Cx45, Cx40, and Cx43 or 
possibly the existence of another unidentified connexin within 
the AV node whose properties mimic those of mouse Cx30.2.

As implied in Table 15-1, myocytes within the different 
regions of the heart are able to coexpress connexins. For example, 
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in Figure 15-2, B, for Cx45 and illustrates the decline of junc-
tional current with sustained Vj. Ij,inst is the junctional current 
recorded at the onset of a voltage step, and Ij,ss is the steady state 
current. In some cases, individual channel activity can be observed 
as shown in Figure 15-2, C. Single-channel recordings for Cx43, 
Cx40, and Cx45 are shown. Multichannel and single-channel 
data have allowed the determination of unitary conductance 
(γj,main) for the cardiac connexins, which are listed in Table 15-2. 
The ability to monitor unitary events has also allowed a better 
understanding of voltage-dependent gating in connexins, which 
has been shown to have at least two distinct mechanisms: fast 
gating and slow gating. Fast gating is characterized by a rapid 
transition from an open state to a residual state (γj,residual; see 
dashed lines in Figure 15-2, C) or closed state, whereas slow 
gating is manifest as a series of subconductive states transitioning 
from an open or closed state.10 A systematic study on Cx30 gap 
junctions reported five substrate conductances unevenly spaced 
between γj,main and γj,residual, suggesting that each of the six con-
nexins of a hemichannel act as a subgate.11 Macroscopic record-
ings of junctional currents (see Figure 15-2, B) have also been 
useful in dissecting the molecular mechanisms of voltage-
dependent gating. Plotting the steady state currents generated in 
response to different Vj steps (see Figure 15-2, B) reveals the 
relationship between junctional conductance (gj) and transjunc-
tional potential (Vj). gj is derived from the ratio of gj,ss/gj,inst. A 
Boltzmann fit of the normalized steady state junctional conduc-
tance for various amplitude voltage steps is shown in Figure 15-2, 
D, for Cx43, Cx40, and Cx45.

An important parameter derived from the Boltzmann fit is Vj,o. 
This parameter represents the half inactivation voltage or that 

individual atrial myocytes express Cx40, Cx43, and Cx45 simul-
taneously but in differing amounts with Cx40 being the most 
abundantly expressed connexin. The expression of a single con-
nexin within myocytes has the potential to generate functional 
gap junction channels composed of two identical hemichannels, 
both composed of the same connexin referred to as homomeric 
(i.e., homotypic) channel. Another type of gap junction channel 
is also possible, where each hemichannel of two opposing cells is 
homomeric but each cell expresses a different connexin. This 
type of channel is heterotypic.7 Finally, because most myocytes 
express at least two and often three connexins, a hemichannel can 
potentially contain two or possible three different connexins.7,10 
This type of hemichannel is heteromeric. Two heteromeric hemi-
channels will form a heteromeric gap junction channel.

Biophysical Properties of Cardiac Gap 
Junction Channels

The biophysical properties of gap junction channels are best 
illustrated using a dual whole-cell patch clamp on isolated cell 
pairs. Figure 15-2, A, depicts a cell pair coupled by gap junctions 
with the equivalent circuit for the cell pair. All the cardiac gap 
junction channels have been studied in connexin-deficient cells 
that are then transfected with specific cardiac connexins to better 
understand how homotypic gap channel forms of Cx43, Cx40, 
Cx45, Cx46, and Cx37 behave. In all cases, each can be shown to 
gate closed with the application of increased transjunctional 
voltage (Vj). A macroscopic record of junctional currents is shown 

Figure	15-2.  A, Dual whole-cell patch clamp equivalent circuit and superimposed cell pair. The patch electrodes ideally are significantly lower resistance than the junctional 
(Rj) and nonjunctional resistances (Rm). The circuit allows for the computation of junctional conductance (gj) with the following relationships: Vj = V2 − V1; I1 = Im,1 + Ij; I2 = –Ij; 
gj = Ij / Vj. B, Macroscopic record of homotypic Cx45 using Vj steps of ±10, ±30, ±50, ±70, ±90, and ±110 mV of 10 seconds in duration, which illustrates the voltage depen-
dence of Cx45 and the varied time constants of inactivation with Vj. Ij,inst is the instantaneous junctional current and Ij,ss is the steady state current. C, Single-channel properties 
of Cx43, Cx40, and Cx45 channels. Records of single-channel currents observed in pairs of HeLa cells transfected with Cx40, Cx43, and Cx45. Solid line, zero current level; 
dashed line, residual current level. The current histograms (right) revealed γj,main = 125 pS and γj,residual = 26 pS for Cx40, γj,main = 54 pS and γj,residual = 11 pS for Cx43, and γj,main 
=24 pS for Cx45 cell pairs; pipette was filled with 120 mM K+aspartate–. D, Normalized gj plotted against Vj  for Cx43, Cx40, and Cx45. The red dots represent the record 
shown in (B). Normalized junctional conductance (gj) is steady state conductance gj,ss normalized against the instantaneous conductance gj,inst. 

(Data	modified	from	Valiunas	V,	Beyer	EC,	Brink	PR:	Cardiac	gap	junction	channels	show	quantitative	differences	in	selectivity.	Circ	Res	91:104–111,	2002;	and	Valiunas	V,	Gemel	
J,	Brink	PR,	et	al:	Gap	junction	channels	formed	by	coexpressed	connexin40	and	connexin43.	Am	J	Physiol	Heart	Circ	Physiol	281:H1675–H1689,	2001.)
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Table 15-2.	 Multichannel	and	Single-Channel	Data	of	Different	Types	
of	Gap	junction	Channels

Channel Type Vj,o (mV) γj,main (pS) References

Homotypic

Cx43 ±60 55 14,	19,	46,	47

Cx40 ±48 125 19,	46,	48,	49

Cx45 ±20 25 50,	51

Cx46 ±42 128 52

Cx37 ±25 350 53

Heterotypic

Cx40-Cx43 −80/>100 60/100* 14,	46,	47

Cx40-Cx45 n.d./14 40 14,	54

Cx43-Cx45 −100/12 40 14,	47,	51

Cx37-Cx43 −70/>100 50/175* 53

Co-expressed

Cx40/Cx43 ±70 31-130† 46,	54

Cx37/Cx43 ±30/>100 35-280† 53

Values	represent	averages	derived	from	representative	studies.	Experimental	
conditions:	room	temperature;	pipette	solution:	K+	aspartate–	if	available.
*Conductance	polarity	dependent.
†Conductances	from	homotypic,	heterotypic,	and	heteromeric	channels	are	
possible.

transjunctional voltage steps. The time course of voltage-
dependent inactivation in junctional currents as shown in Figure 
15-2, B, for Cx45 are similar to the behavior of the other cardiac 
connexins, although it should be noted that Cx45 has the largest 
inactivation time constants of the cardiac connexins, approxi-
mately 0.1 seconds for large transjunctional potentials and 3 
seconds for smaller transjunctional steps.15

Heterotypic forms that have been studied often generate 
asymmetric voltage dependent I-V curves, an example of hetero-
typic Cx43-Cx45 is shown in Figure 15-3, B, along with hetero-
typic Cx40-Cx45 (see Figure 15-3, C) and Cx40-Cx43 (see Figure 
15-3, D). Note that for one voltage polarity, a voltage-dependent 
deactivation or decline in junctional current is present, much like 
the homotypic forms. For the other polarity there is, in effect, 
little or no voltage-dependent closure. In the case of Cx40-Cx45 
and to a lesser degree Cx43-Cx45, there is an increase in junc-
tional current, which is best illustrated by the plots of gj versus 
Vj. This observation suggests that heterotypic gap junction chan-
nels have altered voltage sensing and gating relative to their 
homotypic parents and that Po for these forms might be signifi-
cantly less than unity, or the asymmetric unitary conductance 
observed in heterotypic channels is itself voltage dependent.

The Number of Functional Channels within  
the Intercalated Disc

The formation of large plaques or aggregates of channels that are 
closely packed together is an interesting synapselike feature of 
gap junctions (see Figure 15-1), and it raises a number of ques-
tions, such as are all the channels simultaneously active or are 
there active and inactive or silent populations? Furthermore, is 
each channel functioning as an identical but independent channel, 
or is there evidence for nonindependent, interdependent, or 
cooperative behavior? Or can channels shift between states that 
in the case of gap junctions would be moving from mostly patent 
to mostly closed? Recall that active gap junction channels possess 
high open probabilities approaching unity. Thus, accurate mea-
surement of total junctional conductance and knowing the unitary 
conductance for a particular connexin allows an estimate of the 
total number of functioning channels operating between a cell 
pair. To determine whether all of channels within a plaque are 
functional first requires a determination of the number of chan-
nels within any one plaque; second, it requires the determination 
of the number of functional channels within that particular 
plaque. By tagging Cx43 with a fluorescent reporter such as GFP, 
it is possible to image plaques within cell pairs and further directly 
assess the junctional conductance using a dual whole-cell patch 
clamp. An analysis of experiments using this dual approach of 
imaging and electrophysiologic assessment of junctional conduc-
tance has revealed that approximately 10% of the channels are 
functioning within junctional membrane plaques16; furthermore, 
it appears that Cx43 channels displayed non-independent behav-
iors associated with phenomena such as transitioning between an 
active patent state and a silent state on the order of many seconds 
to minutes, which represents an example of mode shifting.12 
These surprising results beg the question: why are there so many 
apparently silent channels (Po = 0) in presumed dynamic equi-
librium with a lesser population of almost continually open (Po 
≈ 1) channels? Are there conditions or circumstances in which 
the silent channels can be activated rapidly via phosphorylation, 
for example? Or are the silent channels already designated or 
identified for internalization as connexosomes (internalized gap 
junction membranes) to be trafficked to lysosomes?17 The signifi-
cance of these observations might have little bearing on normal 
action potential propagation, but it remains unclear in regard to 
proarrhythmic and antiarrhythmic processes.

transjunctional potential where half the channels can be consid-
ered closed. The instantaneous junctional conductance remains 
relatively constant regardless of the voltage, implying that many 
if not all the gap junctions are patent when Vj is zero. Analysis 
of single and multichannel records of Cx43 (see Figure 15-2, C) 
have been used to determine open probability under chronic 
application of Vj between 20 and 40 mV yielding values ranging 
from 0.5 to 0.95, consistent with the idea that gap junction chan-
nels are in the open state when there is no applied transjunctional 
potential. The application of Vj greater than 50 mV reduces the 
mean open time, whereas mean closed time remains relatively 
constant, which translates into reduced open probability (Po) 
with increased Vj amplitude.12 This is consistent with the behav-
ior manifest in macroscopic recordings for Cx43. Nonstationary 
analyses of Cx43 and Cx37 have also revealed similar results with 
open probabilities less than 0.95 for Cx43 and 0.7 for Cx37.13

Table 15-2 lists Vj,o and unitary conductance for the cardiac 
connexins, which includes homotypic, heterotypic, and hetero-
meric forms. The values of Vj,o for homotypic channels vary from 
20 mV for Cx45 to 60 mV for Cx43. Also listed are all the Vj,o 
values for heterotypic forms that have thus far been determined. 
In addition, values for cells coexpressing Cx43/Cx40 and Cx43/
Cx37 are given. Unitary conductance for the cardiac connexins 
varies greatly, as seen in Table 15-2. For heterotypic forms, the 
observed unitary conductance can be polarity dependent.14 
Observation of cell pairs coexpressing connexins reveals a range 
of conductances consistent with channels of different connexin 
content.

The macroscopic junctional currents shown in Figure 15-2, 
B, illustrate that the currents decline (deactivation) with a 
prescribed time course on the order of 0.1 to 1 seconds  
for Cx43.15 The time constant for voltage-dependent inactiva-
tion is itself voltage dependent and becomes shorter with larger 
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Figure	15-3.  A, Rendition of the heterotypic channel where each hemichannel is homomeric, but the connexins for each are different. A voltage step profile for the records 
shown in B–D are illustrated to the right. B, Macroscopic current record of Cx43-Cx45 heterotypic gap junction channels. The lower panel shows the normalized gj versus 
Vj showing both steady state gj,ss  (blue circles) and  instantaneous gj,inst  (green circles). Cx45 gates close when the potential  in the opposing cell of a pair  is more positive; 
therefore, it gates closed with a negative potential relative to its neighbor (Cx45 negative). C, The same paradigm for a Cx40-Cx45 heterotypic junction. D, The same para-
digm for a Cx43-Cx45 heterotypic junction. 
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Cardiac Gap Junction Permeability to Ions  
and Other Solutes

The major intracellular ion involved in intercellular current flow 
via gap junctions is K+. Estimates of the number of K+ flowing 
through a single gap junction channel per second in response to 
a voltage step of approximately 23.4 mV or the equivalent of a 
10× concentration gradient range from approximately 18.3 × 106 
ions per channel per second for Cx40 to 8.1 × 106 ions per 
channel per second for Cx43 and 3.7 × 106 ions per channel per 
second for Cx45.18,19 A number of studies have also determined 
the permeability of the major cardiac connexins to a variety of 
exogenous fluorescent probes and endogenous second messen-
gers such as cAMP.20

Permeability of gap junction channels has been defined quali-
tative and quantitative. A common qualitative approach for such 
studies is the use of an exogenous fluorescent probe that is intro-
duced in one cell and detected in another cell of a pair (Figure 
15-4, A). For quantification of any specific probe’s permeability, 
it is necessary to simultaneously measure junctional conductance 
and fluorescence distribution and intensity of the probe via 
imaging.19

Figure 15-4, A, shows cell to cell the transfer of fluorescent 
dye Lucifer yellow (LY). Comparison of LY permeability for 
Cx43, Cx40, and Cx45 is a notable example of selectivity,  
as illustrated in Figure 15-4, B. Lucifer yellow with a minor 
diameter of 0.95 nm and a net negative charge is greater than 
tenfold more permeable to Cx43 than Cx40 and threefold more 
permeable to Cx45.18,19 The relative fluorescence intensity in a 
target cell of a pair is plotted at the 12-minute mark versus the 
measured junctional conductance measured simultaneously in 
Figure 15-4, B.19

Figure 15-4, C, illustrates the differences in cyclic adenosine 
monophosphate (cAMP) permeability for Cx43 and Cx40, where 
the y-axis is the ratio of a reporter channel current density relative 

to a control versus junctional conductance measured simultane-
ously.20 CAMP permeability to Cx43 is much more permissive 
than Cx40.

For a number of the exogenous probes and select messengers, 
it has been possible to determine their flux relative to K+ for 
specific homotypic connexins, namely Cx43 and Cx40. Figure 
15-4, D, is a semilog plot of flux of either an ion, probe, or solute 
relative to K+. The monovalent cations are Li+, Na+, TMA, and 
TEA. Lucifer yellow, cAMP, and two oligonucleotides (short 
interforing RNA [siRNA] mimics) represent solutes of varying 
size and charge. The graph illustrates what is considered a general 
rule for connexin channels; monovalent cations have permeabili-
ties relative to K+ that are similar to an Eisenmann series I or II, 
which is much like their mobility in free solution. As solute 
diameter increases, differences in permeability for the same 
solute begin to appear between Cx43 and Cx40. The permeability 
of two synthetic oligonucleotides are also plotted; they are long, 
rod-shaped molecules (morpholinos) whose minor diameters are 
1.0 to 1.1 nm.21

The differences in permeability of LY and cAMP for Cx43 
and Cx40 are shown in Figure 15-4, D, and it should be noted 
that TMA, a larger probe but of lesser charge density than cAMP, 
is more permeable than cAMP with a larger smaller minor diam-
eter for both Cx43 and Cx40. This strongly suggests selectivity 
based not only on size but on charge as well.

An important aspect of gap junction mediated transfer of 
second messengers is best illustrated when considering cAMP 
permeability. It has the potential to affect a multitude of cellular 
functions. One function is the ability to positively shift the 
voltage dependence of human HCN4, resulting in an increase in 
Po of HCN4 channels at any particular membrane potential that 
in turn can affect pacemaker rate within the heart.22 The cell-to-
cell diffusion of cAMP might also participate in the generation 
of a positive inotropic effect. This scenario implies a sparse inner-
vation density in the ventricular myocardium where only one 
myocyte of a number of gap junction–coupled myocytes receive 
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Figure	15-4.  A, Three images of a cell pair where the electrode on the left contains a known concentration of fluorescent dye Lucifer yellow (LY). Once in whole-cell patch 
mode, fluorescence emission is monitored over time (1- and 12- minute records shown). Scale bar, 20 µm. B, Relative fluorescence intensity of LY in target cell, compared 
with source cell plotted versus junctional conductance for Cx43, Cx40, and Cx45. All fluorescence measurements are made at the same time interval. C, Cyclic AMP perme-
ability to Cx43 and Cx40 versus conductance. cAMP is approximately 10-fold more permeable to Cx43 than Cx40. Arbitrary units are the ratio of current density for a cAMP 
activated channel before and during exposure in elevated intracellular cAMP levels. (D) Semilog plot of Li+, Na+ Cs+, cAMP, TMA, TEA and LY flux relative to K+ ion for Cx43 
and Cx40. Permeability of 2 oligonucleotides (12 and 24 nucleotides long) to Cx43 is also plotted. 

(Data	from	Valiunas	V,	Beyer	EC,	Brink	PR:	Cardiac	gap	junction	channels	show	quantitative	differences	in	selectivity.	Circ	Res	91:104–111,	2002;	Kanaporis	G,	Mese	G,	Valiuniene	
L	et	al:	Gap	junction	channels	exhibit	connexin-specific	permeability	to	cyclic	nucleotides.	J	Gen	Physiol	131:293–305,	2008;	Valiunas	V,	Polosina	YY,	Miller	H,	et	al:	Connexin-
specific	cell-to-cell	transfer	of	short	interfering	RNA	by	gap	junctions,	J	Physiol	568(Pt	2):459–468,	2005;	and	Brink	PR:	Gap	junctions	in	vascular	smooth	muscle.	Acta	Physiol	
Scand	164:349–356,	1998.)

1 min 12 minA

B

C D

LY Cx43
Cx45

Cx40

Conductance (nS)

Conductance (nS)

Cx43

Cx40

cAMP

R
el

at
iv

e 
in

te
ns

ity

0.0

0.2

0.4

0.6

0.8

0.00

0.02

0.04

0.06

0.08

1.0

0 10 20 30 40 50 60

0 10 20 30 40 50 60

70

A
rb

itr
ar

y 
un

its

Li

cAMP

Na Cs
TMA

TEA

LY

12-mer

24-mer

0
0.0001

0.001

0.01

0.1

1

5 10

Cx40 Cx43

Solute minor diameter (Å)

F
lu

x 
(F

x/
F

K
+
)

autonomic input. The autonomic input to the innervated myocyte 
results in the rapid generation of elevated cAMP within its cyto-
plasm. The cAMP then diffuses to surrounding cells that are not 
innervated. The time to reach half concentration in adjacent cells 
coupled along their lateral borders would be on the order of 1 to 
5 seconds, assuming a junctional permeability illustrated in 
Figure 15-4 for cAMP and a cytoplasmic diffusion coefficient of 
approximately 1 × 10−6 cm2/s.23 Such a time course is consistent 
with the time course for sympathetic induced inotropy of the 
heart. The notion of sympathetic and parasympathetic innerva-
tion density being less than one-to-one for nerve to myocyte, 
while never having been quantitatively assessed is consistent 
with observations describing low innervation density in the ven-
tricular myocardium.24

Another possible role for connexins in the heart and other 
syncytial tissues is the passage of microRNAs and siRNAs able 
to affect gene expression and ultimately cellular phenotype.25 As 
a general rule, cardiac connexins can be considered to be poorly 
selective toward monovalent cations as an Eisenmann series 1 
implies and are only moderately more selective toward the mon-
ovalent halide anions. With increased size and charge, Cx40 and 
Cx45 appear to be less permissive or more selective than Cx43.

Action Potential Propagation in the 
Myocardium: The Role of Connexins

Two questions arise when considering the role of gap junction 
channels in the propagation of the cardiac action potential. First, 
what is the relationship between gap junction number and con-
duction velocity? Second, does gap junction channel voltage 
dependence matter? The first question has been best addressed 
using a combination of experimental data and computational 
analysis. In vitro studies of cell pairs and isolated tissues have 
shown that a pharmacologically induced reduction in gap junc-
tional conductance slows conduction and ultimately can  
block conduction, whereas increased expression enhances con-
duction.26 Similarly, many arrhythmias have been associated with 
reduced gap junction channel numbers, redistribution of junc-
tional plaques on the lateral surfaces, or mutations within con-
nexins.2 Using both experimental and computationally derived 
data, it has been shown that there is a nonlinear relationship 
between conduction and longitudinal resistance dominated by 
gap junctions. Simulation of the experimental data predicts that 
conduction velocity is roughly proportional to the log10 of 
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have an effect on the propagation or conduction of the cardiac 
action potential. In fact, the normal AV19 node delay of 0.12 
seconds is thought to be in part a result of sparse gap junction 
density.27 Conditions such as AV block might be manifest by 
reduced gap junction channel number and voltage-dependent 
closure, effectively elevating longitudinal resistance to a point 
where insufficient current can spread from cell to cell to trigger 
continued conduction. Results from animal model systems where 
connexin knockouts of Cx40 have been constructed are consistent 
with this notion.9

Pacemaker Activity and Connexins

Besides the essential role of connexins in allowing the propaga-
tion of the cardiac action potential throughout the myocardium, 
they are also of paramount importance in the generation of 
pacing activity of the sinoatrial node (SA node). The myocytes 
of the SA node vary in morphology and form gap junction com-
posed of Cx45 and to a lesser degree Cx40 (see Table 15-1). 
There are no easily demonstrable intercalated discs, rather the 
myocytes form smaller junctional plaques.9 SA node cells are 
characterized by phase 4 depolarization resulting from the activ-
ity of HCN4 and to a lesser degree HCN1,28 which is sufficient 
to elicit an action potential in the nodal cells and subsequent 
propagation to the surrounding atrial myocardium.

Artificial pacemaker units consisting of two coupled cells have 
been shown to pace at 1 Hz where one cell of a pair is a non-
myocyte cell expressing HCN, and the other is a ventricular 
myocyte by itself is not capable of pacemaker activity.29 The data 
clearly demonstrate the role of gap junctions in the initiation of 
pacemaker activity and further illustrate that pacing rate is unaf-
fected over an approximately fourfold range of junctional con-
ductance (Figure 15-6).

Non–Voltage-Dependent Regulators  
of Channel Patency

There are two intrinsic intracellular elements that are able to 
affect junctional conductance: intracellular pH and intracellular 
calcium. Lowered intracellular pH, as occurs in ischemia,30 is 
known to affect many cardiac membrane channels and transport-
ers and can effectively reduce gap junction conductance.31 Figure 
15-7 shows the effect of perfusion with 100% CO2 on junctional 
conductance measured between a pair of cells expressing Cx43. 
A pH-sensitive fluorescent probe was used to determine intracel-
lular pH (see Figure 15-7, B). Many investigators have observed 
that short exposures to elevated H+ results in reduced coupling 
with subsequent recovery, as illustrated in Figure 15-7. What is 
not shown in Figure 15-7 is the result of prolonged exposure of 
many minutes, which results in an irreversible reaction culminat-
ing in permanent channel closure, implying both rapid and slow 
processes triggered by H+. The majority of the connexins are 
similarly affected by acidification, responding to elevated intra-
cellular H+ with reduced junctional conductance that is presumed 
to be the result of increased closed times and reduced open times. 
However, the mechanisms of H+-induced closure are apparently 
not universal. The mechanism of pH-induced alteration of Cx43 
gap junction channel open probability has been shown to be 
manifest by a ball-and-chain configuration between the 
C-terminus and the cytoplasmic loop between membrane-
spanning domains M2 and M3. In contrast, Cx40 is also pH 
sensitive, but the mechanism of channel closure is not mediated 
by a ball-and-chain–like mechanism. The mechanism by which 
H+ affects Cx40 channel patency has not been elucidated, but the 
pKa for Cx40 is essentially the same as that for Cx43 (6.7).32 The 

gap junction channel number over a range of 10 to 1000 nS 
(Figure 15-5).

The second question as to whether gap junction voltage 
dependence can have a role in conduction velocity requires defin-
ing current flow longitudinally within myocytes in response to a 
propagating action potential. This definition then allows the 
determination of the transjunctional voltage experienced at the 
intercalated disc. It is assumed that a myocyte is approximately 
100 µm long (L) and has a diameter of approximately 15 µm and 
that myoplasmic resistance is approximately 400 Ω-cm. Thus, the 
longitudinal resistance of a myocyte is approximately 2 MΩ. 
Assuming that conduction velocity (θ) is 50 cm/s and that the 
maximum rate of rise for the action potential is 100 V/s, the 
longitudinal voltage drop along the long axis of the cell can be 
determined by Vcell = ([V / s] / θ) × L, or 20 mV. The longitudinal 
current flow is then 20 mV / 2 MΩ =10 nA. For an intercalated 
disc with 1.8 × 105 functioning channels or a junctional conduc-
tance of approximately 1000 nS, the amount of current flowing 
through each patent channel is 0.05 pA. The former assumes a 
channel population of homotypic Cx43 channels each with a 
unitary conductance of approximately 55 pS (19). Therefore, the 
transjunctional voltage is 1 mV per channel. For 20,000 channels 
the value is approximately 10 mV per channel, and for 2000 
channels it is approximately 100 mV per channel. Homotypic 
Cx43 unitary conductances of 55 pS are observed when using 
K+aspartate– pipette solutions (see Table 15-2) that best mimic 
the myoplasmic electrolytes. The other factor to consider is the 
time course of the voltage dependence. It is possible for a trans-
junctional voltage of 10 to 20 mV or larger, as might occur with 
only a 1000 channels or fewer to result in voltage-dependent 
channel closure. To assess this possibility, it is necessary to deter-
mine how long a transjunctional voltage will persist during the 
passage of an action potential. What is the duration of the trans-
junctional voltage for an action potential conducting at 50 cm/s? 
For θ = 50 cm/s, the cardiac action potential will traverse a 
100-µm length in 0.2 ms or 2 ms for θ = 5 cm/s. The time course 
of voltage-dependent closure varies from connexin to connexin, 
but for the cardiac connexins a 2-ms duration would result in a 
small reduction in junctional conductance.

It is easy to see that only with reduced numbers of functional 
channels would their number or voltage dependence begin to 

Figure	15-5.  Conduction velocity is plotted against the log of the number of gap 
junction channels. Both simulation data and experimental data have been used to 
generate the depicted relationship. . 

(From	 Brink	 PR,	 Cronin	 K,	 Ramanan	 SV:	 Gap	 junctions	 in	 excitable	 cells	 J.	 Bioenerg	
Biomembr	 28:351–358,	 1996;	 and	 Cole	 WC,	 Picone	 JB,	 Sperelakis	 N:	 Gap	 junction	
uncoupling	and	discontinous	propagation	in	the	heart.	A	comparison	of	experimen-
tal	data	with	computer	simulations.	Biophys	J	53:809–818,	1988.)
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accomplished using an inside-out patch clamp in combination 
with two Cx46 constructs, a wild type with an intact C-terminus, 
and a deletion mutant of Cx46 missing a significant portion of 
the C-terminus. Both forms had the same pH sensitivity with a 
pKa of 6.5, clearly suggesting a site or sites for Cx46 other than 
the ball-and-chain mechanism of Cx43.10

Another intracellular ion able to affect Cx43 junctional con-
ductance is calcium. Elevated intracellular calcium (500 nM to  
1 µM) reduces the number of functioning Cx43 gap junction 
channels and eventually results in complete uncoupling. The 
mechanism of calcium-mediated channel closure has been the 
center of some controversy, but recently it has been demonstrated 
that calcium acts to reduce Cx43 gap junctional conductance via 
calmodulin.33 It is possible that calcium–pH synergy is mediated 
through calmodulin, but there are currently no data to support 
such a hypothesis. Interestingly, gap junction channels composed 
of Cx40 are not affected by elevated intracellular calcium and do 
not possess the putative calmodulin binding sites found on Cx43. 
In addition to affecting the gating of connexins, calcium is also 
permeable to connexins and has been associated with cell death 
within the myocardium and other syncytial tissues.34 These find-
ings suggest that it is Cx40 that allows the spread of elevated 
intracellular calcium in infarcts, whereas Cx43 is the connexin 
working to preserve cellular integrity by isolating healthy myo-
cytes from those that are damaged in an ischemic episode. 
Calcium and calmodulin sensitivity of Cx46, Cx45, and Cx37 has 
not been studied as completely as it has in Cx43 and Cx40.

Extrinsic Uncoupling Agents of Cardiac Gap 
Junction Channels

Anesthetics such as halothane have shown to reduce mean open 
time and increase mean closed time for Cx43 and Cx40 homo-
typic and heteromeric channels in a dose-dependent manner. 
The mechanism by which halothane reduces channel open time 
remains unknown, but it has been suggested that interactions at 
the protein-lipid interface are the most likely site of action. 
Another class of agents, long chained alcohols such as octanol 
and heptanol, are also effective in reducing junctional conduc-
tance and are thought to act via protein-lipid interactions. Other 
agents that are able to reduce functional gap junction numbers 
are carbenoxolone, glycyrrhetinic acid, quinine derivatives, reti-
noic acid, arachidonic acid, and spermine.35 All the aforemen-
tioned agents lack specificity and inhibit other systems within 
cells.35 Another approach has been the use of mimetic peptides. 

formation of heteromeric or heterotypic forms of Cx43 and Cx40 
shifts the pKa to a more alkaline value of 7.0.32 The other cardiac 
connexins have not been studied as extensively as Cx43 and  
Cx40, with the exception of Cx46, for which the data are most 
consistent with a direct effect on the cytoplasmic surface. Rapid 
delivery of H+ to the cytoplasmic side of Cx46 hemichannels was 

Figure	 15-6.  A,  Pacing  frequency  generated  by  a  cell  transfected  with  HCN2  coupled  to  a  ventricular  myocyte.  Frequency  is  plotted  against  the  measured  junctional 
conductance. The dashed line corresponds to an average frequency of 1 Hz. B, Carbenoxolone exposure results in a cessation of pacing. Pacing remains constant for more 
than 2 minutes and then abruptly stops. This is consistent with the notion that junctional conductance only affects propagation once a critically low level of coupling is 
attained. 

(Modified	from	Valiunas	V,	Kanaporis	G,	Valiuniene	L,	et	al:	Coupling	an	HCN2-expressing	cell	to	a	myocyte	creates	a	two-cell	pacing	unit.	J	Physiol	587(Pt	21):5211–5226,	2009.)
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one dominates in response to ischemia is most likely disease 
dependent.

Atrial arrhythmias are also associated with electrical remodel-
ing and changes in connexin distribution. Of particular interest 
is Cx40, in which abnormal expression results in an increased 
tendency toward atrial fibrillation.42

A number of studies have found strong correlates between 
mutations in Cx43 and disease state, with the most clearly under-
stood being oculodentodigital dysplasia (ODDD), in which a 
number of mutations in Cx43 have been identified.43 Interest-
ingly, patients with ODDD do not display any cardiac anomalies. 
Mutation in adhesion molecules is another way to affect connexin 
distribution within the intercalated disc. Naxos disease arises 
because of a mutation within the adhesion molecule plakoglobin. 
This mutant form does not traffic to the intercalated disc prop-
erly.44 As a result, Cx43 remodeling occurs with lesser junctional 
complexes being formed, culminating in an arrhythmogenic 
cardiomyopathy.

Summary

Gap junction channels are poorly selective intercellular channels 
that allow the movement of ions, solutes, second messengers, and 
even microRNAs and siRNAs from cell to cell exclusive of the 
extracellular milieu. Gap junctions participate in the propagation 
of the cardiac action potential and are expressed differentially to 
affect pacing rate, AV node delay, and rapid conduction in Pur-
kinje fibers, ventricular, and atrial myocardium. The evidence is 
overwhelmingly clear that the cardiac connexins are essential to 
normal cardiac rhythm and are involved in the response to disease 
processes, such as the phenomenon of lateralization. Mutations 
in cardiac connexins resulting in or causing cardiac dysfunction 
must still be considered correlative rather than causative; they 
have not yet been unequivocally demonstrated to cause heart 
disease,45 unlike Cx26, where the mutations have been shown to 
cause deafness.43 For ischemic disease states, it appears that 
cardiac connexins are best considered as part of the effect rather 
than the cause. Again, the best example is remodeling associated 
with ischemia. In one sense, remodeling in the form of increased 
abundance of connexin along the lateral surfaces is most logically 
considered as an attempt to circumvent a damaged intercalated 
disc rather than a precipitating causal event. There is a risk of 
creating a reentrant arrhythmia with lateralization, but it is a 
better alternative than significant or complete loss of longitudinal 
conductivity because of a dysfunctional gap junction–mediated 
communication at the intercalated disc.
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A recent study has shown that GAP26, a polypeptide, is able to 
block hemichannels of Cx43 on a time scale of seconds to minutes, 
and longer exposure is able to effectively reduce Cx43 gap 
junction–mediated coupling.36 The mimetic peptides appear to 
function by binding to the extracellular loops, and when the 
hemichannel is subsequently incorporated into a plaque or 
attempts to link via E1 or E2 with its counterpart in the adjacent 
cell, the peptide prevents formation of a functioning channel. 
The apparent turnover rate of approximately 30 minutes is faster 
than the turnover rate determined via Western blot analysis,37 but 
might be related connexon docking and gap junction channel 
assembly or disassembly associated with the scaffolding complex 
protein zonula occludens, ZO-1.38 Despite a lack of mechanistic 
understanding, these data demonstrate a potentially useful clini-
cal tool if GAP26 is clearly shown to be gap junction specific. 
Direct proof of binding to the extracellular loops is a first neces-
sary step, and tagged peptides must be used to assess whether the 
peptide might affect function intracellularly possibly via endo-
somal entry.

A potentially clinically relevant feature of mimetic peptides is 
manifest in Gap26, a mimetic peptide for Cx43 that has been 
shown to protect against induced myocardial ischemia in vivo.39 
Its potential to slow conduction and create proarrhythmic activity 
has not been tested. Overall, extrinsic uncoupling agents have 
proved useful in attempting to understand how gap junction 
channels affect cardiac action potential propagation but, as might 
be expected, a reduction in the number of functioning gap junc-
tion channels results in slowed conduction and consequently the 
possibility of generating arrhythmogenic activity.26

Ischemia, Mutations, Arrhythmia,  
and Gap Junctions

Ischemia reduces or completely occludes blood flow to the myo-
cardium, resulting in hypoxia that subsequently triggers the 
release of intracellular calcium and acidosis, which can result  
in cellular remodeling or cell death. A number of studies have 
demonstrated that ischemia triggers an anatomic remodeling of 
gap junctions within myocytes, such that fewer junctions are 
found in the intercalated disc and more appear on the lateral 
surfaces of the myocytes.40 Such redistribution or remodeling is 
predicted to directly affect longitudinal resistance and reduce 
conduction velocity along the long axis of the myocyte. To further 
complicate matters, the insertion of more gap junctions laterally 
has the potential to create arrhythmias.40 Studies using a canine 
heart failure model found a strong correlation between reduced 
Cx43 expression in vivo and reentrant ventricular arrhythmias.40 
A number of studies have also found the phosphorylation  
state of Cx43 to be altered in ischemia and in nonischemic  
heart failure.41 Phosphorylation state might also trigger anatomic 
remodeling in response to ischemia or other pathophysiologic 
challenges to the heart. Clearly, gap junction channels along  
with many other membrane channels participate in electrical and 
anatomic remodeling in response to ischemic conditions. Which 
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Ca-induced Ca release to the center of the myocyte (via a chain 
of RyR clusters) or fail to propagate such that the surface release 
produces only a small and slow [Ca] elevation near the center of 
the cell.

It is this rise in intracellular [Ca] ([Ca]i) that activates the 
myofilaments to contract. Ca binds to troponin C on the thin 
filaments, which induces a conformational change that allows the 
heads of myosin molecules that stick out along the thick filament 
to bind to actin molecules, which form the body of the thin fila-
ment (see Figure 16-1). The myosin head uses energy stored in 
adenosine triphosphate (ATP) to tilt the head (pulling on the 
actin filament), thus creating force or sarcomere shortening, 
which is responsible for isovolumic contraction and ejection of 
blood from the heart. The synchronization of local Ca transients 
throughout the heart is therefore essential for synchronous ven-
tricular contraction. The strength of contraction is directly 
related to the [Ca] surrounding the myofilaments. Thus a myocyte 
(or region thereof) that has a small Ca transient will be weaker 
than an adjacent area and can damp the strength of the stronger 
region (i.e., the strong cell can expend its strength, stretching a 
weak neighbor, and thus not contribute to cardiac output). 
Readily appreciable consequences of this mechanical dyssyn-
chrony include ischemia ventricular fibrillation and spatially dis-
cordant cardiac alternans.

Another point worth mentioning is that Ca signaling is highly 
local, and in that sense it contrasts with electrical signals. As a 
result, the distribution of Ca entry and SR Ca release must be 
uniform, even at each region within a single myocyte, to ensure 
proper function. In contrast, because of the long electrical space 
constant in the heart, there could be potassium channels in only 
every other myocyte, and electrical signaling could be normal.

For cardiac relaxation and ventricular refilling to occur, [Ca]i 
must decline, allowing Ca to dissociate from troponin C and 
terminate myofilament cross-bridge cycling. This [Ca]i decline is 
driven by Ca transport, mainly via the SR Ca–adenosine triphos-
phatase (ATPase) and sarcolemmal Na/Ca exchanger (NCX; dis-
cussed later). Because Ca movement across the sarcolemma via 
Ca channels and the 3Na:1Ca electrogenic NCX carries a charge, 
it affects the AP and excitability. There are other Ca-sensitive 
channels whose electrophysiologic impact is regulated by the 
local [Ca]i near those channels. Thus, it is important to integrate 
our understanding of Ca handling into our electrophysiologic 
framework.

Sources and Sinks of Ca in  
Myocytes: Sarcolemma, Sarcoplasmic 
Reticulum, Mitochondria

In reference to the cytosolic compartment in which the myofila-
ments reside and with which the sarcolemma, SR, mitochondria, 
and nucleus interface, the sources of Ca that cause cytosolic  
[Ca] to rise and sink, which remove Ca from the cytosol, can  
be considered. Ca channels (L-type and T-type) and the NCX 
are the main pathways of Ca entry. However, with the huge 
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Excitation-Contraction Coupling and 
Relationship to Action Potentials

Cardiac excitation-contraction coupling (ECC) refers to the 
process by which the electrical activation of cardiac myocytes 
leads to the activation of contraction.1-3 In its broadest use, ECC 
refers to everything from the initial membrane depolarization 
through the action potential (AP) and activation of the Ca tran-
sient, including how the myofilaments respond to the Ca tran-
sient to produce contraction. This chapter will focus on the 
initiation of normal and abnormal Ca transients in myocytes, Ca 
transport and buffering mechanisms, and the interaction of Ca 
signaling with the AP, arrhythmias, and gene regulation. In recent 
years, it has become increasingly clear that Ca signaling and 
cardiac electrophysiology are inextricably interrelated, making it 
essential to understand myocyte Ca regulation to understand 
arrhythmogenesis.

Figure 16-1 shows the structure and key mediators of ECC 
in myocytes. Ca influx via Ca current (ICa) and Ca release from 
the ryanodine receptor (RyR) in the sarcoplasmic reticulum (SR) 
are central to myofilament activation. Ventricular myocytes have 
a network of transverse or T-tubules that dive into the cell center, 
perpendicular to the long axis of the myocyte. This T-tubular 
system also exhibits longitudinal extension in some myocytes. 
The role of the T-tubular system is to synchronize the sarcolem-
mal electrical signal (AP) at junctions throughout the cell, where 
the plasma membrane and SR are close together and mediate 
Ca-induced Ca release. In heart failure (HF), there is evidence 
that the T-tubule network is less extensive and less well orga-
nized,4,5 which can reduce efficacy of the overall ECC process.

Atrial myocytes have fewer T-tubules,5 and specialized con-
duction fibers (sinoatrial and atrioventricular nodes and Purkinje 
fibers) have almost no T-tubules. In cells or regions thereof that 
lack T-tubules, ICa initiates SR Ca release only at the surface 
membrane junctions. Then depending on the conditions dis-
cussed later, activation can more slowly propagate as a wave of 



162 BIOPHYSICS OF CARDIAC ION CHANNEL FUNCTION

Although Ca entry via the channel itself can contribute to CDI, 
most LTCCs in cardiac myocytes are localized at junctions with 
the SR and RyR, and the Ca-induced Ca release is even more 
powerful in causing CDI. The integrated amount of Ca influx via 
ICa in ventricular myocytes during a normal AP is 5 to 10 µmol/L 
cytosol but is about twice as large if SR Ca release is blocked. In 
context, in this Ca flux the amount of SR Ca release in mam-
malian ventricular myocytes is normally three to ten times larger 
than this, depending on species and conditions. The regulation 
of SR Ca release will be discussed in more detail.

NCX can also contribute to the rise in [Ca]i, but Ca entry via 
NCX is normally small (<1 µmol/L cytosol) and constrained 
largely to the very early part of the AP. NCX can bring Ca in or 
out (outward or inward current) during the AP, depending on the 
trans-sarcolemmal [Na] and [Ca] gradients and Em (Figure 16-2). 
During diastole, the Em is negative to the electrophysiologic 
reverse potential for NCX (ENCX = 3ENa − 2ECa), so Ca efflux is 
thermodynamically favored (see Figure 16-2, A). However, the 
low diastolic [Ca]i kinetically limits the amount of transport (low 
substrate concentration). The peak of the AP exceeds ENCX and 
briefly favors Ca influx (an outward current). However, as soon 
as ICa and SR Ca release begin, the local [Ca]i in the cleft and 
submembrane space ([Ca]sm) is much higher than [Ca]i and drives 
Ca extrusion via NCX (see Figure 16-2, B and C). The declining 
Em during repolarization also more strongly favors Ca efflux, and 
that persists throughout [Ca]i decline and diastole (see Figure 
16-2, A). Thus, NCX is mainly considered a Ca efflux mecha-
nism. An exception to this is certain pathophysiologic conditions 
like HF, in which [Na]i is elevated, NCX expression may be 
elevated, Ca transients are small, and APD is prolonged (see 
Figure 16-2, C). All these factors shift NCX more in favor of Ca 
influx, and thus in HF, Ca entry via NCX can persist for most of 
the AP plateau and significantly contribute to the Ca transient. 
In a sense, this limits the extent of cardiac dysfunction in HF by 
bringing Ca in and by indirectly helping load the SR with Ca.

electrochemical driving force for Ca influx caused by a 20,000-
fold concentration gradient (2 mM outside: diastolic [Ca]i = 
100 nM) and −80 mV membrane potential (Em), even a slight Ca 
permeability other than these known transporters would consti-
tute an additional non-negligible leak pathway. During diastole, 
the Ca channels are tightly closed and NCX (which is reversible) 
functions predominantly in the Ca extrusion mode (inward 
current).

During the AP, voltage-dependent Ca channels open and 
allow Ca entry down its electrochemical gradient, causing an 
inward depolarizing current (see Chapter 2 for Ca-channel gating 
details). In ventricular myocytes, the ICa is virtually all mediated 
by L-type Ca channels (LTCC), in particular by the Cav1.2 
isoform. Atrial, and especially pacemaker, cells also express the 
Cav1.3 LTCC isoform, which activates at a more negative Em, 
and thus can better contribute to phase 4 depolarization in pace-
makers and recruit additional Cav1.2 channels.

T-type Ca channels are also seen in atrial, pacemaker, and 
conduction fibers, but not in ventricular myocytes (except in 
neonatal myocytes and in some pathophysiologic settings). These 
channels activate at even more negative Em but also inactivate 
much more rapidly than LTCCs. They can contribute to trig-
gered or pacemaker activity, but even when they are present they 
provide less peak ICa and integrated Ca influx than LTCC and 
cannot effectively substitute for LTCC in triggering SR Ca 
release. The latter is probably because they do not target to the 
sarcolemmal-SR junctions, where Ca-induced Ca release occurs 
during ECC.

ICa is activated by depolarization and exhibits Em- and 
Ca-dependent inactivation (VDI and CDI), and CDI is by far the 
dominant physiologic mode of inactivation.6 When CDI is abro-
gated experimentally, AP duration (APD) becomes extremely 
long and Ca tends to overload in cells. There appears to be 
calmodulin (CaM) constitutively bound to the Cav1.2 in myo-
cytes and it senses local [Ca]i elevation and induces inactivation.7 

Figure 16-1.  Schematic of Ca handling systems  in cardiac myocytes. Ca2+, Na+, K+,  and Cl−  channels are shown, as are sarcolemmal and SR ATPase pumps  (ATP). The SR 
Ca-ATPase is inhibited by phospholamban (PLB), whose inhibitory effect is reversed by phosphorylation by protein kinase A or Ca-calmodulin–dependent protein kinase. 
The mitochondrial cytochrome system (Cyt) responsible for pumping protons (H) out of mitochondria is indicated. 
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rabbit (and similarly in human, canine, feline, ferret, and guinea 
pig), the percent contribution to [Ca]i decline is roughly 70%, 
28%, 1%, and 1%, respectively. Thus, the SR Ca-ATPase is the 
dominant transporter by a factor of 3 over the NCX. In rat and 
mouse ventricular myocytes, these numbers are 92%, 7%, 0.5%, 
and 0.5%, so the system is much more SR-dominated (14-fold 
more than NCX). In HF, there is generally a downregulation of 
SR Ca-ATPase and upregulation of NCX, such that in rabbit and 
human HF, the SR and sarcolemmal fluxes become more equally 
balanced. There are fewer data available in atrial myocytes, but 
for human atrial myocytes, we estimate 66% and 25% of Ca 
removal occur via SR Ca-ATPase and NCX, respectively. This 
predominance of SR Ca-ATPase over NCX in sinus rhythm is 
converted to an equal contribution of these Ca-removal processes 
(46% vs. 44%) in chronic atrial fibrillation.8,9

In mitochondria, there is uptake of Ca during the normal 
heartbeat via the mitochondrial Ca uniporter,10 but it can be 
inferred that this is only about 0.5 µmol/L cytosol (~1 µmol/L 
mitochondria). Significant Ca buffering is expected in this com-
partment, which is packed with proteins (as in the cytosol), so the 
rise in free [Ca] in the mitochondria at each beat is rather small.11 

This raises the question: How much Ca enters the cytosol 
during the AP and where does it go? The sum of Ca coming from 
ICa, NCX, and SR Ca release is between 50 and 100 µmol/L 
cytosol. Notably, this is the total amount of Ca entering the 
myoplasm that contains many Ca buffers (e.g., troponin C, the 
SR Ca-ATPase, CaM, membrane lipids, ATP). Quantitatively, 
the most important Ca buffers are troponin C and the SR 
Ca-ATPase, which are present at approximately 70 and 50 µmol/L 
cytosol, respectively, and have affinity in the 0.5-µM range. 
Overall, the cytosolic buffering is approximately 100 : 1, such that 
50 to 100 µmol/L cytosol of added Ca only raises the free [Ca]i 
from 100 nM to approximately 500 to 1000 nM. However, that 
is sufficient to partially saturate troponin C and activate contrac-
tion. Notably, Ca buffering does not directly remove Ca from the 
cytosol, and energy-dependent Ca transport is required to return 
[Ca]i and cytosolic buffers back to their diastolic levels.

There are four transporters that work in parallel to bring [Ca]i 
down and drive relaxation: (1) the SR Ca-ATPase, (2) NCX, (3) 
the plasma membrane Ca-ATPase, and (4) mitochondrial Ca 
uptake.1,2 We have analyzed quantitatively how these processes 
compete in myocytes from different mammalian species. In 

Figure 16-2.  Na/Ca exchange (NCX) function in cardiac myocytes. A, Normal rabbit ventricular myocyte AP (black), global and submembrane Ca transients ([Ca]i and [Ca]sm, 
blue), and the reversal potential for NCX (red) based on [Ca]sm and with [Na]i −8.5 mM. Ca influx is favored only early in the AP (where Em  is higher than ENCX). B, During SR 
Ca release, cleft and submembrane [Ca]  (Cacleft and Casm) are higher than bulk cytosolic  [Ca]i. This  influences whether  INCX  is  inward or outward. C,  INCX during the rabbit 
ventricular myocyte during the AP in control and HF conditions. [Ca]sm and the integrated Ca flux via NCX are also shown. 

(Redrawn from Despa S, Islam M, Weber CR, et al. Intracellular Na+ concentration is elevated in heart failure, but Na/K pump function is unchanged. Circulation 105:2543–2548, 
2002.)
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flux balance principle and analysis of Ca removal, the expected 
ECC gain should also be species-dependent (~3 in rabbit or 
human and ~15 in rat or mouse). The precise way that gain is 
calculated varies, because sometimes the numerator is peak [Ca]i 
or Δ[Ca]i and sometimes the denominator is peak ICa or integral 
over the first 20 ms. ECC gain is highest at negative Em and 
becomes progressively smaller at positive Em. The high gain at 
negative Em is the result of only a few LTCCs being opened 
(meaning that they are mostly at different individual junctions), 
and those that do open have very high flux (caused by high driving 
force).14 These openings at negative Em are highly efficacious in 
triggering SR Ca release. At somewhat more positive Em, more 
LTCCs are recruited, so some will be at the same junctions as 
other open LTCCs, and these would increase the denominator, 
thereby reducing the calculated gain (redundant ICa at some junc-
tions). At positive Em, the single-channel conductance is progres-
sively smaller, and more than one LTCC opening at a junction 
may be required for successful RyR activation. Thus, gain plateaus 
at positive Em and does not decline as rapidly as at negative Em.

Fractional SR Ca release is also a powerful measure of ECC 
efficacy that can be assessed independent of ICa or SR Ca load, 
both of which are major influences on ECC efficacy. It is the 
amount of SR Ca release divided by the SR Ca content (typically 
assessed by rapid application of caffeine). This approach demon-
strated that at moderate intra-SR [Ca] ([Ca]SR, approximately 
40% of the normal load), a normal ICa trigger could not induce 
SR Ca release and that as [Ca]SR increases, the fractional SR 
Ca release increases nonlinearly (Figure 16-3, A).15 This 
steep relationship is thought to reflect the ability of high [Ca]SR 
to sensitize the RyR to local [Ca]i triggers and agrees with single-
channel RyR recordings in lipid bilayers. The failure of ECC  
at moderate [Ca]SR levels is also consistent with this and empha-
sizes the critical importance of [Ca]SR in regulating the ECC 
process.

Structure of the Couplon and  
Submembrane Spaces

The initiation of SR Ca release during ECC is a local phenom-
enon. The close physical proximity of the L-type Ca channel to 

The extrusion of Ca from mitochondria is mediated mainly by a 
mitochondrial Na/Ca exchanger (NCLX),12 which is different 
from the sarcolemmal NCX. This Ca extrusion is very slow, such 
that at higher heart rates, the diastolic mitochondrial [Ca] gradu-
ally accumulates to a higher steady-state level.

One important effect of increased mitochondrial [Ca] is that 
it binds to and stimulates several dehydrogenase enzymes in the 
mitochondria to increase the production of NADH and conse-
quently increases ATP production.3 This is thought to be an 
important feedback pathway, where the mitochondria increase 
their ATP production under conditions in which the myocyte is 
using more ATP (i.e., when Ca transients are more frequent and/
or of higher amplitude). When heart rate is reduced, the diastolic 
Ca efflux has a better opportunity to keep up with the less fre-
quent influx pulses, and mitochondrial [Ca] gradually falls.

Under severe cellular stress, mitochondria can store large 
amounts of Ca, in part by progressively increasing their buffering 
power.13 This is thought to provide temporary protection in the 
myocyte from the dangers of Ca overload. However, too much 
Ca in mitochondria can lead to opening of the permeability 
transition pore and loss of proteins, which can lead to mitochon-
drial demise.

Balance of Fluxes, Excitation-Contraction 
Coupling Gain, and Fractional Ca Release

During a steady state beat, by definition, the amount of Ca that 
enters the cell must equal the exact amount that leaves the cell; 
otherwise, the cell would progressively gain or lose Ca. The same 
is true for the Ca fluxes across the SR and across mitochondria 
at each beat. This means that the sum of the sarcolemmal Ca 
entry via ICa, NCX, and leak must equal that removed by the 
NCX and plasma membrane Ca-ATPase. Likewise, the amount 
of Ca released by the SR must be reaccumulated by the SR 
Ca-ATPase. This fundamental principle aids in quantitative esti-
mates of overall Ca fluxes because different measurements have 
different limitations.

ECC gain is often used as an index of ECC efficacy and is 
ideally defined as the ratio of the amount of SR Ca release to the 
amount of Ca influx that triggers this release. Therefore, using the 

Figure 16-3.  Influence of SR Ca load on E-C coupling efficacy and diastolic SR Ca leak. A, Voltage-clamp in rabbit ventricular myocyte, where SR Ca load was varied by 
prepulse protocols and caffeine-induced SR Ca depletion. ICa amplitude at each test pulse shown was the same for each cell included, regardless of SR Ca load. The dashed 
line shows the expectation if fractional SR Ca release was not regulated by [Ca]SR. B, SR Ca load was similarly manipulated and 1 mM tetracaine was applied to block RyR-
mediated leak (in Na-free, Ca-free solution). At a given SR Ca load the leak is higher in HF myocytes. 

(A, Data from Shannon TR, Ginsburg KS, Bers DM: Potentiation of fractional sarcoplasmic reticulum calcium release by total and free intra-sarcoplasmic reticulum calcium con-
centration. Biophys J 78:334–343, 2000. B, Data from Shannon TR, Pogwizd SM, Bers DM: Elevated sarcoplasmic reticulum Ca2+ leak in intact ventricular myocytes from rabbits 
in heart failure. Circ Res 93:592–594, 2003.)
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surface membrane, but most of the NCX molecules are not found 
in the junctions.17 It is unclear what protein or signal dictates the 
localization of RyR2 and Cav1.2 to the junction, but junctophilin 
is a candidate protein that interacts with both membranes and 
RyR2.18 Notably, there are clusters of RyR2 organized in trans-
verse arrays in atrial myocytes, even in the absence of T-tubules.

Compelling electrophysiologic data show that the local sub-
membrane [Ca] sensed by sarcolemmal ion channels and trans-
porters (even those outside the junctional cleft) differs significantly 
from that in the general cytoplasm and that sensed by myofila-
ments and cytosolic fluorescent indicators.19 This means that 
Ca-sensitive ionic currents will sense larger and faster rising Ca 
transients than those sensed by globally situated Ca indicators 
(see Figure 16-2; discussed later).

E-C Coupling: Ca-Induced Ca Release, Ca 
Sparks, and Ca Waves

ECC requires Ca influx via the Cav1.2 channel (or a surrogate 
pathway), which raises cleft [Ca]i, to activate the RyR opening 
and SR Ca release. If extracellular Ca is removed or ICa is inhib-
ited, there is an immediate (<1 second) abolition of cardiac Ca 
transients (an effect not seen in skeletal muscle). Under physio-
logic conditions, there are probably enough L-type Ca channels 
in each junction (10-15) to ensure that at least one will open 
during AP, which is sufficient to raise local [Ca]i enough to acti-
vate at least one of the approximately 100 RyR in the cleft. Once 
a single RyR channel opens, it can recruit more RyR within the 
cleft, and it is believed that about six to 15 individual RyR open-
ings may constitute the normal local release event. Within the 
tiny cleft space, local [Ca] probably rises to a peak higher than 
100 µM. However, as Ca diffuses away, the local [Ca]i at sites 
outside the cleft is much lower and declines as one moves farther 
away, because of three-dimensional diffusion (peak [Ca]i ~500-
1000 nM). Throughout myocytes and the heart, these local 
release events are synchronized by the AP and nearly simultane-
ous activation of ICa at each junction. This synchronization is 
critical for functionally effective ECC.

Spontaneous SR Ca release events (Ca sparks) can also occur 
in the absence of Ca current (Figure 16-5, A and B). This is 
because RyR opening is stochastic and influenced by [Ca]i, [Ca]SR, 
and RyR modulation (e.g., by phosphorylation, oxidation, or 
disease-related mutations, as seen in RyR2 or calsequestrin with 
catecholaminergic polymorphic ventricular tachycardia). Even if 
the normal open probability is 10−4 s−1 and there are 1 million 
RyR per cell, it could be expected that there are approximately 
100 RyR openings per second in each cell. Each one of these can 
participate in the same local positive feedback of Ca-induced Ca 
release and cause the firing of a single junction, similar to that 
initiated by the ICa trigger. These stochastic Ca sparks are thought 
of as the fundamental unit of SR Ca release, and the normal ECC 
Ca transient is the spatiotemporal summation of approximately 
15,000 of these local Ca-release events, with one happening at 
each junction.

Under normal conditions, the SR Ca release at one junction 
does not trigger the release of Ca from a neighboring junction 
that is either 2 µm away longitudinally (at the next Z-line) or 
about 0.5 µm transversely. That is, we normally see spatially 
discrete Ca sparks. This is because the [Ca]i at that distance away 
is too low to activate the next junction because it requires the 
higher local [Ca]i near the mouth of a Ca channel. However, 
there are conditions in which this tight local control is lost and 
Ca waves can propagate and become arrhythmogenic.

What conditions favor Ca waves? The same conditions that 
increase RyR excitability and Ca spark frequency tend to increase 
the ability of Ca sparks to propagate as Ca waves (see Figure 16-5, 

the RyR at the junction or couplon is critical for the efficacy of 
Ca-induced Ca release (Figure 16-4). Skeletal muscle expresses 
different isoforms of these two channels (Cav1.1 and RyR1) 
versus those in cardiac myocytes (Cav1.2 and RyR2), and the 
ECC process is more highly evolved. That is, in skeletal muscle, 
Cav1.1 physically communicates with RyR1 such that the 
depolarization-induced change in Ca-channel structure is suffi-
cient to activate RyR1, even without any Ca influx through the 
channel. The structure of these skeletal muscle junctions is rela-
tively rigid, where every other RyR1 tetrameric channel (in a corner-to- 
corner array) has four L-type Ca channels directly above and 
communicating with it.16 In the heart, there are similar structured 
arrays of RyR2 tetramers (~100 RyR per junction), and Cav1.2 
channels are clustered in these junctions as well but appear to be 
distributed randomly within the cluster with one Cav1.2 per 4 to 
10 RyR tetramers (Figure 16-4). The majority of these couplons 
(diameter ~200 nm; depth 15 nm between SR and sarcolemma) 
are in the T-tubule, but about 25% are found along the external 
sarcolemma, and both function similarly with respect to ECC.1

In rabbit ventricular myocyte, these junctions occupy approxi-
mately 21% of the T-tubule membrane and 5% of the surface 
sarcolemma. Both numbers are slightly higher in rat, but the 
couplons occupy 11% to 20% of the total sarcolemma. NCX and 
the Na/K-ATPase are more concentrated in T-tubule than in 

Figure 16-4.  Junctional  structure  in  which T-tubular  membrane  apposes  the  SR 
membrane. A, Side view of a junction along the T-tubule (top) and view through 
the T-tubule membrane looking at the LTCCs (red) and array of RyR tetramers (yellow 
and orange). Some nonjunctional SR regions also have RyR clusters and can con-
tribute to Ca release. B, A LTCC when opened allows Ca influx, which can activate 
SR Ca release via RyR, and release from one RyR can activate neighboring RyRs. 
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Instead, the normal mode of ECC in these cells includes propa-
gated Ca-induced Ca release (Ca waves) to activate the center of 
the cell. It is not known whether this is because atrial myocytes 
tend to be more highly Ca-loaded under baseline conditions (vs. 
ventricular myocytes) or whether there is a structural or regula-
tory difference in RyRs. However, this might predispose atrial 
myocytes to be more on the verge of producing potentially 
arrhythmogenic Ca waves.

How does SR Ca release terminate? Because Ca-induced Ca 
release is an inherently positive feedback system, it is important 
to consider how SR Ca release terminates. Because release nor-
mally terminates when [Ca]SR levels are only about 50% depleted 
(during either global ECC events or Ca sparks), there must be 
something that breaks the positive feedback. There is compelling 
evidence that cardiac RyR gating is influenced strongly by luminal 
[Ca]SR such that RyR opening is favored at high [Ca]SR (enhancing 
Ca spark initiation) and RyR closing is favored at lower [Ca]SR. 
Experiments show that release terminates at about 400 µM [Ca]SR 
during both Ca sparks and ECC, and when there is little spatial 
gradient of [Ca]SR.23 Thus, there seems to be an internal brake 
that prevent this positive feedback from completion. This occurs 
at a similar level of [Ca]SR to that at which ECC and Ca sparks 
fail as [Ca]SR decreases (see Figure 16-3), and these are probably 
functionally related effects.

Why does a specific junction fail to activate? Several factors 
could be responsible. First, the depolarization could fail to acti-
vate sufficient entry via ICa. This could happen if the Ca channels 
are refractory or blocked, but it can also happen at very positive 

A, C, and D). The simplest and best known case is that of cellular 
and SR Ca overload. Because RyR opening is favored by both 
high local cleft [Ca] and elevated [Ca]SR, increased Ca spark 
frequency when Ca loading is favored (e.g., Na/K-ATPase inhibi-
tion, AP prolongation, β-adrenergic activation, or increased heart 
rate). In these cases, there is also greater SR Ca release during 
each Ca spark (owing to higher [Ca]SR and driving force), and this 
can superimpose on an elevated [Ca]i background. These factors 
will increase the rise in [Ca]i that a Ca spark causes at the neigh-
boring junction. Furthermore, the next junction has a higher 
sensitivity to [Ca]i because of the higher [Ca]SR, and these effects 
synergize to increase the likelihood that a Ca spark becomes a 
Ca wave. As Ca loading progresses, there can often be small, 
abortive miniwaves before observing full-blown Ca waves that 
traverse the whole myocyte. It is these cell-wide Ca waves that 
can activate sufficient inward NCX current that can cause trig-
gered arrhythmias.

SR Ca leak during diastole is composed of leak that is detect-
able as Ca sparks plus Ca leak that is not detectable as Ca sparks.20 
Thus, although Ca sparks can provide a convenient readout con-
cerning SR Ca leak, the Shannon-Bers tetracaine block protocol 
assesses all RyR-dependent leak and was the first to demonstrate 
that SR Ca leak was increased in HF (Figure 16-6, B).21,22 There 
appears to be a small but significant component of SR Ca leak 
that is not mediated by either the RyR or the related InsP3 recep-
tor (InsP3R).20

Atrial myocytes that lack T-tubules cannot use ICa to synchro-
nize release at internal RyR clusters that exist along the Z-lines. 

Figure 16-5.  Ca sparks and waves in cardiac myocytes. A, A linescan confocal image showing numerous Ca sparks in a mouse ventricular myocyte and a propagating Ca 
wave. B-D, Representations of Ca sparks and waves as a tilted 2-D and 3-D plot color-coded for local [Ca]i. 

(Images obtained from Y. Yang and Y. Li.)

[Ca]i

430 nM

100 nM

200 ms 200 ms

1000 nM

100 ms

Ca sparks

Ca sparks

Ca wave

Ca waves

1 s

 10 µm

20
 µ

m

20
 µ

m

5 µm

A

B C D



ExCITATION-CONTRACTION COUPLING 167

16 

both a lower cleft [Ca] that lasts a shorter time and neighboring 
RyR that are also less sensitive (i.e., more than the normal trigger 
is required to attain amplification). Third, the RyR can also be 
refractory. Although RyR refractoriness is not exactly like Na 
channel refractoriness, it is clear that after a SR Ca release event, 
some time is required (0.5-10 sec) for the RyR to regain its 
maximal sensitivity to cleft [Ca]. Note that this is different from 
and additional to the time it takes for the SR Ca-ATPase to refill 
the SR between beats. This RyR refractoriness may be an impor-
tant intrinsic protection from arrhythmogenic Ca waves, although 
it may be involved in the development of cardiac alternans. 
Notably, this RyR refractoriness is not absolute, and recovery can 
be hastened at increased Ca loads, allowing an abrupt appearance 
of Ca waves at a certain threshold of SR Ca load. Fourth, physical 
disruption of the couplon can reduce the efficacy of ICa to activate 
the RyR. This has been suggested to occur when junctophilin  
2 is knocked down26 and also in HF, in which T-tubular 

potentials relevant to the AP overshoot. At positive potentials, 
the unitary current through Ca channels is reduced because of 
driving force, and thus more Ca channels in the junction may 
need to open to raise cleft [Ca] sufficiently to ensure RyR activa-
tion. Notably, the early repolarization often seen (phase 1) of the 
cardiac AP serves to rapidly increase the driving force for Ca 
entry via activated LTCCs.24 Second, if the [Ca]SR is low, the cleft 
[Ca] required to activate a first RyR is higher, so the same ICa 
might fail to initiate RyR activation.25 Indeed, the dependence of 
Ca spark frequency and diastolic Ca leak on [Ca]SR is similar to 
that for fractional SR Ca release during ECC (see Figure 16-3). 
Even if a first RyR opening occurs, several factors at low [Ca]SR 
limit the likelihood that it will recruit other RyR in the couplon. 
That is, if the stochastic closure of both the ICa and first open 
RyR occurs before another RyR is recruited, a full release or 
spark will be aborted. Several factors contribute to this. At low 
[Ca]SR, the reduced driving force and shorter open time create 

Figure 16-6.  Cardiac alternans in rabbit ventricular myocytes. A, Em, myocyte shortening and intra SR free [Ca] ([Ca]SR) assessed using fluo-5N trapped inside the SR. The 
large and small beats are superimposed at right. B, Frequently, alternans are observed without any change in diastolic [Ca]SR between large and small beats. C, At 1.5-Hz 
stimulus frequency, this cell did not demonstrate alternans, but as [Ca]SR rose further at 2.2 Hz, the cell exhibited stable alternans. 

(Data redrawn from Picht E, DeSantiago J, Blatter LA, et al: Cardiac alternans do not rely on diastolic sarcoplasmic reticulum calcium content fluctuations. Circ Res 99:740–748, 
2006.)
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(ICl(Ca)), Ca-activated K+ current (IK(Ca)), and the delayed rectifier 
(IKs) and these can influence AP configuration as well. ICl(Ca) is 
more prominent at positive Em and contributes to the early repo-
larization phase of the AP, where submembrane [Ca] is especially 
high. IK(Ca) is very small or nonexistent in ventricular myocytes 
but is more prominent in atrial myocytes and again most likely 
participates in early repolarization. IKs is known to increase with 
higher [Ca]i, but the kinetics of this effect and how it interfaces 
with the β-adrenergic effects on IKs are not well known. All of 
these currents will be sensitive to changes in Ca transients, 
including the large increases in Ca transient associated with 
physiologic β-adrenergic activation.

Myocyte Ca Handling in Rhythmicity and 
Arrhythmogenesis

The brief focus here is on the role of Ca in triggered activity, 
especially early and delayed afterdepolarizations (EADs and 
DADs; Figure 16-7). For DADs, the explanation is fairly simple 
and an extension of properties described before. If after AP repo-
larization the conditions favor Ca sparks and waves (i.e., Ca 
overload and/or enhanced RyR sensitivity), more of these events 
will occur and generate a Ca-activated transient inward current 
and DAD (see Figure 16-7, A), which is carried almost exclusively 
via NCX current (not ICl(Ca) or nonselective cation current). 
Notably, the negative diastolic Em favors inward NCX. If the 
inward NCX current is sufficient to bring the myocyte to the 
threshold, then an AP can be triggered.

EADs that occur before repolarization is complete are slightly 
more complicated because there are two possible mechanisms. 
One mechanism is fundamentally the same as that for DADs (i.e., 
spontaneous SR Ca release and inward NCX current; see Figure 
16-7, B). EADs are typically observed under conditions in which 
APD is long (e.g., IKr block or long-QT syndromes) and this 
tends to load cells with Ca because of the prolonged Ca entry 
and reduced diastolic interval for Ca efflux. However, the depo-
larized Em reduces inward INCX at any given [Ca]i, making this 
more impactful as repolarization proceeds than at positive plateau 
potentials. The second, and historically precedent, mechanism is 
that some LTCCs can become re-available during long APD and 
reactivate, creating an inward current surge and net depolariza-
tion (see Figure, 16-7, C). There is good experimental and theo-
retical evidence for both of these mechanisms,6 and they are not 
mutually exclusive. For example, an SR Ca release event may 
produce only a very small plateau INCX and depolarization, which 
may be amplified by recruiting ICa to cause a larger EAD.

Sinoatrial and atrioventricular node myocytes show spontane-
ous Ca transients and APs and are discussed extensively in 
Chapter 25. The SR Ca release and INCX mechanism described 
before for triggered DAD activity in atrial and ventricular myo-
cytes is an important part of normal pacemaker activity in the 
sinoatrial node. These cells likely have a relatively Ca-loaded 
physiologic state, ancillary ICa that activates at more negative Em, 
lower stabilizing IK1 current, and a more favorable source-sink 
relationship compared with ventricular myocytes.

In conclusion, cardiac electrophysiology and Ca handling are 
inextricably linked functionally, and although Em influences [Ca]i 
and contraction, changes in [Ca]i and Ca transporters function 
feedback and alter Em in fundamentally important ways. These 
can alter AP morphology and excitability and be important in 
pacemaking activity and arrhythmias. The Ca regulation dis-
cussed in this chapter is also under intense regulatory control by 
numerous signaling pathways in normal and diseased hearts. This 
includes, but is not limited to, sympathetic α- and β-adrenergic 
pathways and also regulation by calmodulin and Ca-calmodulin–
dependent protein kinase II.

organization is reduced27; in these cases, the efficacy of local ECC 
could be compromised. In the most extreme locations, it would 
become rather like the situation in non–T-tubular regions of 
atrial myocytes, where the local ICa cannot trigger release, and 
release would be triggered mainly by propagated Ca-induced Ca 
release.

Cardiac Alternans

Cardiac alternans was first observed in pulse pressure, but 
Ca-transient amplitude and APD alternans also occur and have 
been recognized as a precursor for ventricular tachycardia and 
ventricular fibrillation. Increasing heart rate induces Ca, contrac-
tile, and APD alternans hand in hand (see Figure 16-6, A). 
Because Ca alternans persists under a voltage clamp where no Em 
change occurs, and changes in Ca-transient amplitude influence 
currents in ways that explain APD alternans, it is generally 
accepted that Ca alternans causes APD alternans.28 In alternans, 
the larger Ca transient is usually associated with the longer APD 
(concordant Ca-Em alternans; see Figure 16-6, A), but it can 
occur in opposite fashion (discordant Ca-Em alternans). Although 
there are several Ca-dependent ionic currents (discussed later), 
AP alternans can be adequately explained by effects on ICa and 
NCX. During the large beat, there will be faster ICa inactivation 
because of more robust CDI, and that should shorten APD. 
However, the larger Ca transient will also drive greater inward 
NCX current, which would prolong APD. Thus, in concordant 
Ca-Em alternans, it seems as if the NCX effect is somewhat more 
dominant. Conversely, the ICa effect might predominate for the 
more rare discordant alternans. Ca alternans can also exist out of 
phase within a single myocyte, reemphasizing the idea that Ca 
signals are very local compared with Em signals. At the whole-
heart level, alternans can also be spatially concordant (all regions 
in phase with each other) or discordant, and the latter is more 
likely to degenerate into ventricular tachycardia or ventricular 
fibrillation.

Why do Ca transients alternate during alternans? Possibilities 
include refractoriness of ICa, changes in SR Ca load, and refrac-
toriness of SR Ca release. As heart rate increases and alternans 
occurs, it has been shown that ICa is not different between the 
large and small beats.29 Alternans also occurs even when diastolic 
[Ca]SR (and SR Ca load) is the same at the beginning of the large 
and small beats (see Fig 16-6, B), and it appears that the initial 
event is caused by refractoriness of the RyR at the small beat.29 
This creates a small beat during which some RyR junctions fail 
to fire and thus can recover by the next and larger beat. However, 
the large-small Ca transients can also influence SR Ca load. 
Because during the small beat, there is less ICa inactivation and 
less Ca extrusion via NCX, there will tend to be a net gain of cell 
and SR Ca, and the opposite will occur during the large beat. 
This may be the reason alternations in SR Ca load often accom-
pany alternans (see Figure, 16-6, C). The direction is such that 
such changes will tend to amplify the extent of Ca alternans.

Ca Fluxes Can Influence the Cardiac  
Action Potential

We have already discussed how Ca carries ionic current (ICa, 
NCX) and that has predictable consequences on the AP configu-
ration (reduced ICa inactivation such as in Timothy syndrome can 
cause APD prolongation). However, there are several other chan-
nels whose gating is influenced by [Ca]i or, more specifically, 
submembrane [Ca]. These include Ca-activated Cl− current 
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Figure 16-7.  Delayed (DAD) and early afterdepolarizations (EAD) and related ICa and INCX. During DAD, SR Ca release activates INCX that in one case (solid trace) is sufficient 
to trigger AP and the other (dashed trace) is not. The purple EAD shows a situation in which the EAD is initiated by SR Ca release and INCX, whereas the red EAD is initiated 
by reactivation of L-type Ca current. 
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retrograde trafficking pathways. Anterograde trafficking ensues 
only after proper protein synthesis and processing in the endo-
plasmic reticulum and Golgi apparatus, including quality control 
mechanisms, glycosylation, and posttranslation modification 
(Figure 17-1).1 Often, channel trafficking, synthesis, and quality 
control are grouped together in common discussion. However, 
these processes can be distinct, using unique cellular machinery 
and subject to differential regulation. Retrograde movement ini-
tiates with endocytosis, after which internalized proteins can 
follow multiple routes to different intracellular fates (see Figure 
17-1).2 One well-recognized fate is the targeting of internalized 
proteins to lysosomes, or proteasomes, followed by degradation 
(see Figure 17-1). Alternatively, trafficking through recycling 
endosomes allows proteins to return to the plasma membrane and 
protects them from degradation (see Figure 17-1).3 Sorting at 
early endosomes to Rab-GTPase–specific compartments is now 
established as an important event in determining the intracellular 
fate of internalized proteins.4-6 Another important component of 
the endocytic machinery regulating protein surface levels is the 
coordinated movement of molecular motors. In general, protein 
trafficking is highly coordinated between long-range events 
involving the microtubule-based kinesin and dynein motors, and 
short-range events using unconventional myosin motors.7-10 
There is a significant and growing body of literature concerning 
ion channel trafficking from synthesis to sorting to degradation 
in multiple tissues and cells systems that has been reviewed 
previously.11-15 Our discussion will center mainly on recent work 
focused on the control of ion channel density at the plasma 
membrane, in the heart, where relatively little is known about 
protein trafficking. We have chosen to organize this chapter 
around the major transport events in ion channel movement 
within myocytes. Given that numerous and different ion channels 
play an essential role in all chambers of the heart and throughout 
the cardiovascular system, it is impossible to include a compre-
hensive review of all the literature. Rather, it is our intention to 
use select examples to highlight the major themes that have been 
recently uncovered in ion channel trafficking.

Anterograde Trafficking of Channels  
in the Heart

The Directed Targeting Paradigm

Posttranscription and posttranslation, the proteins that form 
cardiac ion channels are modified and usually oligomerize in the 
Golgi apparatus, where they are inserted into membrane vesicles 
for delivery to the plasma membrane. These channel-laden 
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Research into the mechanisms of protein trafficking in the heart 
has lagged behind that of other tissues, in particular neuronal 
systems. Most attention has been focused on polarized cells, such 
as neurons, that have clear compartmentalization. Interest in the 
mechanisms of trafficking in nonpolarized cells has been sparked 
in part by newly recognized subcellular compartmentalization on 
the nanometer scale. Recent research related to cardiovascular 
ion channel trafficking is beginning to fill a gap in our knowledge 
of the molecular machinery controlling ion channel trafficking 
and localization in cardiac myocytes. An understanding of channel 
trafficking will undoubtedly contribute to our knowledge of the 
events underlying the pathophysiological conditions character-
ized by altered ion channel surface expression and will likely 
provide novel insight into the general mechanism of protein traf-
ficking in the cardiovascular system. Several known ion channel 
mutations result in trafficking defects that contribute to the 
development of disease. Importantly, as new genes and gene 
mutations are discovered in our quest to understand disease and 
arrhythmogenic mechanisms, these findings must be accompa-
nied by studies to identify the molecular machinery and cellular 
mechanism of protein dysfunction. In the future, therapeutic 
strategies designed to manipulate specific ion channel trafficking 
pathways may prove useful in the treatment of cardiovascular 
channelopathies and may provide a novel approach to dynami-
cally tuning electrical excitability in the heart.

The steady-state cell surface density of ion channel proteins 
is determined by the balance between the anterograde and 
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junction consists of a pair of abutting hexameric hemichannels or 
connexons in adjacent cell membranes. Each connexon consists 
of six connexin proteins. More than 20 Cxs have been identified 
and each is usually named according to its respective molecular 
mass.28 All connexins contain four transmembrane domains. 
Connexin43 is the most abundant connexin in the ventricular 
myocardium. In individual ventricular cardiomyocytes, Cx43 is 
localized at the intercalated disc at longitudinal ends of the cell, 
where Cx43 gap junctions provide rapid action potential trans-
mission and synchronized cardiac excitation.29,30

Cardiac-specific conditional deletion models with greater 
than 50% Cx43 loss develop increased arrhythmia susceptibility 
and sudden cardiac death.31-33 In general, these studies reveal that 
severe arrhythmia phenotypes can manifest when Cx43 coupling 
drops to less than 20% in the heart, which correlates with theo-
retic predictions.34 Thus, maintenance of proper Cx43 expression 
and localization has a critical role in appropriate electrical cou-
pling and ventricular function.

Data exist for multiple, but not incompatible, models of Cx43 
trafficking to cell-cell borders of cardiac intercalated discs.17,18,20,25 
There is almost universal agreement that microtubules help 
deliver Cx43 to the plasma membrane. A landmark series of two 
papers in 2002 found evidence that newly-formed Cx43 appear 
at the perimeter of the Cx43 plaques and then diffuse into central 
plaque regions.17,20 Taken together with microtubule delivery, the 
model developed that Cx43 hemichannels are inserted into the 
general plasma membrane, rapidly diffuse to the edge of dense 
plaques, and then more slowly diffuse into the plaque center. 
Subsequent to these studies, it has been observed that Cx43 can 
be inserted directly at the edge and into plaques, and membrane 
fluidity exits within the plaque region.18,35 It has also been found 
that the plaques are internalized not necessarily from the center, 
but that different segments of plaque can be internalized at any 
time35 and full plaque internalization can occur in one step.36 

vesicles are transported using the cytoskeleton as a path to the 
plasma membrane, with most studies focusing on the role of 
microtubule-based forward transport.16-21 A critical aspect of 
forward transport is localization to membrane subdomains. It is 
entirely possible that channels may be delivered to random 
regions of the plasma membrane, only to then laterally diffuse 
within the membrane to their appropriate subdomain.17 However, 
the temporal and stochastic inefficiency of random channel inser-
tion, together with unexplained mechanisms of subsequent lateral 
localization other than chance interaction with a subdomain-
specific anchor protein, suggests that specificity of delivery from 
the Golgi apparatus to the surface submembrane may also occur. 
Still to be fully explored, this directed targeting paradigm of ion 
channel delivery may be generalizable to all cardiac ion channels 
and explored in terms of other cytoskeletal elements and anchor 
proteins (discussed next).

This section of the chapter focuses on mechanisms that govern 
the forward trafficking of two major cardiac ion channels that are 
indispensable for cellular excitability, cell-cell coupling, and 
excitation-contraction coupling: (1) the L-type calcium channel 
Cav1.2 and (2) the dominant cardiac ventricular gap junction, 
connexin43 (Cx43).22-26 We also discuss in detail a protein with a 
newly described role in the heart that is essential for Cav1.2 traf-
ficking and delivery, bridging integrator 1 (BIN1). BIN1 is 
rapidly emerging as a multifunctional cardiac player beyond its 
previously understood function as a membrane scaffold.

Forward Trafficking of Cx43

Gap junctions are intercellular channels that form low-resistance 
pathways, allowing ions and metabolites to flow from cell to cell. 
In the heart, gap junctions electrically couple cardiomyocytes  
to orchestrate spatial propagation of action potentials.27 A gap 

Figure 17-1.  Ion channel trafficking pathways in the heart. Anterograde and retrograde transport using kinesin motors on microtubules and myosin motors on actin fila-
ments is illustrated. Channel trafficking to subcellular compartments including intercalated disc, T-tubule, and lateral membrane is highlighted. 
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combination of the large size of the α-subunit, Cav1.2, the mul-
tiple β-subunits, the difficulty of manipulating cardiomyocytes 
with T-tubules in culture, and less dense enrichment of the 
channel on the plasma membrane, presenting difficulty to clearly 
characterize by cytochemistry a distinct phenotype. Subunits are 
important for LTCC trafficking. For instance, the β-subunit is 
necessary for surface expression.42 Moreover, the α2δ-subunit 
synergizes with the β-subunit to promote surface channel expres-
sion.43 These auxiliary subunits enhance surface expression by 
promoting channel export from the endoplasmic reticulum and 
overall channel stability.44

Despite the necessary localization of LTCC to T-tubules, it 
was not understood until recently how the localization occurs. In 
2010, it was found that Cav1.2-based channels adhere to the 
directed targeted paradigm.23 In particular, the membrane-
scaffolding protein BIN1 was found to provide a membrane 
anchor that attaches dynamic microtubules, allowing delivery of 
Cav1.2 channels directly to T-tubule membranes. Using HL-1 
cells that express Cav1.2 but do not form T-tubules, and non-
muscle cell lines that neither express Cav1.2 nor naturally form 
T-tubules, it was found that exogenous BIN1 caused the forma-
tion of deep invaginations in the cell membrane enriched with 
endogenous or overexpressed Cav1.2, suggesting that BIN1-
containing membrane is sufficient to recruit Cav1.2 channels. To 
test the possibility that BIN1 serves as an anchoring site for 
microtubules on which Cav1.2 channels are trafficked, the study 
tracked growing microtubules extending toward BIN1 clusters 
and found that the microtubule plus end-tracking proteins pause 
and associate with BIN1 clusters at the cell periphery. Moreover, 
it was determined that the non-BAR cytoskeleton–anchoring 
domain of BIN1 is required for this activity because truncation 
mutants lacking this domain failed to cluster Cav1.2 at cell surface 
invaginations. The microtubule plus end-tracking protein that 
may aid in microtubule anchoring to BIN1, analogous to EB1 
binding to adherens junctions,18,25 has not yet been identified.

At Their Destination: Channels  
in the Myocyte Membrane

Subcellular Localization of Kv Channels  
Within Myocytes

Most tissues, and even single cells, express multiple Kv channel 
types belonging to one or more subfamilies. Importantly, the 
subcellular localization of these different channel isoforms is nec-
essary for proper function and signaling. For example, the 
regional and cell-specific distribution of Kv channels contributes 
to local variations in the shape and duration of the cardiac action 
potential. At the subcellular level, Kv channels can be expressed 
within T-tubules, at the intercalated disc, or on the lateral mem-
brane, in an isoform specific pattern. Although it is known that 
Kv channel expression differs in different regions of the heart—
for example the atria versus ventricles or endocardium versus 
epicardium—it is unclear whether the subcellular localization 
varies within the heart itself. Recently it has been shown that 
ectopically expressed Kv2.1 shows a different subcellular localiza-
tion between atria and ventricles. It is not known whether this 
chamber-specific localization applies to endogenous channel 
localization. It is also not known how different Kv channel iso-
forms affect localization.

Historically, Kv localization is believed to primarily  
involve protein-protein interactions among channel proteins  
and PDZ-domain–containing scaffolding proteins or the actin 
cytoskeleton. Recent work shows that Kv2.1 channels are immo-
bilized on the lateral membrane of atrial myocytes, where their 
diffusion is likely limited by actin cytoskeletal corrals as in 

More recently, it has been found that Cx43 occurs in regions 
surrounding Cx43 plaques, the “perinexus,” at higher density 
than in general membrane where Cx43 proteins may interact 
with scaffolding proteins and other ion channels.37 These studies 
are providing evidence that the gap junction plaque and sur-
rounding regions are highly dynamic with complex behavior of 
targeted insertion and internalization.

Given the low density of Cx43 hemichannels in membrane 
well away from Cx43 plaque regions, and the technical difficulty 
of distinguishing Cx43 inserted in membrane from submembra-
nous and still cytoplasmic collections of protein, it is difficult to 
find studies that can quantify the lateral diffusion coefficient of 
membrane-bound Cx43. It may be that free hemichannels rapidly 
diffuse within the plasma membrane before stopping at plaque 
regions, but direct evidence for this phenomenon is lacking. The 
directed targeting paradigm is based on the observation that de 
novo intracellular Cx43 hemichannels can arrive directly in the 
gap junction plaque region. The hemichannels are targeted to 
plaque regions with specificity obtained from the channel protein 
(Cx43), microtubule plus-end tracking proteins (EB1 and p150 
[glued], and a membrane anchor [adherens junction structure]).18 
By this model, the dynamic microtubule highways are anchored 
and terminate at adherens junction structures, allowing directed 
delivery of Cx43 hemichannels to adherens junction–containing 
membrane to occur. It is probable that once inserted into plaque 
regions, local hemichannel diffusion occurs within the plaque and 
between the plaque and the plaque perinexus.

Although most studies of Cx43 forward trafficking focus on 
the microtubule cytoskeleton, the actin cytoskeleton is also 
involved in delivery of membrane proteins and ion channels. Dye 
transfer studies revealed the dependence of Cx43 insertion into 
plaque on actin, as tested by pharmacologic actin disruption and 
anti-actin antibodies.38,39 Actin is also important for Cx43 plaque 
internalization, although we recently found that when internal-
ization is blocked, forward delivery is still actin dependent.26 
Furthermore, a remarkable greater than 80% of cytoplasmic 
post-Golgi Cx43 is slow-moving or stationary and actin-
associated. These findings indicate that microtubules work in 
concert with actin to deliver Cx43 to the plasma membrane. It 
may be that post-Golgi Cx43 vesicles exist in actin-associated 
reservoirs within the cytoplasm, waiting for either the right 
microtubule to permit membrane delivery or mass acute delivery 
in the case of a metabolic stress.

Forward Trafficking of Cav1.2

Although connexins electrically couple cardiomyocytes, the 
membrane ion channel most responsible for calcium entry and 
excitation-contraction coupling is the α1C pore-forming subunit 
(Cav1.2) of the L-type voltage-gated (Cav) Ca2+ channel (LTCC). 
In response to membrane depolarization by sodium currents, 
LTCCs open to allow inward Ca2+ entry during the plateau phase 
of the cardiac action potential. The L-type currents (ICa,L) that 
are generated initiate calcium-induced Ca2+ release from the sar-
coplasmic reticulum (SR) via ryanodine receptors, which leads to 
muscle contraction. The Cav1.2 protein is large and consists of 
24 transmembrane segments organized into four homologous 
domains.40 Auxiliary subunits of the LTCC include the β-subunit, 
the α2δ-subunit, and the γ subunit, which help regulate trafficking 
of Cav1.2 to the cell membrane and regulate the voltage depen-
dence of channel gating.41

T-tubule invaginations of ventricular cardiomyocyte plasma 
membrane are enriched with LTCCs. This enrichment is neces-
sary for calcium-induced calcium release with nearby ryanodine 
receptors, which is important for beat-to-beat excitation-
contraction coupling in the heart. Trafficking of the LTCCs is 
not as extensively studied as that of Cx43, probably owing to a 
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mechanisms. This includes posttranslational modification, 
channel assembly, and external and internal influences such as 
oxidative stress, neurohumoral control, and disease. Perhaps 
most studied are posttranslational modifications to channel pro-
teins, which affect channel stability, function, and, in some cases, 
trafficking. It is well known that glycosylation marks channel 
proteins that are expressed on the cell surface of cardiac myo-
cytes. In addition, ubiquitin modification occurs with multiple Kv 
channel isoforms, implicating the proteasome in channel degra-
dation. However, few papers directly address posttranslational 
modification of channels and its exact role in Kv channel traffick-
ing. Two recent exceptions include reports on the phosphoryla-
tion of KCNQ1/KCNE1 channels and the sulfenic acid 
modification of Kv1.5. In the first example, RAB-dependent 
KCNQ1/KCNE1 anterograde trafficking was shown to require 
phosphorylation. This process includes the activation of phos-
phoinositide 3-phosphate 5-kinase and the generation of PI(3,5)
P(2) by the serum- and glucocorticoid-inducible kinase 1. Valida-
tion of this mechanism in cardiac myocytes will be an important 
step forward. In the second example, it was shown that under 
peroxide-induced stress a single cysteine residue (C581) in the 
C-terminal domain of Kv1.5 undergoes oxidation to sulfenic acid, 
a novel redox-sensitive posttranslational modification to this 
channel. In turn, oxidation of C581 triggers internalization of 
Kv1.5, decreases current density, and diverts the channel from 
recycling endosomes toward degradation. The sulfenic acid mod-
ification was demonstrated on Kv1.5 in the heart, whereas a 
global increase in sulfenic acid–modified proteins in human 
patients with atrial fibrillation linked the trafficking regulation to 
disease pathophysiology.

Regulation of Cx43 Trafficking

Histone deacetylases, which modify histone tails to repress gene 
transcription, were shown to regulate Cx43 expression in mouse 
embryonic stem cells.70 In mdx hearts, global elevation of histone 
acetylase activity is associated with lateralized Cx43 and increased 
physical interaction between the acetylase P300/CBP-associated 
factor with Nε-lysine acetylated Cx43. Addition of the histone 
acetylase inhibitor anacardic acid reduced Cx43 Nε-lysine acety-
lation and restored Cx43 localization to the intercalated disc. 
Correspondingly, lateralization of Cx43 was achieved by a short 
drug treatment that increased total protein acetylation. These 
studies and others have revealed multiple new functions for pro-
teins normally associated with gene expression regulation in 
directly affecting connexin trafficking.

Alterations of Channel Trafficking in 
Pathophysiological States

Kv Channel Trafficking in the Diseased Heart

Alterations in the cell surface expression of functional Kv chan-
nels occur in numerous cardiovascular disease states and undoubt-
edly contribute to their pathophysiology. One example is Kv1.5 
and its role in paroxysmal and persistent atrial fibrillation,71,72 as 
well as chronic hypoxic pulmonary hypertension.73 Overexpres-
sion of Kv1.5 in rat cardiomyocytes dramatically shortens action 
potential duration, producing a phenotype similar to that 
observed in short QT syndrome.74 Conversely, intracellular 
sequestration of Kv1.5 in mouse cardiac myocytes, by overexpres-
sion of a dominant negative channel fragment, results in reduced 
surface levels of Kv1.5 and long QT arrhythmias.75 In patients 
with persistent or paroxysmal atrial fibrillation, reduced outward 
potassium current is observed. This reduction in current is 

hippocampal neurons.45 In addition, Kv1.5 has been shown to 
directly couple to α-actinin-2 in HEK 293 cells via a specific 
sequence in the amino terminus of the channel.46 In addition, 
Kv1.5-cytoskeleton interactions appear to play a role in modula-
tion of the channel by protein kinase A in oocytes.47 Further, the 
actin binding protein, cortactin, regulates Kv1.5./N-cadherin 
interactions at the intercalated disc. Kvβ-subunits are also likely 
to interact with the cytoskeleton and thus immobilize channels on 
the cell surface.48 In addition, some Kvβ-subunits behave as chap-
erone proteins, promoting the cell surface expression of a subset 
of co-expressed α-subunits and perhaps influencing localiza-
tion.49,50 A role for PDZ domain–containing scaffolding proteins, 
such as SAP97, in the regulation of Kv1.5 surface localization has 
also been described.51,52 Furthermore, it has been shown that the 
K+ channel interacting protein, KChIP2, contributes to the for-
mation of functional mouse Kv1.5-encoded ventricular chan-
nels.53 It is also believed that membrane microdomains, perhaps 
formed by protein-lipid interactions, are an important and novel 
mechanism of Kv channel localization54,55 in the heart. This is 
furthered by the finding that Kv1.5, caveolin, and SAP97 exist as 
part of a tripartite complex in the heart56; however, other reports 
indicate little co-localization of Kv1.5 with caveolin in myocytes. 
Other work shows that KCNQ1-KCNE1 channels, which encode 
for the K+ current in the heart, are localized by interactions with 
the A-kinase anchoring protein, Yotiao.57 Although progress has 
been made in identifying elements involved in Kv channel local-
ization, clustering, and anchoring, less is known regarding the 
molecular machinery controlling their plasma membrane target-
ing or the regulation of surface expression.

Retrograde Trafficking of Channels  
in the Heart

At the plasma membrane, localization to specific membrane 
microdomains, and association with scaffolding proteins into 
macromolecular signaling complexes, likely contribute to the sta-
bility and biological function of Kv channels.58-64 Despite associa-
tion with scaffolding proteins, Kv channels have been shown to 
undergo dynamic trafficking at the plasma membrane through 
constitutive internalization and recycling.65 Internalization of 
Kv1.5 occurs via a dynein-mediated, microtubule-dependent 
pathway.65,66 After internalization, sorting of Kv1.5 into specific 
Rab-dependent endocytic compartments determines the intracel-
lular fate of the channel. Specifically, association of Kv1.5 with 
Rab4- or Rab11-containing endocytic vesicles is associated with 
recycling of the channel back to the plasma membrane, whereas 
association with rab7-containing vesicles denotes channel 
degradation.65-67 In addition, KCNQ1/KCNE1 potassium chan-
nels also undergo constitutive recycling involving Rab-specific 
compartments.68 Specifically, Rab11 is implicated in exocytic traf-
ficking, whereas endocytosis of KCNQ1/KCNE1 is dependent 
on Rab5. Finally, data indicate that hERG channels, in heterolo-
gous expression systems, undergo endoplasmic reticulum export 
in COPII vesicles and endosomal recycling before being pro-
cessed in the Golgi. This process involves the GTPases Sar1 and 
Rab11B, with a potential minor contribution from ARF1.69

Regulation of Channel Trafficking

Posttranslational Regulation of Kv  
Channel Trafficking

The regulation of Kv channel trafficking can occur at multiple 
stages in the transport of the channel and with multiple 
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Internalization of Cx43 is clathrin-dependent36 and may also 

involve Zonula Occludens-1 (ZO-1), which is a 220-kDa scaf-
folding protein that tethers transmembrane proteins such as con-
nexins directly, or via associated adaptor proteins, to the 
cytoskeleton.81 ZO-1 associates with Cx43 via its second PDZ 
domain at the perimeter of the gap junctional plaque.82-85 In 
patients with end-stage congestive heart failure caused by idio-
pathic dilated cardiomyopathy DCM and ischemic cardiomyopa-
thy, decreased Cx43 expression at the cell surface is accompanied 
by increased association with ZO-1.86 These studies suggest that 
ZO-1 may regulate cell surface gap junction availability by pro-
moting Cx43 endocytosis.

Functional Significance of Cav1.2 and BIN1 
in the Human Heart

Calcium influx in the working myocardium, which critically 
depends on the α1C pore-forming subunit, plays a central role 
in converting electrical impulses into mechanical activation of the 
contractile machinery. Gain-of-function mutations in Cav1.2, 
which cause near complete loss of voltage-dependent channel 
inactivation and calcium overload in multiple tissues, are linked 
to Timothy syndrome.87,88 Prolonged sodium currents resulting 
from disrupted channel inactivation delay and repolarization sig-
nificantly increases QT interval duration and the risk of arrhyth-
mias and sudden death. Interestingly, the disease-causing 
mutations G406R and G402S were found within exons 8 and 8a, 
which are alternatively spliced in a mutually exclusive fashion  
and are present in different relative amounts in various tissues. It 
was suggested that the multitude of severities of symptoms  
across multiple organs reflects tissue-specific expression of splice 
variants. In patients with hypertrophic heart failure, aberrant 
splicing of the mutually exclusive exons 31 and 32 was detected 
such that re-expression of the fetal exon contributed to disease 
progression.89

Loss-of-function mutations in Cav1.2 in patients with Brugada 
syndrome are characterized by a short QT interval and sudden 
cardiac death.90 When missense mutations at G490R and A39V 
were co-expressed with other LTCC subunits in CHO cells, a 
clear reduction of ICa,L was observed. Confocal microscopy studies 
revealed that channel trafficking was unaffected. Thus, it was 
hypothesized that the G490R mutation, which is located in a 
linker region, interferes with β-subunit binding to inhibit current 
density. Another study revealed that a V2041I mutation in the 
C-terminus also reduces ICa,L amplitude by decreasing channel 
conductance and altering current inactivation.90

Abnormal excitation-contraction coupling, resulting from 
deregulation at the onset of Ca2+ influx through the T-tubule 
network, is increasingly implicated in heart failure progression 
and sudden cardiac death. Heart content of Cav1.2, typically 
analyzed by biochemical assay of heart muscle lysates, is not 
altered in failing hearts.24 However, although it was recently 
confirmed that total cellular Cav1.2 content is unchanged in 
heart failure, we also found that the channels are internalized.24 
In testing the forward trafficking machinery of Cav1.2 in failing 
hearts, we found that human heart failure involves a reduction in 
BIN1 at both the protein and mRNA message level, implying 
that the reduction is transcriptional. Subsequent studies in adult 
cardiomyocytes confirmed that decreased BIN1 reduces forward 
trafficking of Cav1.2, also diminishing intracellular calcium tran-
sients (in isolated cells and zebrafish hearts) and contractility (of 
zebrafish hearts). Recent rat studies confirmed that BIN1 is 
decreased in failing hearts and recovers with successful treat-
ment.91 It is therefore possible that reduced contractility of pro-
gressively failing heart can be traced, in part, to decreased 
transcription of BIN1. Understanding the regulation of BIN1 
transcription is currently an active investigation.

caused, in part, by diminished Kv1.5 protein expression, whereas 
other potassium channels, such as Kv2.1, remain unaffected.71 
Interestingly, Kv1.5 mRNA levels are unchanged, indicating that 
alterations in steady-state protein levels may be responsible for 
the aberrant phenotype; however, these changes have not been 
likened directly to channel trafficking. Nevertheless, these vicis-
situdes are intriguing, given that several other K+ channel traf-
ficking defects lead to the development of disease. Of significance 
are changes that occur with long QT syndrome.

Pioneering work from January and colleagues first reported 
that hERG channel mutations altered protein trafficking, causing 
long QT syndrome type 2.44 These trafficking defects reduce the 
number of functional channels expressed on the myocyte surface, 
contributing to a reduction in repolarizing current. These obser-
vations have been confirmed by multiple groups and expanded to 
include numerous long QT syndrome type 2 mutations. Recently, 
it was shown that trafficking-deficient hERG K+ channels linked 
to long QT syndrome are regulated by a microtubule-dependent 
quality control event. This highlights the possibility that many 
of these reported alterations in surface density reflect changes in 
protein folding/stability events versus the surface transport of 
channels.

One recent example that directly links long QT syndrome 
mutants to channel trafficking involves KCNQ1 and KCNE1 
subunits. In this report, it was shown that specific disease-
associated mutations in these channel subunits disrupt normal 
endosomal recycling of potassium current channels.68 This work 
provides novel mechanistic insight into potentially fatal cardiac 
arrhythmias and highlights that trafficking pathways may repre-
sent important therapeutic intervention points for the treatment 
of cardiac arrhythmias.

Cx43 Regulation in the Diseased Heart

The density and composition of gap junctions determine cell-cell 
coupling efficiency and ensure orchestrated current flow. Changes 
in Cx43 expression and trafficking can alter conduction and 
impair heart function. Many types of ventricular remodeling that 
occur in humans as a result of cardiac overload are characterized 
by changes in the expression and distribution of Cx43. Early 
myocardial infarction studies revealed decreased Cx43 at the 
intercalated disc and lateralization of remaining channels in the 
infarct boarder zone.76-78 Altered gap junction plaque size exists 
in most forms of heart failure, where changes in the cellular 
distribution of Cx43 affects the spread of excitation in the heart, 
which can be arrhythmogenic. More recent studies have explored 
the mechanisms of altered Cx43 distribution in disease.

Reduced cardiac cell-cell coupling in ischemic and nonische-
mic hearts is strongly associated with Cx43 dephosphorylation, 
which generally has been inferred from Western blot band shifts 
and phosphospecific antibodies. For instance, Cx43 dephosphor-
ylation leads to cell-cell uncoupling in the setting of ischemia, 
which can be rescued by direct suppression of Cx43 dephos-
phorylation.79,80 The specific Cx43 residues that undergo post-
translational modification during disease are still being explored 
and there is likely a rich balance of disease-related phosphoryla-
tion and dephosphorylation on the Cx43 C-terminus. An elegant 
study recently found that inhibiting three specific casein kinase 
sites (S325, S328, S330) from dephosphorylation protected car-
diomyocytes from Cx43 remodeling and arrhythmias during 
ischemia. It is not known whether diminished cell-cell coupling 
is a result of increased rate of plaque internalization or dimin-
ished rate of Cx43 delivery, or both. We recently found that 
hearts with end-stage ischemic cardiomyopathy were character-
ized by specific disruption of the cytoskeleton-based Cx43 
forward trafficking machinery without changes in total 
expression.25
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trafficking has focused primarily on hERG K+ channels. Altera-
tions in hERG-mediated IKr current, whether drug-induced or a 
result of the more than 200 naturally occurring mutations of this 
channel, may induce or contribute to the development of long 
QT syndrome. Nearly 70% of these mutant channels can be 
rescued to the plasma membrane by antiarrhythmic drugs such 
as E4031.96,97 The precise mechanism by which drugs decrease 
the cell surface expression of the hERG channel protein is uncer-
tain. These drugs likely act chronically to stabilize misfolded 
protein through facilitation of quality control machinery in the 
endoplasmic reticulum to facilitate its maturation and export 
from the endoplasmic reticulum.98,99 Importantly, these studies 
give credence to the idea that antiarrhythmic drugs may be devel-
oped to manipulate specific ion channel trafficking pathways as a 
novel therapeutic approach for treating cardiac arrhythmias.

Recently, a previously unrecognized mechanism of antiar-
rhythmic drug action in the acute modulation of Kv1.5 channel 
trafficking was reported.94 Using quinidine, an antiarrhythmic 
agent that has both class Ia actions100,101 and class III actions in 
mammalian atrium and ventricle, it demonstrated that channel 
blockers can both inhibit ion conduction and regulate the stabil-
ity of the channel protein within the membrane. In this study, 
quinidine resulted in a dose- and time-dependent internalization 
of Kv1.5, concomitant with channel block. Interestingly, this 
quinidine-induced internalization of Kv1.5 was found to be 
subunit-dependent and stereospecific,94 which highlights the pos-
sibility for the development of atrial selective agents that specifi-
cally modulate surface density. Although much work needs to be 
done to identify the precise cellular trafficking machinery and the 
mechanisms regulating ion channel surface density, the recent 
studies highlighted in this chapter suggest that modulation of ion 
channel trafficking pathways may be an alternative or comple-
mentary strategy for treating cardiac arrhythmias.

In keeping with the cell to bedside theme of this book, it is worth 
mentioning that the potential for BIN1 as a blood-available bio-
marker for arrhythmogenic right ventricular cardiomyopathy 
(ARVC) was also recently identified.92 ARVC is a primary myo-
cardial disorder with a high incidence of ventricular arrhyth-
mias.93 In a retrospective study of 24 patients, plasma BIN1 
predicted cardiac function status and incidence of ventricular 
arrhythmias. BIN1 has high specificity and sensitivity in distin-
guishing ARVC patients with severe disease from those with 
milder symptoms. In addition, BIN1 levels correlated inversely 
with disease progression in serial blood draws and predicted 
future arrhythmias in patients without severe heart failure with 
82% accuracy.92 Current studies are focused on why BIN1, which 
is an intracellular yet membrane-attached protein, is also avail-
able in the blood.

Pharmacologic Manipulation of Channel 
Trafficking and Implications for Cardiac/
Antiarrhythmic Therapy

New therapeutic strategies that focus on the regulation of ion 
channel surface density are emerging.94,95 Traditional antiar-
rhythmic drugs target the ion permeability of channels; however, 
this approach has not yet yielded a satisfactory outcome. There 
are two ways to decrease channel current: either through a direct 
effect on the conduction properties (classically pore block) of 
channel subunits or through alterations in surface density of the 
protein. The concept of drugs modulating ion conduction and/
or surface density of channels it not new. Research into the 
therapeutic potential of antiarrhythmic drugs that alter channel 
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18 
cardiomyocytes.4 Recent studies have presented evidence sup-
porting this multiple-pool model of Nav1.5. Roden’s group inves-
tigated a knock-in mouse model harboring the p.D1275N 
mutation in the gene SCN5A, which codes for Nav1.5 and is 
found in patients with dilated cardiomyopathy.12 They observed 
a marked reduction in the expression of Nav1.5 exclusively at the 
lateral membrane.12 More recently, Lin et al.13 obtained func-
tional evidence for two pools of cardiac Na+ channels with dif-
ferent biophysical properties by performing macropatch 
experiments at different locations in cardiac cells. It is very pos-
sible that this two-pool expression model of Nav1.5 is an over-
simplification because there is both functional14 and morphologic 
evidence6,15 of a T-tubular population of Nav1.5 (Figure 18-3). In 
a recent paper, Nav1.5 was found to be colocalized with SAP97 
at the T-tubules.16 Our recent findings suggest that this third pool 
does not depend on the syntrophin/dystrophin complex because 
it is well distinguished in dystrophin-deficient (mdx) myocytes 
(see Figure 18-3).

The relationship between the expression of Nav1.5 at the 
intercalated discs and other disc proteins has recently been 
studied. It was observed that the intercalated disc pool of Nav1.5 
is dependent on the expression of key proteins known to be well 
expressed at the discs, such as connexin43,17,18 plakophilin2,19-21 
and desmoglein2.22 Thus, Nav1.5 not only interacts with many 
different partners, but its localization in different cellular and 
membrane compartments is also very diverse. One of the obvious 
conclusions of these observations is that there is not one cardiac 
Na+ channel Nav1.5, but rather a multiplicity of them with vari-
able functions and regulatory mechanisms.

Proteins Interacting with Nav1.5 Without 
Demonstrated Roles in Arrhythmias

This section lists the proteins that interact with Nav1.5 that cur-
rently have no demonstrable pathologic roles. These interacting 
proteins were discovered by either performing protein-protein 
interaction screens, such as yeast two-hybrid assays, or by using 
proteomic-based protein identification assays. The sites of inter-
action, often protein-protein interaction domains, were mapped 
on the sequence of Nav1.5 as described in Figure 18-1, A. This 
list does not follow any specific logic related to importance but 
is dictated by the chronologic order of the published studies.

Ubiquitin-Protein Ligases of the Nedd4/ 
Nedd4-like Family

Ubiquitylation of target proteins tags them for proteasome- or 
lysosome-dependent degradation23 but also serves multiple non-
degradative functions, in particular the trafficking of membrane 
proteins.24 Ubiquitin is a small protein of 76 amino acids found 
in all animal cells.25 It binds covalently to lysine residues of target 
proteins. This protein ubiquitylation is performed by E3 
ubiquitin-protein ligases.25 Ubiquitylated membrane proteins are 
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Nav1.5 and Interacting Proteins

Among the many ionic currents known to be involved in the 
genesis of the cardiac action potential (AP), the Na+ current (INa) 
has been studied for more than 50 years1 and remains a major 
focus of research. The basic structure and function of the cardiac 
Na+ channel Nav1.5 and its central role in cardiac pathologies are 
covered in Chapters 1, 9, and 50 of this book. This chapter sum-
marizes recently published data on the proteins interacting with 
Nav1.5 that form distinct macromolecular and multiprotein com-
plexes. The roles of the four β-subunits are not reviewed because 
that topic is covered in other chapters of this book. Over the past 
several years, Nav1.5 has been shown to interact with a growing 
list of regulatory proteins (Figure 18-1, A and B; Table 18-1). 
The genes coding for several of these interacting proteins have 
been found in patients with inherited arrhythmias, such as con-
genital long QT syndrome (LQTS)2 and Brugada syndrome 
(BrS).3 The proteins interacting with Nav1.5 have been classified 
as (1) anchoring/adaptor proteins involved in trafficking, target-
ing, and anchoring the channel protein to specific membrane 
compartments; (2) enzymes interacting with and modifying the 
channel structure via posttranslational modifications such as 
protein kinases or ubiquitin ligases; and (3) proteins modulating 
the biophysical properties of Nav1.5 upon binding (see Table 
18-1). These classifications are not mutually exclusive.

Localization of Nav1.5 in Cardiac Cells: 
Evidence for Distinct Pools

Immunofluorescence staining experiments have shown that 
Nav1.5 is expressed in distinct membrane compartments (i.e., the 
intercalated discs and the “lateral membrane” of cardiac cells) 
(Figure 18-2).4-6 This notion has been under debate because 
earlier studies described a quasi-exclusive localization of Nav1.5 
at the intercalated discs.7,8 Our group proposed a model of Nav1.5 
localization at two distinct pools based on strong molecular and 
in vivo evidence showing that Nav1.5 belongs to the dystrophin 
multiprotein complex.9 Dystrophin and syntrophin proteins are 
not expressed at the intercalated discs of human,10 rat,11 or mouse 
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Nedd4-2–mediated ubiquitylation.34 Our group investigated the 
molecular determinants of this regulation35 and found that the 
ubiquitin-protein ligase Nedd4-2 binds directly to the PY motif 
of Nav1.5 and ubiquitylates the channel in mammalian cells. 
Because there was no reduction in the total level of Nav1.5 
protein upon coexpression with Nedd4-2, we concluded that this 
was most likely caused by an increased internalization rate rather 
than by Nav1.5 degradation.29 Inhibition of the proteasome has 
been linked recently to an increase in INa and Nav1.5 expression 
in neonatal rat cardiomyocytes.36 Ubiquitylated Nav1.5 was found 
to be present in mouse cardiac tissue,35 further suggesting that 
membrane turnover or the stability of Nav channels can be regu-
lated in vivo via ubiquitylation. Nine of such Nedd4-like E3 

subsequently internalized and can be targeted for lysosomal or 
proteasomal degradation. Alternatively, they can also be deubiq-
uitylated by specific proteases and recycled back to the mem-
brane.26,27 Many different ion channels have been reported 
recently to be regulated by the Nedd4-like family of E3 ubiquitin-
protein ligases. Nedd4-like enzymes bind specifically to target 
proteins that have consensus domains known as PY motifs with 
the sequence [L/P]PxY.28 Such PY motifs are found in the 
C-termini of all voltage-gated Na+ channels (with the exception 
of Nav1.4, Nav1.9, and Nax

29,30), as well as in other cardiac ion 
channels.27,31,32 Nedd4/Nedd4-like enzymes harbor several WW 
domains33 that can interact with these PY motifs. When expressed 
in Xenopus oocytes, Nav1.5-mediated INa is decreased by 

Figure 18-1.  Schematic representation of the α- and β-subunits of the Nav1.5 and interacting proteins. A, The predicted membrane topology of the α-subunit of Nav1.5 
is illustrated. DI-DIV indicates the four homologous domains of the α-subunit; segments S5 and S6 are the pore-lining segments and the S4 helices (yellow) serve as voltage 
sensors. In the connecting loop between DIII and DIV, the IFM red symbol presents the three residues (isoleucine, phenylalanine, and methionine) known to play a key role 
in the fast inactivation process. The two intracellular loops display many sites for phosphorylation, whereas the C-terminal domain bears many protein-protein interaction 
motifs. Only one β-subunit of the four known to be able to interact with sodium channels is shown (purple = transmembrane domain protein on the left side).The eleven 
proteins, in addition to the β-subunits, are reported to interact with Nav1.5, for which a binding site to one of the intracellular domains is represented schematically. B, For 
five proteins, the interaction has been shown only by coimmunoprecipitation experiments, but the binding sites are still unknown (question marks). These interactions may 
be indirect (i.e., requiring adaptor proteins). 
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Figure 18-2.  Stainings of cardiac sections  leading to the concept of multiple pools of Nav1.5 channels  in cardiac cells. Sections of mouse ventricular myocardium with 
anti-Nav1.5 staining (left panel), anti-pan-syntrophin staining (middle panel), and overlay (right panel, merge). From these stainings, it is clear that syntrophin proteins are not 
expressed at  the  intercalated discs  (white arrowhead) where Nav1.5  is present. This defines  the  intercalated disc pool of Nav1.5  that has been proposed to  interact with 
SAP97 (see Figure 1, A, and Figure 4). The yellow arrowhead shows the lateral membrane pool of Nav1.5 colocalized with syntrophin proteins; white bar = 25 µm. 

Nav1.5 pan-syntrophin merge
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Table 18-1 The 16 Proteins (or Families of Proteins) Reported to Interact and Regulate Nav1.5

Protein
Type of 
Protein Main Effects on Nav1.5

Mutated in 
Cardiac Disorder

Interaction Domain 
on Nav1.5

UniProt 
Reference References

Ankyrin-G Anchoring-
adaptor

Trafficking and anchoring 
to the cell membrane

Nav1.5 binding 
site mutated in 
one BrS patient

VPIAxxSD motif in 
intracellular loop 
DII-III

Q12955 
(ANK3_HUMAN)

15, 114

Syntrophin 
proteins

Anchoring-
adaptor

Adaptation to dystrophin 
and utrophin complex and 
stabilization at the lateral 
membrane of the 
myocytes

Gene mutated in 
LQTS and SIDS

PDZ domain–binding 
motif in C-terminus

Q13424 
(SNTA1_HUMAN)

9, 97, 98

MOG1 Anchoring-
adaptor

Involved in trafficking of 
Nav1.5 by unknown 
mechanisms

Gene mutated in 
BrS

Intracellular loop 
between DII-III

Q9HD47 
(MOG1_HUMAN)

106, 107

Desmoglein2 Anchoring-
adaptor

Overexpression of ARVC 
mutants in mice reduces 
Ina

Gene mutated in 
ARVC

Not determined Q14126 
(DSG2_HUMAN)

22

α–Actinin-2 Anchoring-
adaptor

Involved in trafficking of 
Nav1.5 by unknown 
mechanisms

n/a Intracellular loop 
between DIII-IV

P35609 
(ACTN2_HUMAN)

84

SAP97 Anchoring-
adaptor

Trafficking and anchoring 
to the cell membrane by 
unknown mechanisms

n/a PDZ domain–binding 
motif in C-terminus

Q12959 
(DLG1_HUMAN)

4

Plakophilin2 Anchoring 
and alteration 
of biophysical 
properties

Silencing reduces INa, 
steady-state inactivation 
negatively, and slows 
recovery from inactivation

Gene mutated in 
ARVC

Not determined Q99959 
(PKP2_HUMAN)

19–21

14-3-3 h (eta) Alteration of 
biophysical 
properties

Modulation of steady-state 
inactivation

n/a Intracellular loop 
between DI-II

Q04917 
(1433F_HUMAN)

40

Caveolin-3 Alteration of 
biophysical 
properties

Mutant of caveolin-3 
induces persistent current

Gene mutated in 
LQTS and SIDS

Not determined P56539 
(CAV3_HUMAN)

92, 93

Calmodulin Alteration of 
biophysical 
properties

Many discrepant effects 
but may confer 
intracellular calcium 
sensitivity to Nav1.5

n/a IQ-motif (1900-1920) 
in C-terminus and 
loop between DIII-IV

P62158 
(CALM_HUMAN)

53–56, 60

FGF proteins Alteration of 
biophysical 
properties

Modulation of steady-state 
inactivation, recovery from 
inactivation, and density at 
cell membrane

n/a Residues 1773-1832 
in C-terminus

Q92913 
(FGF13_HUMAN)

42, 46, 47

Telethonin Alteration of 
biophysical 
properties

Modulation of voltage 
dependence of activation

Gene mutated in 
patient with GI 
disorder

Not determined O15273 
(TELT_HUMAN)

81

GPD1-L Alteration of 
biophysical 
properties

Loss-of-function variants 
reduce INa by modulating 
PKC-dependent 
phosphorylation of Nav1.5

Gene mutated in 
BrS

Not determined Q8N335 
(GPDlL_HUMAN)

102–104

Nedd4-like E3 
ubiquitin ligases

Enzyme Ubiquitylation and 
internalization

n/a PY-motif in 
C-terminus

Q96PU5 
(NED4L_HUMAN)

29, 35

Calmodulin 
kinase II dc

Enzyme Phosphorylation of 
residues in intracellular 
loop I and modulation of 
biophysical activity

n/a Intracellular loop 
between DI-II and via 
βIV-spectrin

Q13557 
(KCC2D_HUMAN)

67, 69, 70

Protein-tyrosine-
phosphatase-H1

Enzyme Phosphorylation (site 
unknown) and modulation 
of biophysical activity

n/a PDZ domain–binding 
motif in C-terminus

P26045 
(PTN3_HUMAN)

76

This table does not take into account the four β sodium channel subunits.
LQTS, long QT syndrome; SIDS, sudden infant death syndrome; BrS, Brugada syndrome; ARVC, arrhythmogenic right ventricular cardiomyopathy; FGF, fibroblast growth 
factor; GI, gastrointestinal; PKC, protein kinase C.
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Figure 18-3.  Reduction  of  Nav1.5  and  sodium  current  in  dystrophin-deficient  mouse  cardiomyocytes.  A,  Isolated  mouse  cardiomyocytes  from  wild  type  and  mdx 
(dystrophin-deficient) mice with Nav1.5 staining (green) and dystrophin staining (red). Whereas Nav1.5 channels are found at the intercalated discs and at the lateral mem-
brane compartment, it is apparent that dystrophin is excluded from the intercalated discs. The Nav1.5 pool at the discs has been shown to colocalize with SAP97. B, Sodium 
current recordings from whole-cell patch-clamp experiments of freshly isolated wild type and mdx mouse cardiomyocytes. It can be inferred that the reduction in current 
is caused by the specific loss of Nav1.5 channels from the lateral membrane pool. 

(A, From Petitprez S, Zmoos AF, Ogrodnik J, et al: SAP97 and dystrophin macromolecular complexes determine two pools of cardiac sodium channels Nav1.5 in cardiomyocytes. 
Circ Res 108:294–304, 2011; with permission from Wolters Kluwer Health. B, Modified from Gavillet B, Rougier JS, Domenighetti AA, et al: Cardiac sodium channel Nav1.5 is regu-
lated by a multiprotein complex composed of syntrophins and dystrophin. Circ Res 18:407–414, 2006; with permission from Wolters Kluwer Health.)
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The FGF homologous factors FHF3, FHF1, FHF2, and FHF4 
are also called FGF11, FGF12, FGF13, and FGF14, respectively. 
One of the best characterized functions of the FHFs is their 
ability to bind to and modulate voltage-gated Na+ channels. Liu 
et al.42 were the first to demonstrate that FGF12 interacts with 
the proximal portion of the C-terminus of Nav1.5 (see Figure 
18-1, A). This finding was then confirmed by Goetz et al.,43 who 
also showed that FGF11 and FGF14 interact with the same 
domain of Nav1.5. In HEK293 cells, coexpression of FGF12 with 
Nav1.5 shifted the steady-state inactivation relationship toward 
hyperpolarized values without affecting the other parameters 
studied.42 Interestingly, several LQTS type 3 and BrS mutations 
are located in the domain that interacts with FHF1B (see Table 
18-1). The SCN5A mutation D1790G44 disrupted the binding of 
this protein with Nav1.5 and abolished the FHF 12-induced shift 
of steady-state inactivation. Another member of the FGF family, 
FGF14, has been shown to downregulate the activity of Nav1.5.45 
Because this regulatory protein is expressed in the brain, and not 
in the heart,45 the significance of this interaction is likely restricted 
to the central nervous system. A recent study46 demonstrated that 
FGF13 is expressed in mouse cardiac myocytes. FGF13 was 
shown to directly bind to and colocalize with Nav1.5 in mouse 
cardiac cells. Reducing the expression of FGF13 decreased the 
Na+ current, shifted the availability curve toward more negative 
potentials, and slowed recovery from inactivation. Furthermore, 
decreased membrane expression of Nav1.5 was observed in cells 
with reduced expression of FGF13. These results underscore the 
specific role of FGF13 in modulating Nav1.5 function and suggest 
that this gene may be a susceptibility gene for cardiac arrhyth-
mias. A crystal structure of the Nav1.5 C-terminal domain com-
plexed with FGF13 and calmodulin was recently published.47 The 
functional relationship between FGFs and calmodulin remains to 
be studied in more detail.

Calmodulin

Intracellular Ca2+ has been shown to modulate the function of 
many ion channels, including the voltage-gated Na+ channels.48,49 
Many cardiac ion channels use calmodulin (CaM), a ubiquitous 

enzymes are present in the human genome,37 at least eight of 
which are expressed at the RNA level in human cardiac tissue.31 
It remains to be determined which of these Nedd4/Nedd4-like 
proteins regulates Nav1.5 in a physiologic context and whether 
the PY motif plays a role in cardiac disease. Altogether these 
results suggest that the ubiquitin-proteasome system is involved 
in several aspects of Nav1.5 regulation, the intricacies of which 
remain to be elucidated.

14-3-3η (eta) Protein

The 14-3-3 protein family is composed of dimeric cytosolic 
adaptor ubiquitous proteins.38 The members of this family are 
involved in many cellular functions such as the binding and regu-
lation of trafficking of various membrane proteins.39 Allouis et al. 
performed yeast two-hybrid and coimmunoprecipitation experi-
ments40 showing that the isoform 14-3-3η interacts with the 
N-terminal part of the intracellular loop linking domains I to II 
(see Figure 18-1, A and Table 18-1). Furthermore, it was observed 
that 14-3-3 and Nav1.5 are colocalized at the intercalated discs 
of myocytes. No influence on the Nav1.5-mediated peak current 
was observed when Nav1.5 and 14-3-3η were coexpressed in COS 
cells, suggesting that this protein does not influence Nav1.5 traf-
ficking. In this expression system, 14-3-3 shifted the inactivation 
curve toward negative potentials and delayed recovery from inac-
tivation, illustrating that 14-3-3 proteins are able to modify the 
biophysical properties of ion channels. Because different isoforms 
of 14-3-3 proteins are expressed in cardiac cells,40 their exact roles 
in normal cardiac function and their implications in disease states 
require further investigation.

Fibroblast Growth Factor Homologous Factors

Although fibroblast growth factor homologous factor (FHF) 
family members are highly homologous in sequence and struc-
ture to fibroblast growth factors (FGF), their functional roles are 
quite different. FHFs are found in the cytosol because their 
N-termini lack signal sequences that are required for secretion.41 
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phosphorylation of Tyr-1495.74 This residue is close to the Ile-
Phe-Met cluster (IFM) in the intracellular loop linking domains 
III-IV (see Figure 18-1, A), which is known to mediate the rapid 
inactivation process of voltage-gated Na+ channels.75 Fyn coex-
pression in HEK293 cells shifted the steady-state inactivation 
curve toward depolarized potentials and accelerated the recovery 
from Nav1.5 inactivation.74 The site of interaction of Fyn with 
Nav1.5 remains to be investigated. We reported76 that the protein 
tyrosine phosphatase, PTPH1, interacts with the PDZ-domain 
binding motif of Nav1.5, which is also known to interact with two 
other PDZ-bearing proteins, syntrophin9 and SAP97.4 PTPH1 
coexpression in HEK293 cells shifted the availability curve of 
wild-type Nav1.5 toward hyperpolarized potentials. This effect 
was abolished when the PDZ domain–binding motif of the 
Nav1.5 C-terminus was removed by an early stop mutation. 
These results suggest that tyrosine phosphorylation of Nav1.5 
modulates the stability of the inactivated state. The fact that 
several proteins (e.g., PTPH1, syntrophin proteins and SAP97) 
interact with the same binding domain supports the coexistence 
of different multiprotein complexes with Nav1.5 in cardiac cells.

Telethonin

Telethonin is a small 19-kDa protein expressed in striated muscle 
cells, including cardiac cells. Mutations in the gene coding for 
telethonin, TCAP, lead to hypertrophic and dilated cardiomyopa-
thy and limb-girdle muscular dystrophy.77,78 This protein has 
been shown to interact with the sarcomeric protein titin,79 as well 
as the β-subunit of the KCNQ1 channel (KCNE1), which medi-
ates the cardiac IKs current.80 Telethonin can be coprecipitated 
with Nav1.5 from mouse cardiac tissue, and the two proteins 
colocalize in cardiomyocytes.81 The site of interaction on Nav1.5 
has not yet been mapped. When the endogenous expression of 
telethonin in HEK293 cells was reduced, the voltage-dependent 
activation of the Nav1.5-mediated current shifted toward positive 
potential values. In addition, coexpression experiments of tele-
thonin and Nav1.5 in HEK293 cells altered several of the kinetic 
properties of the channel.81 Furthermore, a point mutation in 
TCAP was found in a patient with abnormal gut motility,81 con-
sistent with the fact that Nav1.5 and telethonin are expressed in 
the neurons of the intestinal mucosa.82 The precise role of tele-
thonin in the regulation Nav1.5 in the heart (and other tissues) 
remains to be clarified.

α–Actinin-2

α–Actinin-2 is a protein of the F actin–cross-linking protein 
family (similar to spectrin and dystrophin) that interacts with and 
regulates the trafficking of several potassium channels,83 in par-
ticular Kv1.5. A recent study used84 pull-down experiments to 
show that α–actinin-2 interacts with the intracellular III-IV loop 
of Nav1.5. Coexpression of α–actinin-2 in tsA201 cells increased 
the measured INa densities as well as the Nav1.5 protein at the cell 
surface. Colocalization of Nav1.5 and α–actinin-2 was found 
mainly at the lateral membrane at the level of the Z-lines. α–
actinin-2 seems to be an alternative to the dystrophin/syntrophin 
complex and ankyrin-g for the connection of Nav1.5 to the cyto-
skeletal network. Whether these anchoring proteins have over-
lapping or clearly distinct functions remains to be investigated.

Synapse-associated Protein 97

Proteins of the membrane-associated guanylate kinase (MAGUK) 
family are expressed mainly at the cell-cell junctions and are 
characterized by numerous protein-protein interaction domains, 

intracellular Ca2+-binding protein involved in many different cel-
lular processes,50 as a Ca2+-sensing partner. The Nav1.5 C-terminal 
domain has an IQ motif with a consensus sequence of IQxxxRxxxxR 
(see Table 18-1), which is very similar to that found in voltage-
gated calcium channels.51 The IQ motif is also found in all iso-
forms of the Nav family.52 Several studies47,53-55 have shown a 
direct interaction between CaM and the IQ motif of Nav1.5. 
Recent work by Wang et al. described a crystal structure with an 
IQ motif ternary complex of Nav1.5, FGF13, and CaM. The 
functional consequences of this CaM-Nav1.5 interaction are con-
troversial. Several studies52,56,57 have shown inconsistent results 
that have been difficult to reconcile. A few groups53,55-57 reported 
that the voltage dependence and stability of the inactivated state 
were dependent on CaM and the IQ motif. In addition, it has 
been proposed that CaM may not be the only sensor for the 
Ca2+-dependent regulation of Nav1.5, because the proximal part 
of the Nav1.5 C-terminal domain is similar to an EF-hand motif, 
which is known to bind Ca2+.58,59 Whether this domain binds 
intracellular calcium is still under debate.47,60-62 The role of intra-
cellular Ca2+ in Nav1.5 regulation was recently investigated by 
Casini et al.63 They demonstrated that Nav1.5 single-channel 
conductance is decreased (most likely directly) with an increase 
in the intracellular Ca2+ concentration. Intracellular Ca2+ appears 
to be an important regulator of Nav1.5 function, but more studies 
are needed to clarify its role.

Ca2+/Calmodulin-dependent Protein Kinase II

Ca2+/calmodulin-dependent protein kinases II (CaMKII) are 
serine/threonine protein kinases expressed in many cell types, 
where they transduce intracellular Ca2+ increases into the phos-
phorylation of target proteins, including cardiac ion channels.64 
CaMKIIδc is the predominant cardiac isoform upregulated in 
human and animal heart failure models.65,66 Nav1.5 has been 
found to colocalize and coimmunoprecipitate with CaMKIIδc.67-69 
Ashpole et al.69 have shown that CaMKIIδc interacts with the 
first intracellular loop of Nav1.5 (see Figure 18-1) and that the 
residues Ser-516 and Thr-594 may be phosphorylated by this 
kinase. Hund et al.70 found that Ser-571 was also a target of 
CaMKII within the same intracellular loop of Nav1.5, and that 
this regulation was dependent on the correct expression of βIV-
spectrin, which interacts with ankyrin-G at the intercalated discs. 
Overexpression of the CaMKIIδc enzyme in rabbit myocytes and 
transgenic mice induced a Ca2+-dependent hyperpolarizing 
shift of the steady-state inactivation curve, slowed the recovery 
from inactivation, and increased the persistent INa. These 
biophysical property alterations of INa are similar to some 
congenital LQTS type 3 mutation-dependent modifications.71 
In mice, transgenic overexpression of CaMKIIδc leads to 
chronic heart failure and episodes of ventricular tachycardia. In 
dog ventricular myocytes, it has also been shown that  
CaMKII activity increases the persistent/late INa,72 but it is 
unclear whether these arrhythmias are the direct consequence of 
the Nav1.5 biophysical alterations or are related to other heart 
failure mechanisms. Nevertheless, CaMKII is an important com-
ponent in the pathogenesis of arrhythmias and potentially a new 
drug target.64

Proteins Tyrosine Phosphatase PTPH1

Ion channels are also regulated by the phosphorylation of tyro-
sine residues, a process that depends on both the phosphorylation 
activity of tyrosine protein kinases and the dephosphorylation 
activity of phosphatases.73 It was demonstrated that the overex-
pression of the protein tyrosine kinase Fyn in HEK293 cells 
altered several of the biophysical properties of Nav1.5 via the 
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muscle cells, including cardiomyocytes. Mutations in CAV3 have 
been linked to limb-girdle muscular dystrophy, rippling muscle 
disease, and familial hypertrophic cardiomyopathy.91 CAV3 has 
also recently been shown to be mutated in patients with congeni-
tal LQTS type 992 and sudden infant death syndrome (SIDS).93 
Caveolin-3 was coimmunoprecipitated with Nav1.5 in rat cardiac 
tissue94 and HEK293 cells.92 The site of interaction between 
caveolin-3 and Nav1.5 has not yet been determined (see Figure 
18-1, B). Immunohistostaining of cardiac cells demonstrated that 
these two proteins are mainly colocalized at the lateral mem-
brane.92,94,95 Dystrophin is also a component of caveolae,96 sug-
gesting that the interaction between caveolin-3 and Nav1.5 could 
be indirect via proteins of the dystrophin multiprotein complex.9 
The precise role of the Nav1.5/caveolin-3 interaction in normal 
physiology remains to be clarified. The coexpression of Nav1.5 
and the mutants of caveolin-3 found in patients with LQTS and 
SIDS in HEK293 cells was shown to increase the inward Na+-
persistent current.92,93 In an earlier study, it was reported that 
β-adrenergic stimulation by isoproterenol led to a rapid increase 
of peak INa in rat cardiac myocytes.94 This phenomenon is most 
likely independent of protein kinase A, because a protein kinase A 
inhibitor did not reduce this effect. The increase was, however, 
completely abolished by antibodies against caveolin-3. The 
precise molecular and cellular mechanisms underlying these 
observations require further investigation.

α-1 Syntrophin and the Dystrophin/
Utrophin Complex

Earlier work has shown that Nav1.5 is part of the dystrophin mul-
tiprotein complex.97 Our group demonstrated that Nav1.5 inter-
acts with dystrophin via adaptor syntrophin proteins.9 Similar to 
the binding with SAP97 and PTPH1, this interaction is depen-
dent on the C-terminal PDZ domain–binding motif of Nav1.5 
(see Figure 18-1, A), which is composed of the last three residues 
of the protein. In the hearts of dystrophin-deficient mice (mdx), 
the best-studied animal model of Duchenne muscular dystrophy, 
the protein level of Nav1.5 was decreased.9 The decreased expres-
sion of the Na+ channel resulted in reduced cellular INa and con-
duction defects, which were reflected on the electrocardiogram by 
a prolongation of the QRS complex duration, as well as 

including PDZ domains.85 The MAGUK proteins regulate the 
function and localization of many membrane proteins (including 
ion channels) in neurons, epithelial cells, and cardiomyocytes. 
Synapse-associated protein 97 (SAP97) and zonula occludens 1 
are the predominant MAGUK proteins expressed in cardiac 
cells.86 SAP97 regulates the targeting, localization and function 
of cardiac K+ channels, such as Kir2.x,87 Kv1.5,88 and Kv4.x89 via 
their PDZ domain–binding motifs located in the C-termini. We 
recently obtained evidence for the coexistence of at least two 
pools of Nav1.5 channels in cardiomyocytes: one located at the 
lateral membrane with the dystrophin multiprotein complex, and 
the other with SAP97 at the intercalated discs (Figure 18-4).4 We 
demonstrated that the interaction of Nav1.5 and SAP97 was 
dependent on the PDZ domain–binding motif that most likely 
interacts with one of the PDZ domains of SAP97. Reduction of 
the expression of SAP97 in both HEK293 and atrial cardiac cells 
led to a decreased INa without modification of any biophysical 
properties, suggesting that SAP97 may play a role in controlling 
the density of Nav1.5 at the cell surface of cardiac cells. The 
detailed mechanisms underlying this regulation have not yet been 
investigated. SAP97 expression has been found at the intercalated 
discs4,88 and the T-tubule compartment of cardiac cells.16 Milstein 
et al.16 recently demonstrated that Nav1.5 expression is coregu-
lated with the potassium channel Kir2.1, and both interact with 
SAP97 (see Chapter 21 of this book).

Proteins Interacting With Nav1.5 That Are 
Linked to Cardiac Arrhythmias

This section summarizes the proteins interacting with Nav1.5 for 
which genes have been found to be mutated in patients with 
cardiac arrhythmias.

Caveolin-3

Caveolae are plasma membrane invaginations with an enrichment 
of signaling molecules and ion channels.90 Caveolin proteins are 
important constituents of these caveolae. Caveolin-3, encoded by 
the gene CAV3, is the predominant isoform expressed in striated 

Figure 18-4.  Schematic presentation of the proteins defining the two proposed pools of Nav1.5. The findings of our group have led to the concept of two distinct mac-
romolecular complexes with Nav1.5: (left) at the lateral membrane with the dystrophin/syntrophin complex and (right) at the intercalated discs with the MAGUK protein 
SAP97. Note that when dystrophin is absent (as in mdx mouse myocytes), utrophin may also interact with Nav1.5 (see Figure 18-1, A). 

Lateral membrane Nav 1.5 Nav 1.5Intercalated disc

COOHNH2

Ankyrin-G

Dystrophin

Utrophin

Syntrophin

P
D

Z

P
D

Z
P

D
Z

P
D

Z

SAP97

Intermediate protein?

COOHNH2

Ankyrin-G

Plakophilin-2

Desmoglein-2



MACROMOLECULAR COMPLEXES AND REGULATION OF THE SODIUM CHANNEL NaV1.5 185

18 
mRNA is well expressed in cardiac tissue.105 Wu et al.106 demon-
strated that MOG1 interacts with the intracellular loop between 
domains II and III of Nav1.5 (see Figure 18-1, A). This interac-
tion was first described by performing a yeast two-hybrid screen, 
followed by pull-down and coimmunoprecipitation experi-
ments.106 The two proteins were also shown to colocalize in 
mouse ventricular cells, mostly at the intercalated discs. MOG1 
coexpression in HEK293 cells increased the Nav1.5-mediated 
current without altering its biophysical properties, suggesting 
that MOG1 is a cofactor for optimal channel expression at the 
cell membrane. The role of MOG1 in regulating the surface 
expression of Nav1.5 was confirmed in a more recent study.107 
This study described two genetic variants of MOG1 found in 
patients with BrS that led to reduced expression of Nav1.5 at the 
cell membrane of rat atrial cardiomyocytes and a decreased 
current. This work puts RANGRF on the increasing long list of 
susceptibility genes for BrS and illustrates the heterogeneity of 
mechanisms found in this syndrome.

Plakophilin2

Plakophilin2 is a desmosomal protein found in the intercalated 
discs of cardiac cells. The human gene (PKP2), which encodes 
plakophilin2, is mutated in patients with arrhythmogenic right 
ventricular cardiomyopathy.108 By performing pull-down and 
coimmunoprecipitation experiments, Delmar’s group19,20 demon-
strated that Nav1.5 interacts not only with plakophilin2 but also 
with ankyrin-G and connexin43.20 Whether the interactions 
between these different proteins of the intercalated discs are 
direct or indirect, as well as the site of interaction with Nav1.5, 
remains to be determined. It was, however, convincingly shown 
that these proteins are colocalized at the intercalated discs, and 
that silencing of plakophilin2 in cardiomyocytes reduces the INa 
and alters some of its biophysical properties. The influence of 
plakophilin2 integrity on Nav1.5 was demonstrated in vivo by 
studying a mouse model expressing only one allele of pla-
kophilin2.21 Reduced expression of plakophilin2 decreased INa 
without changing the localization or total expression of Nav1.5 
in the mouse heart. These findings clearly support the notion of 
the coregulation of desmosomal proteins and the Nav1.5 complex 
at the intercalated discs. The molecular and cellular mechanisms 
underlying these observations are still unclear.

Desmoglein2

The most recently described protein interacting with Nav1.5 is 
desmoglein2, another protein of the desmosomal complex of 
cardiac cells found to be mutated in patients with arrhythmogenic 
right ventricular cardiomyopathy (ARVC).109 Desmoglein2 was 
shown22 to coimmunoprecipitate with Nav1.5 in mouse cardiac 
tissue. The study of a transgenic mouse model overexpressing 
one mutant of desmoglein2 (p.N271S) revealed a reduction of 
the INa and electrical impulse propagation. There was, however, 
no reduction in Nav1.5 total expression. These results are very 
similar to those seen with the plakophilin2 mutants (discussed 
earlier) and further support a cross-talk mechanism between the 
desmosomal proteins and Nav1.5, whose molecular details remain 
to be investigated.

Ankyrin-G

The ankyrin proteins organize, transport, and anchor membrane 
proteins to the actin and spectrin cytoskeleton of cells.110 In the 
human genome, ANK1-3 are the three genes encoding ankyrins. 
The expression of ankyrin-B (ANK2) and ankyrin-G (ANK3) has 

conduction slowing in optical mapping experiments.4 The reduced 
expression of the Nav1.5 protein could not be explained by a 
decrease in the SCN5A mRNA level,9 suggesting that a defect in 
the translational process or a lack of dystrophin may reduce the 
stability of the Nav1.5 protein. Albesa et al.98 showed that utro-
phin, a homologue protein of dystrophin, was upregulated in mdx 
hearts and interacted with Nav1.5 similarly to dystrophin. Cardiac 
cells deficient in both dystrophin and utrophin displayed a larger 
decrease in Nav1.5 expression and INa.98 Two missense mutations 
in SNTA1, which encodes α1-syntrophin, have been described in 
patients with congenital LQTS,99,100 further supporting the 
important role of this multiprotein complex in the regulation of 
Nav1.5. The SNTA1 mutation, p.A390V,99 was reported to disrupt 
a presently undescribed macromolecular complex comprising 
neuronal nitric oxide synthase, plasma membrane Ca-ATPase 
type 4b with syntrophin, and Nav1.5. The overexpression of the 
mutant syntrophin protein in cardiac myocytes increased the 
persistent Na+ current, a finding consistent with the LQTS phe-
notype in affected individuals. The authors also described 
increased nitrosylation of Nav1.5 when mutant syntrophin was 
coexpressed in HEK293 cells, suggesting that under basal condi-
tions with wild-type syntrophin, Nav1.5 nitrosylation is low 
because of the inhibition of neuronal nitric oxide synthase activity 
by Ca-ATPase. The syntrophin mutation may disrupt this 
complex and lead to increased nitrosylation of the channel, thus 
increasing the Nav1.5-persistent current. Because syntrophin 
seems to be excluded from the intercalated discs,4 syntrophin-
dependent regulation of the persistent current is most likely 
exclusively related to the lateral pool of Nav1.5, suggesting that 
Nav1.5-dependent late currents at the lateral membrane may be 
different from those at the intercalated discs.

Glycerol-3-Phosphate Dehydrogenase-like Protein

Mutations in the gene coding for Nav1.5, SCN5A, are found in 
approximately 20% of patients with BrS. Other possible causative 
genes are still being investigated (see  Chapter 92 ). London et al. 
described a locus on chromosome 3101 in a large family with BrS 
but simultaneously excluded SCN5A. A missense mutation of the 
gene coding for the glycerol-3-phosphate dehydrogenase-like 
protein (GPDlL) was later found.102 GPDlL is expressed in 
cardiac tissue and coexpression experiments using HEK293 cells 
showed that mutant GPDlL reduced the INa. Three more muta-
tions of the GPDlL gene have been found in infants who died of 
SIDS.103 Expression of these variants in neonatal mouse cardio-
myocytes decreased INa, suggesting that a proportion of SIDS 
patients may have decreased INa, as is observed in BrS patients. 
Valdivia et al.104 observed an interaction between Nav1.5 and 
GPDlL by performing pull-down experiments. The site of inter-
action has not yet been investigated. The mechanisms by which 
the genetic variants of GPDlL reduce the Na+ current have been 
studied in expression systems.104 A pathway has been proposed 
whereby Ser-1503 can be phosphorylated by protein kinase C 
(PKC) and leads to reduced INa. It has been shown that the activ-
ity of PKC depends on GPDlL function and that the mutant 
GPDlL variants lead to a further decrease of the INa. These 
observations linking the redox state of the cells with the activity 
of Nav1.5 are very interesting and should be investigated using 
native cardiac cells and tissues.

Multicopy Suppressor of gsp1 (MOG1)

MOG1 is a small 29-kDa protein that is encoded by the RANGRF 
gene. MOG1 binds to the GTP-binding nuclear protein Ran and 
is involved in regulating nuclear protein trafficking.105 MOG1 is 
found in the nucleus and the cytosol of cardiac cells, and its 
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arrhythmias, clearly illustrating their important roles in the 
pathophysiology of disease. Most of the detailed molecular cel-
lular mechanisms involved in the regulation of Nav1.5 are still 
very poorly understood, thus providing many challenges for 
future studies in this field. It is clear that an important concept 
is emerging from the reviewed findings. The cardiac Na+ channel 
Nav1.5 is most likely part of several multiprotein macromolecular 
complexes that define multiple populations of Nav1.5 channels in 
cardiac cells. These associated proteins may interact at different 
life cycle stages of the Nav1.5 subunit and in many different 
intracellular compartments. Nav1.5 may encounter hundreds of 
proteins during its lifespan, from biosynthesis until degradation. 
Among the most intriguing questions that remain to be answered 
are: (1) Where are the other pools of Nav1.5 located in cardiac 
cells, and what are their molecular determinants?; (2) What are 
the specific roles and cross-talk mechanisms between the proteins 
of the intercalated discs and Nav1.5?; and (3) What are the spe-
cific functions of the different populations of Nav1.5 in cardiac 
cells?
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been demonstrated in the heart.110 Mutations of ANK2 have been 
linked to congenital LQTS type 4,111 sinoatrial node dysfunction, 
atrial fibrillation, conduction slowing, and sudden cardiac death, 
the collection of which define “ankyrin-B cardiac syndrome.”112 
There is currently no evidence that Nav1.5 is directly regulated 
by ankyrin-B, even though in ankyrin-B–deficient mouse cardiac 
cells, Na+ channels display late openings similar to those seen in 
Nav1.5 congenital LQTS type 3 mutant channels.113 On the other 
hand, ankyrin-G was shown to directly interact with the ankyrin-
binding motif of the linker loop between domains II and III of 
Nav1.5114 (see Figure 18-1, A, and Table 18-1). Ankyrin-G is 
predominantly located at the intercalated discs, where it interacts 
with not only Nav1.5 but also the actin-associated protein βIV-
spectrin and CaMKII.70 A clear T-tubular localization of 
ankyrin-G has also been observed.70 A SCN5A mutation, 
p.E1053K, in this motif was found in a BrS patient and was shown 
to disrupt the interaction between Nav1.5 and ankyrin-G.15 
Expression of wild type and mutant Nav1.5 channels in adult rat 
myocytes15 was achieved using viral vectors, and although wild 
type Nav1.5 channels were correctly transported to the interca-
lated discs and lateral membranes, the E1053K channels remained 
in the cytoplasm of the transduced cells.15 These findings were 
recently confirmed115 by silencing the expression of ankyrin-G in 
neonatal cardiomyocytes, which resulted in the reduction of 
Nav1.5 expression and incorrect trafficking of most of the chan-
nels to the cell membrane.

Conclusions and Perspectives

This chapter summarizes the most recent findings related to the 
rapidly growing list of Nav1.5-associated proteins. Some of these 
proteins were found as mutated in patients with genetic forms of 
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the cardiac action potential and thereby for controlling CaV1.2 
gating and the consequent intracellular Ca2+ signal. Growing 
evidence over the past decade has demonstrated that Ca2+ can 
regulate cardiac ion channels at many levels. For example, Ca2+ 
can control channel transcription, biosynthesis, trafficking, or 
gating of mature channels at the sarcolemma.

Unique Features of Ca2+ as a Signaling 
Ion in Myocytes

The efficacy of Ca2+ as an intracellular signal derives from specific 
properties that set it apart from other intracellular ions. First, Ca2+ 
signals have a broad dynamic range. Global intracellular Ca2+ can 
rapidly increase more than tenfold, and even more in certain sub-
cellular locations such as near the mouth of an ion channel. This 
feature results from the concerted actions of several cellular 
mechanisms designed to keep free cytoplasmic Ca2+ concentra-
tions low and thereby prevent precipitation with organic phos-
phates, a major intracellular counter anion. These Ca2+-limiting 
mechanisms maintain a free intracellular Ca2+ concentration 
([Ca2+]i) close to 100 nM during diastole, which rises to upwards 
of 1 µM during the plateau phase of the action potential, in con-
trast to an extracellular free Ca2+ concentration of 1 to 2 mM. 
Thus, there is a strong chemical driving force for Ca2+ entry. 
Second, Ca2+ entry is fast. When CaV1.2 Ca2+ channels (the major 
route for Ca2+ entry) open during the action potential plateau, 
Ca2+ flows down a large electrochemical gradient into the cell at 
rates approaching 106 ions per second. Several pumps and trans-
porters remove Ca2+ from the cytoplasm almost as rapidly, return-
ing [Ca2+]i levels back to baseline in time for the next heartbeat. 
These swift influx and efflux pathways allow the Ca2+ signal to 
achieve its large (tenfold) dynamic range within a single beat and 
trigger downstream responses within the same time scale.

Translating Changes in Ca2+ Into a 
Cellular Response: CaM as the  
Prototypical Cardiac Ca2+ Sensor

Several Ca2+ binding proteins serve as the Ca2+ sensors to trans-
late changes in intracellular Ca2+ into cellular actions. For 
example, Ca2+ binding to troponin C causes dissociation of the 
troponin complex from the active site on actin, allowing myosin 
interaction and force generation. For regulation of ion channels, 
the best-characterized Ca2+ sensor is the ubiquitous Ca2+-binding 
protein CaM, a 16.8 kDa protein that binds four moles of Ca2+ 
per mole of protein. CaM is highly abundant in cardiac myocytes, 
but more than 98% CaM is apoCaM (Ca2+-free) sequestered by 
binding proteins only to be released upon a significant increase 
in [Ca2+]i.1 The affinity of CaM for Ca2+ varies significantly 
depending on whether CaM is free in solution or bound in its 
apo-state to a target protein, such as an ion channel. Ca2+ binding 
by CaM occurs in the context of 1 to 2 mM intracellular Mg2+, 

Calmodulin and CaMKII as Ca2+ 
Switches for Cardiac Ion Channels

Geoffrey S. Pitt and Steven O. Marx

Abstract

Changes in intracellular Ca2+ are among the most diverse and 
important means of cell signaling. In the heart, signaling path-
ways from excitation-contraction coupling to humoral activation 
of hypertrophic responses all rely on changes in the concentra-
tion of intracellular Ca2+. Ion channels belong to a class of signal-
ing proteins that is particularly sensitive to a change in intracellular 
Ca2+, which is the final signal of all coordinated ion channel activ-
ity. Thus, regulation of ion channel function by Ca2+ provides an 
essential feedback mechanism for cellular electrical activity. Two 
intracellular proteins activated by Ca2+, the ubiquitous Ca2+ 
binding protein calmodulin (CaM), and the Ca2+/CaM-dependent 
protein kinase CaMKII, dictate most of the actions of intracel-
lular Ca2+ on cardiac ion channels. In this chapter, we highlight 
key roles for CaM and CaMKII in cardiac myocytes as down-
stream integrators of Ca2+ signals in the regulation of cardiac ion 
channels and consequent actions on myocyte excitability.

Ca2+: The Final Signal of Electrical Activity 
and Regulator of Ion Channels

In adult cardiomyocytes, voltage-gated ion channels exist solely 
to change intracellular Ca2+. Whether regulating action poten-
tials in myocytes, neurons, or hormone-secreting cells, ion chan-
nels control membrane voltage and thereby either activate or 
inhibit voltage-gated Ca2+ channels to control Ca2+ entry into the 
cells. K+ channels can control resting membrane potential and 
drive action potential repolarization, but they do so to limit Ca2+ 
entry through L-type CaV1.2 Ca2+ channels. Voltage-gated Na+ 
channels could be essential for the initiation of action potentials 
in the working myocardium, but the net effect of action potentials 
is to open CaV1.2 Ca2+ channels to translate electrical activity into 
cellular contraction. Not only does Ca2+ serve as the final signal 
of cellular electrical activity, but Ca2+ also actively participates in 
the regulation of many of the channels responsible for controlling 
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the major competing divalent cation. The structural motif in 
CaM capable of distinguishing Ca2+ at levels less than 1 : 1000 of 
Mg2+ is the “EF hand,” a helix-loop-helix domain also found in 
many other Ca2+-binding proteins, including troponin C, in 
which it was originally identified. CaM has two EF hands in an 
N-terminal lobular domain and two more in a C-terminal lobular 
domain. The two Ca2+-binding domains are connected by an 
α-helical segment. Upon Ca2+ binding, CaM undergoes signifi-
cant conformational changes that expose a hydrophobic surface, 
which can then interact with target proteins in a Ca2+-dependent 
manner. Within most well-characterized target proteins, such as 
CaMKII, the CaM interaction domain is an amphipathic helix 
for which the hydrophobic amino acid side chains become buried 
within the hydrophobic surface exposed in Ca2+-saturated CaM. 
In CaMKII, this amphipathic helix blocks access to the kinase’s 
constitutively active site; CaM binding to this autoinhibitory 
domain reveals the active site and thereby endows the kinase with 
a Ca2+-dependent response. In many of the cardiac ion channels 
to which CaM binds directly, the CaM binding motif has a similar 
amphipathic pattern. The actions of CaM on the channels, 
however, are less well understood, and this will be discussed next.

CaM Effector Functions on Channels:  
Direct Binding and Indirect Actions  
Through CaMKII

In the last decade there has been an explosion of functional, bio-
chemical, and structural information about how CaM interacts 
directly with multiple ion channels to affect their function. Details 
about how CaM regulates the voltage-gated Na+ channel NaV1.5, 
the L-type voltage-gated Ca2+ channel CaV1.2, the ryanodine 
receptor type 2 (RyR2) Ca2+ release channel, and several different 
voltage-gated K+ channels, including KCNQ1, will be presented 
in specific parts of this chapter. The regulatory effects of Ca2+ on 
cardiac ion channels are not mediated solely by CaM interaction 
with the channels, however, but also indirectly through the actions 
of other Ca2+-regulated proteins, the most prominent of which is 
CaMKII. In fact, activation of CaMKII results in the phosphory-
lation of many of the same channels targeted by CaM, and the 
resulting protein modulation can have profound effects on channel 
activity, sometimes in ways that oppose the effects of direct CaM 
interaction with the same channel. Which Ca2+-dependent regu-
lator dominates depends on the subcellular location, amplitude, 
frequency, and duration of the intracellular Ca2+ signals, largely 
because of properties of CaMKII that allow it to target to specific 
subcellular locations and independently modulate its kinase activ-
ity depending on timing of repetitive Ca2+ stimuli. Thus, in the 
heart, CaMKII has the capacity for graded effects that correlate 
with changes in heart rate.

Several features of CaMKII endow the kinase with this ability 
to regulate activity depending on the timing of the Ca2+ stimuli. 
These include the holoenzyme’s structure and the fact that 
CaMKII is itself a CaMKII substrate. The kinase is a homodo-
decamer, in which the 12 subunits are arranged in two stacked 
hexameric rings with the active site and the CaM-binding auto-
inhibitory helix of each subunit closest to the periphery. If the 
Ca2+ signal is large enough, or if two Ca2+ signals are temporally 
spaced so that CaM binds simultaneously to two adjacent sub-
units in a ring, then one of the activated subunits can phosphory-
late the other CaM-bound subunit at a specific Thr residue 
(Thr287 in the cardiac CaMKIIδ isoform) that is adjacent to the 
CaM binding helix. This phosphorylation event increases  
the kinase’s affinity for CaM more than 10,000-fold, causing the 
kinase to become persistently activated even after the activating 
Ca2+ signal has subsided. This capacity to respond differentially 
to changes in Ca2+ influx intensity or frequency make CaMKII 

therefore ideally suited to respond to changes in cardiac rhythm 
and the accompanying change in frequency of Ca2+ influx through 
the L-type CaV1.2 Ca2+ channel with every heartbeat. Thus, 
CaMKII phosphorylation of the L-type CaV1.2 Ca2+ channel 
provides a direct Ca2+-dependent means to regulate the major 
source of Ca2+ influx. Finally, because gating of CaV1.2 Ca2+ 
channels depends on the concerted actions of Na+ and K+ chan-
nels and the consequent regulation of membrane voltage, 
CaMKII phosphorylation of any of these channels can provide 
additional, indirect regulation of CaV1.2 Ca2+ channels and sub-
sequent Ca2+ influx, thereby leading back to CaMKII to generate 
a web of feedback or feed forward mechanisms to control intra-
cellular Ca2+.

Reactive oxygen species provide an additional means to acti-
vate CaMKII. Oxidation of two methionine residues, adjacent to 
the site of transphosphorylation, endows CaMKII with Ca2+-
independent activity in a manner similar to transphosphoryla-
tion.2 As with transphosphorylation, Ca2+/CaM binding must 
occur first, exposing the target methionines to oxidation. Given 
the association of CaMKII with several adverse cardiac outcomes, 
including arrhythmias, and an increased redox state with those 
outcomes, this means of activating CaMKII may have important 
detrimental effects on cardiac ion channels.

Calmodulin Regulation of Cardiac  
Channel Gating

CaM Regulation of Ca2+-Dependent Inactivation 
and Membrane Targeting of CaV1.2 Ca2+ Channels

Ca2+-dependent inactivation (CDI) of Ca2+ channels serves as a 
classic example of Ca2+/CaM regulation of ion channel function 
(Figure 19-1). CDI denotes the accelerated channel inactivation 
seen in experiments in which Ca2+ is used as the charge carrier 
rather than another permeant divalent cation, such as Ba2+. That 
the permeant ion regulates channel gating sets CaV1.2 apart from 
other voltage-gated cardiac channels, in which gating is solely 
voltage-dependent. CDI of CaV1.2 in myocytes is critical for 
regulating Ca2+ entry and for controlling the length of the plateau 
phase of the cardiac action potential. CaM, bound to the “IQ” 
motif in the C-terminus of the CaV1.2 pore-forming α1C-subunit, 
serves as the Ca2+ sensor for CDI of CaV1.2. Interaction between 
CaM and the IQ motif appears essential: homozygous mice with 
a knock-in mutation in the IQ motif that disrupted CaM interac-
tion died during embryogenesis.3 Adult mice with an IQ motif 
mutation, obtained with an inducible Cre-recombinase strategy, 
died within three weeks after inducing the mutant allele.

An interesting phenotype observed in these mice was a reduc-
tion in the number of channels, as indicated by reduced CaV1.2 
Ca2+ current density and α1C protein. This finding confirmed 
previous reports showing that CaM interaction with the α1C IQ 
motif regulates trafficking of the α1C protein to the plasma mem-
brane.4 Thus, regulation of channel biosynthesis demonstrates 
another means by which Ca2+, via CaM, can affect cellular electri-
cal activity. Although CaM control of channel biosynthesis is best 
studied for CaV1.2 Ca2+ channels, CaM appears to play a similar 
role for other cardiac channels, such as the KCNQ1 K+ channel 
and the NaV1.5 Na+ channel, as discussed next.

Recent data suggest that CaM interaction with the α1C 
N-terminus also contributes to CDI.5 The mechanisms by which 
CaM accelerates channel inactivation, and whether the CaM 
bound to the α1C C-terminus is the same molecule bound to the 
N-terminus, are not clear.

Crystal structures that identify putative interaction residues 
for CaM on the α1C C-terminus6,7 provide a framework for future 
investigations. These models show an unexpected dimerization 
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channel’s C-terminus and the III-IV linker. Interestingly, an x-ray 
crystal structure presented evidence for an interaction between 
Ca2+-loaded CaM C-lobe and the channel’s III-IV intracellular 
linker.14 In the context of biochemical and structural data showing 
interaction of the apoCaM C-lobe with the channel’s C-terminus, 
these data suggest that Ca2+ may induce a movement of the 
C-lobe from the C-terminus to the III-IV linker and that the 
CaM N-lobe may instead bind the IQ motif to act as a bridge. 
Whether the CaM N-lobe interacts with the channel’s C-terminus 
in the presence of Ca2+ simultaneously with the CaM C-lobe 
binding to the III-IV linker has not been demonstrated. Under-
standing how Ca2+/CaM regulates NaV1.5 Na+ channels will 
likely be greatly aided as more structural information becomes 
available.

As with CaV1.2 Ca2+ channels, CaM interaction with NaV1.5 
may also participate in channel biosynthesis based on analogies 
from data focused on noncardiac Na+ channels. For the skeletal 
muscle NaV1.4 and the neuronal NaV1.6 Na+ channels, mutations 
disrupting the interaction between CaM and the channel’s 
C-terminus almost completely reduced current amplitude.15 
With new structural information, these results should be revisited 
with a specific focus on NaV1.5 Na+ channels in cardiomyocytes 
because of recent data showing that fibroblast growth factor 
homologous factors, which bind to NaV1.5 in the region adjacent 
to the CaM-binding IQ motif,16 help traffic NaV1.5 to the sarco-
lemma of cardiomyocytes.17

CaM Regulation of Voltage-gated K+ Channels

Another voltage-gated channel in the heart that contains a CaM-
binding IQ motif is the KCNQ1 K+ channel, the most commonly 
mutated locus in long QT syndrome. KCNQ1 K+ channels 
control repolarization of the cardiac action potential; loss-of-
function mutations hinder repolarization and lengthen the  
cellular action potential and the electrocardiographic QT inter-
val, providing a basis for life-threatening arrhythmias. As with 
CaV1.2 Ca2+ channels and NaV1.5 Na+ channels, CaM interaction 
with the KCNQ1 C-terminus appears to participate in channel 

of two α1C C-termini through simultaneous binding of multiple 
CaMs to the two C-termini. In cardiac myocytes, the stoichiom-
etry of CaM with the α1C C-terminus is not known, but experi-
mental evidence from a heterologous expression system suggests 
that a single CaM can regulate CDI.8 Moreover, these structural 
models do not account for how any of these CaMs could also 
bind to the α1C N-terminus. Therefore, these models might not 
accurately reflect how CaM interacts with α1C within the context 
of the intact channel. Indeed, the dimerization of α1C C-termini 
has been suggested to represent a crystallographic artifact.6 On 
the other hand, recent work presents an intriguing possibility that 
native α1C subunits can multimerize through their C-termini via 
a CaM-dependent mechanism.7,9

CaM Regulation of NaV1.5 Na+ Channels

Ca2+ also regulates NaV1.5 Na+ channels (see Figure 19-1). Na+ 
channels initiate the action potential, and mutations that affect 
NaV1.5 Na+ channel function have been linked to multiple 
arrhythmogenic disorders, most prominently long QT syndrome 
and Brugada syndrome. Elevated Ca2+ increases channel avail-
ability,10 but whether CaM affects inactivation of NaV1.5 in myo-
cytes has not yet been demonstrated. Moreover, the mechanism 
by which Ca2+ affects NaV1.5 Na+ channel function is not clear. 
As with CaV1.2 Ca2+ channels, CaM binds to an IQ motif in the 
NaV1.5 Na+ channel’s C-terminus, and thus one candidate Ca2+ 
sensor is this CaM. Mutations in NaV1.5 designed to disrupt 
CaM binding to the IQ motif decrease channel availability 
(hyperpolarize steady-state inactivation) when studied in heter-
ologous systems.10 A recent crystal structure shows how, in the 
absence of Ca2+, the CaM’s C-lobe wraps around the NaV1.5 Na+ 
channel’s IQ motif.11 As additional structures with Ca2+/CaM are 
reported, critical insights into the actions of CaM on NaV1.5 are 
likely to be revealed. CaM can also bind to a channel’s putative 
inactivation gate, the III-IV intracellular linker,12 and a Ca2+-
dependent complex containing the NaV1.5 C-terminus, CaM, 
and the III-IV can be formed,13 suggesting a model by which 
Ca2+/CaM can affect channel inactivation by bridging the 

Figure 19-1.  CaM regulation of cardiac ion channels. CaM controls Ca2+-dependent inactivation of CaV1.2 L-type Ca2+ channels (1), increases availability of NaV1.5 Na+ chan-
nels (2), decreases open probability of RyR2 receptors (3), and increases the abundance of KCNQ1 K+ channels (4). The traces for RyR2 were adapted from Yamaguchi et al.54 
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changes in cardiac rhythm, phosphorylates CaV1.2 and thereby 
increases Ca2+ influx, a process called Ca2+-dependent facilitation. 
At the single-channel level, CaMKII phosphorylation induces the 
channel to open frequently and to remain open longer. This 
increase in so-called “mode 2” gating raises intracellular Ca2+ and 
initiates a chain of downstream events that increase Ca2+ efflux 
from internal stores and reduce Ca2+ reuptake in the sarcoplasmic 
reticulum, providing elevated levels of Ca2+ for the contractile 
apparatus. Although the end results on cardiac contractility are 
well established, detailed mechanistic insight into how CaMKII 
affects Ca2+ influx through CaV1.2 Ca2+ channels, where the 
process initiates, is lacking. The substrates for CaMKII within 
CaV1.2 has been proposed as Ser1512 and Ser1570 in the α1C-

subunit28 or Thr498 in the auxiliary β2-subunit.29 Recent knock-in 
data question the role of the phosphorylation sites in the 
β-subunit.30 The experimental approaches (two Ser to Ala muta-
tions in a knock-in mouse for the α1C sites; adenoviral overexpres-
sion of a Thr to Ala mutant for β2 sites) behind each of those 
conclusions have their limitations, however, and perhaps phos-
phorylation of both α1C- and β2-subunits are required for CaMKII 
potentiation.31 Similarly, separate studies have shown that 
CaMKII can bind directly to the CaV1.2 Ca2+ channel α1C- or 
β2-subunit.32,33 The advantages of a dedicated Ca2+-frequency 
detector (CaMKII) at the source of Ca2+ entry (CaV1.2) that is 
capable of modulating the amount of Ca2+ that enters are obvious, 
especially in the context of the broad array of CaMKII substrates 
and the myriad consequences of CaMKII activity in the heart.34 
Moreover, mutation of the CaMKII binding site for either α1C 
or β2 has been shown to ablate Ca2+-dependent facilitation, sug-
gesting that this association is critical. Similar to the debate about 
which subunit is the “true” CaMKII substrate, the answer of 
which subunit is the CaMKII scaffold is also not clearly defined; 
both α1C and β2 may be important for proper channel 
regulation.

Although CaMKII appears to be essential for Ca2+-dependent 
facilitation of CaV1.2 Ca2+ channels, the CaM molecule that 
interacts with the channel’s C-terminus also is required. Muta-
tions that disrupt CaM interaction, and thereby affect CDI, also 
abolish CaV1.2 Ca2+ channel facilitation in cardiomyocytes.3 How 
these two separate Ca2+ sensors cooperate to produce facilitation 
is not known, although it has been speculated that the CaM 
bound to the channel’s IQ motif may also be able to serve as the 
CaM that regulates the CaMKII bound to α1C or β2, providing a 
model that incorporates the binding of CaMKII to both sub-
units.35 This model is not yet supported by biochemical or struc-
tural evidence.

CaMKII Regulation of NaV1.5 Na+ Channels

CaMKII activity decreases NaV1.5 Na+ channel availability and 
enhances the Na+ “late” or “persistent” current in cardiomyocytes 
(see Figure 19-2).36 Because CaMKII protein and activity are 
increased in heart failure, these effects upon NaV1.5 Na+ channels 
may be particularly relevant for the arrhythmogenesis that 
accompanies heart failure. In contrast to CaV1.2 Ca2+ channels 
on which CaMKII binds directly, the CaMKII relevant for 
NaV1.5 Na+ channel modulation is instead bound to βIV-spectrin,37 
an actin-associated protein that has previously been shown to 
cluster ion channels in neuronal axons. In the heart, βIV-spectrin 
localizes to the intercalated discs, where a fraction of NaV1.5 Na+ 
channels is enriched. CaMKII directly phosphorylates NaV1.5, 
but the specific sites targeted are controversial. Hund et al identi-
fied Ser571 within the channel’s I-II intracellular linker as the 
critical site; mutation of this Ser to Ala abolished the effects of 
CaMKII on channel inactivation.37 In contrast, Ashpole et al 
found that the CaMKII targets in the I-II linker were Ser483/
Ser484, Ser516, and Thr594, and that Ala-substitution of both 

biosynthesis (see Figure 19-1). In contrast to CaV1.2 Ca2+ chan-
nels and NaV1.5 Na+ channels, CaM interaction with the KCNQ1 
C-terminus requires two distinct helices that are separated by 
approximately 80 amino acids. Biochemical and functional studies 
implicate that CaM is essential for generating KCNQ1 K+ cur-
rents. The significance of these findings is underlined by the 
association between various long QT syndrome mutations and 
loss of CaM binding to channel’s C-terminus.18,19 How CaM is 
deemed necessary was elucidated by studies that implicated a role 
for CaM in channel trafficking to the plasma membrane rather 
than in channel assembly.20 Through CaM, Ca2+ also appears to 
participate in channel gating,18,19 but the molecular mechanisms 
have not yet been clarified.

CaM Regulation of Ryanodine Receptors

CaM regulates the SR Ca2+ release channel RyR2, the internal 
source of the Ca2+ that triggers contraction with each heartbeat 
(see Figure 19-1). How CaM binds to RyR2 and the consequent 
regulation of channel function are different from the manner 
described before for CaM interaction with, and regulation of, 
plasma membrane channels. In vitro experiments show that 
apoCaM and Ca2+/CaM have a single binding site on the large 
RyR2 cytoplasmic domain that does not resemble a consensus IQ 
motif.21

CaM inhibits cardiac muscle RyR2 at greater than 1 µM Ca2+ 
and either inhibits RyR222 or has no effect23 on RyR2 at less than 
1 µM Ca2+. In single-channel measurements, CaM decreased 
RyR2 channel open probability by decreasing the number of 
channel events and increasing the duration of close times.24 In 
permeabilized myocytes, the addition of exogenous CaM 
decreased Ca2+ spark frequency.25 The physiological importance 
of CaM binding to RyR2 was shown using mice harboring tar-
geted RyR2 mutations in the CaM binding site. These mutant 
mice demonstrated an increased ratio of heart weight to body 
weight and greatly reduced fractional shortening of the left ven-
tricle and lethality at 9 to 16 days of age.26 Interestingly, in a 
rabbit heart failure model, less CaM coimmunoprecipitated with 
RyR2, despite unaltered expression.27 Taken together, altered 
CaM bound to RyR2 may contribute to both the enhanced SR 
Ca2+ leak in heart failure and to arrhythmogenesis.

CaMKII Regulation of Cardiac Channels: 
Indirect Regulation by CaM

Heart Rate–dependent Regulation of Cardiac  
Ion Channels

CaMKII adds additional dimensions to Ca2+/CaM signaling. By 
providing a means by which the frequency of Ca2+ signals can be 
translated into changes in kinase activity, CaMKII is a link 
between physiological changes in heart rate, such as during exer-
cise, and alterations in channel function. Several channels are 
CaMKII substrates, including most of those that are also regu-
lated directly by CaM.

CaMKII Regulation of CaV1.2 Ca2+ Channels

CaMKII regulation of CaV1.2 Ca2+ channels is a major contribu-
tor to the positive force-frequency relationship of cardiac con-
traction (Figure 19-2). Cardiac output, a product of stroke 
volume and heart rate, increases during exercise not only because 
of an increase in heart rate but also because each contraction 
produces more force. CaMKII, ideally suited to respond to 



CALMODULIN AND CaMKII AS Ca2+ SWITCHES FOR CARDIAC ION CHANNELS 193

19 

CaMKII is associated with the RyR2 macromolecular complex42 
and phosphorylates the channel in vitro and in vivo.43-45 Although 
Ser2809 on canine and human RyR2 (Ser2808 in murine RyR2) 
was originally identified as a protein kinase A and CaMKII phos-
phorylation site,43,45 site-directed mutagenesis studies and 
knock-in mice have shown that Ser2809 is exclusively phosphory-
lated by protein kinase A,46 and Ser2815 (Ser2814 in murine 
RyR2) is phosphorylated by CaMKII.44,47,48 Other sites for 
CaMKII phosphorylation on RyR2 may also exist, and the iden-
tity of the relevant sites is controversial. CaMKII phosphoryla-
tion of RyR2 increases the open probability of RyR2 by sensitizing 
the channel to cytosolic Ca2+.44,49 CaMKII phosphorylation of 
RyR2 by endogenous CaMKII increases resting SR Ca2+ release 
by increasing Ca2+ spark frequency and duration.25 CaMKII phos-
phorylation of RyR2 plays an important role in mediating the 
positive force-frequency relationship in the heart. Mice engi-
neered with a RyR2-S2814A mutation have RyR2 channels that 
cannot be phosphorylated by CaMKII and exhibit a blunted posi-
tive force-frequency relationship.47 The positive force-frequency 
relationship is blunted in heart failure, and in a rat model of heart 
failure, a rate-dependent increase in CaMKII phosphorylation of 
RyR2-Ser2814 was not observed.44

Increased activity of CaMKII is believed to promote heart 
failure progression and arrhythmogenesis, including atrial fibril-
lation.50,51 Heart failure and arrhythmias are associated with 
abnormal Ca2+ handling. What is the role of CaMKII phosphory-
lation of RyR2 in these processes? In patients with nonischemic 
cardiomyopathy, phosphorylation of RyR2-Ser2814 is increased.48 
Mice engineered with a RyR2-S2814A mutation were relatively 
protected from heart failure development after transverse aortic 

Ser516 and Thr594 abolished the CaMKII mediated shift in INa 
availability to a more negative membrane potential.38 Neither set 
of experiments was performed in cardiomyocytes, so the relevant 
sites within their endogenous milieu remain to be determined.

CaMKII Regulation of Kv4 and Kir2.1 K+ Channels

The K+ channels responsible for the resting membrane potential 
(IK1, mediated by Kir2.1) and for the transient outward current 
(Ito, which produces the “notch” in the ventricular action poten-
tial, mediated by Kv4.2 and Kv4.3) are regulated by CaMKII. 
Chronic increased CaMKII activity, such as during heart failure, 
reduced Ito current and reduced Kv4.2 and Kv4.3 protein, sug-
gesting that CaMKII can affect channel biosynthesis (see Figure 
19-2). Transcription of Kv4.3 in canine myocytes has been shown 
to be under the control of CaMKII by a downstream mechanism 
dependent on the nuclear factor of activated T cells transcription 
factor.39 In addition to these effects on channel transcription, 
CaMKII has direct effects on channel function. CaMKII phos-
phorylation slowed Kv4.3 channel inactivation.40 The current 
regulating IK was also reduced by chronic CaMKII expression 
and, similar to Kv4 K+ channels, the effect is through transcrip-
tional regulation.41

CaMKII Regulation of RyR2

CaMKII regulation of RyR2 channel function plays an important 
role in modulating cardiac contractility and arrhythmogenesis. 

Figure 19-2.  CaMKII  regulation  of  cardiac  ion  channels.  CaMKII  elicits  Ca2+-dependent  facilitation  of  CaV1.2 L-type  Ca2+  channels  (1),  decreases  availability  of  NaV1.5  Na+ 
channels (2), increases open probability of RyR2 receptors (3), and decreases the abundance of Kv4 and Kir2.1 K+ channels (4). The traces for RyR2 were adapted from Wehrens 
et al.55 
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Conclusion

Modulating the interactions of CaM and CaMKII with ion chan-
nels and the phosphorylation of ion channels by CaMKII is likely 
to be an important future target for therapies for heart failure 
and arrhythmias. These two Ca2+-dependent sensors provide, for 
several discussed cases, opposing effects on channel function. 
The capacity of CaMKII to respond to change in heart rate or 
to reactive oxygen species provides additional means by which 
CaMKII can affect ion channel function. Understanding the inte-
gration of these various signals, not only at the level of a target 
ion channel but also within the context of integrated cellular 
activity, will likely be a focus of future research.

constriction compared with wild type littermates. These protec-
tive effects on cardiac contractility were not observed, however, 
after myocardial infarction in the S2814A mice.47 The RyR2-
S2814A mice are also protected from the development of  
atrial fibrillation51,52 and pacing-induced arrhythmias after 
transverse aortic constriction.53 Conversely, mice engineered 
with a constitutively activated CaMKII phosphorylation site 
(S2814D) develop sustained ventricular tachycardia and sudden 
cardiac death with caffeine and epinephrine or programmed  
electrical stimulation.53 These studies demonstrate that CaMKII 
phosphorylation of RyR2, although important for the positive 
force-frequency response, plays a role in the progression of heart 
failure and the development of atrial and ventricular 
arrhythmias.
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interacts with the α-subunit (stoichiometry of 1α-1β) to regulate 
channel trafficking. However, this chaperone-like property of  
the Kvβ-subunits has not been found for all Kv channels6,7 
(Figure 20-1).

The most dramatic effect of Kvβ on the voltage-dependent 
outward current is to accelerate its rate of inactivation. Kv chan-
nels inactivate through two main mechanisms: the slow C-type 
inactivation and the rapid N-type inactivation called the ball-and-
chain mechanism.8 An example of a Kv channel undergoing C-type 
inactivation is Kv1.5, which does not have an N-terminal domain 
acting as an open channel blocker. Kv1.5 is inactivated through 
a mechanism that involves slow conformational changes of the 
outer mouth of the pore, referred to as C-type inactivation. The 
coexpression of Kvβ1 with Kv α-subunits with C-type inactiva-
tion results in a fast inactivating current with increased mem-
brane depolarization. For example, the Kv1.5-encoded current, 
one main component of IKur in atrial myocytes, is transformed by 
Kvβ1.3 subunits in a transient outward Ito-type current.9 This 
effect on current kinetic is associated with a shift of the voltage-
dependent activation and inactivation to more negative poten-
tials. The effect of Kvβ1 on channel inactivation is mediated by 
their N-terminal domain that blocks the inner cavity of the pore 
of the α-subunit resembling the ball-and-chain process.8,10 In 
addition, by binding to the C-terminus of the channels, Kvβ can 
accelerate the C-type inactivation.11 In heterologous expression 
systems, coexpression of Kvβ1.3 with Kv1.5 is necessary for 
the PKA (cAMP-dependent protein kinase)-mediated increase in 
K+ current. Moreover, PKC has little effect on Kv1.5 channels 
alone; however, when coexpressed with the Kvβ1.2, the 
protein kinase reduces the K+ current.12 These observations 
are consistent with the presence of multiple phosphorylation sites 
on the β- and α-subunits13 and could provide an explanation 
for the effects of β-adrenergic or PKC stimulation on IKur in 
human atrial myocytes.14 The characteristics of repetitive mem-
brane depolarizations (i.e., their duration and frequency)  
can modify persistently the rate of inactivation of Ikur in human 
atrial myocytes. This effect is modulated by the activation of 
CaMKII (calcium-calmodulin dependent protein kinase-II) and 
could also involve the interaction between Kvβ and the Kvα1.5 
subunits.15

Another illustration of the important role played by the regu-
lation of Kv channels by Kvβ is provided by the study on phar-
macological properties of the Kv1.5 channel. The contribution 
of Ikur to shortening of the AP during atrial fibrillation16-19and the 
fact that Kv1.5 channel is more abundantly expressed in atrial 
than ventricle myocardium, explain the effort to develop selective 
IKur blockers as potential atria-specific antiarrhythmic agents. 
Some of these molecules compete with β-subunits to bind to the 
inner cavity of the Kv1.5 channel pore and are responsible for an 
apparent open channel block of Ikur. For example, Kvβ1.3 
decreases drug affinity of Kv1.5 for local anesthetic and antiar-
rhythmic drugs (e.g., bupivacaine,20,21 AVE0118,22 vernakalant23). 
In atrial myocytes as well, the analog of tedisamil (i.e., bertosamil) 
accelerates the rate of inactivation of the outward current with 
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In the heart, the main repolarizing currents are carried by potas-
sium ions, a number of potassium currents activate during the 
action potential (AP). The inward rectifier K+ current is crucial 
for maintaining the membrane potential near the equilibrium 
potential for potassium, which is approximately –90 mV during 
diastole. The voltage-dependent outward currents regulate the 
activation and termination of the plateau phase of the AP while 
delayed rectifier currents control the final repolarization phase of 
the action potential. The molecular bases of potassium currents 
are diverse, with more than 40 genes encoding potassium chan-
nels expressed in the heart. In addition, a number of auxiliary 
units and protein partners contribute to the trafficking and 
anchoring of potassium channels at the plasma membrane, and 
to their organization in macromolecular complexes. These part-
ners confer important properties to potassium currents contrib-
uting to the plasticity of cardiac electrical properties both in 
normal conditions and during cardiac diseases. Proteins and 
structural lipids of the plasma membrane appear as major part-
ners for potassium channels. This chapter will focus on the 
description of partners involved in the formation of macromo-
lecular potassium channel complexes and their role in cardiac 
excitability.

The Four General Classes  
of Accessory Subunits

Kvβ Family

The first identified auxiliary subunits of potassium channels are 
the so-called Kvβ–subunits, which associate with the pore-
forming Kv channels (referred as α-subunits). Initially purified 
from bovine brain,1,2 nine β-subunits encoded by four genes have 
been identified. In mammals, three genes are expressed in the 
heart and variants from alternative splicing are also found. Kvβ-
subunits are localized in the cytosol with a conserved carboxy-
terminal and a variable amino-terminal. Only the Kvβ1.1, Kvβ1.2, 
and Kvβ1.3 are expressed in the heart.3

Two main roles have been described for Kvβ subunits. It has 
been reported that Kvβ1 and Kvβ3 associate early with α-subunits 
during their biosynthesis in the endoplasmic reticulum and  
exert a chaperone-like effect, facilitating their stable expression 
at the plasma membrane.4,5 The C-terminal domain of Kvβ 
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delayed-type current—Iks.27,28 MinK can interact with other 
channels like hERG (or Kv11.1), which is responsible for the 
activation of the rapid delayed rectifier, Ikr, but this observation 
was obtained only in heterologous expression systems. In mice, 
deletion of KCNE1 is associated with an impaired QT-RR adapt-
ability on the electrocardiogram (ECG), prolongation of epicar-
dial AP duration, and frequent episodes of atrial tachycardia29,30 
indicating the physiologic importance of this ancillary subunit in 
cardiac electrophysiology.

Four other peptides belonging to the minK family have been 
identified and called MinK- and MinK-related protein (MiRP; 
for MinK related peptide, KCNE2-5).7 In the heart, MiRP1 
(KCNE2) is expressed mainly in the nodal tissue and Purkinje 
cells. In vitro, MiRP1 can interact with several potassium chan-
nels, including Kv7.1,31 Kv4,32 and hERG.33 The hERG channel 
is regulated by cyclic adenosine monophosphate (cAMP)- 
dependent protein kinase, PKA, which increases the current 
amplitude through the shift of the voltage-dependent activation 

membrane depolarization, consistent with a competition between 
the drug and endogenous Kvβ at the inner face of the pore.24

Finally, an oxidoreductase activity has been reported for Kvβ 
subunits as indicated by the observation that Kvβ2.1 confers 
sensitivity to oxygen to Kv4.2.25 This enzymatic activity is likely 
due to the presence of a binding site for the cofactor NADP+ and 
catalytic domains; however, in vivo data are lacking.

MinK and MinK-Related Proteins

Originally thought to be the α-subunit of the delayed potassium 
current Iks, minK (for minimal K channel protein)26 is a small 
transmembrane protein (14–20 kDa) encoded by KCNE1. The 
first interaction described for minK is with the Kv7.1 channel 
(KvLQT1). Expressed alone, Kv7.1 underlies a voltage-dependent 
outward current of low amplitude. In contrast, when coexpressed 
with minK, this channel is responsible for a large, slow, 

Figure 20-1.  Main partners of Kv4 channels  from their synthesis and assembly to their organization  in macromolecular complexes at  the plasma membrane of cardiac 
myocytes. DPP, Dipeptidyl aminopeptidase-protein; ER, endoplasmic reticulum; KChAP, K channel associated protein; KChIP, K channel interacting protein; MIRP1, MinK related 
peptide. 
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A third partner that contributes to the formation of the Kv4 

macromolecular complex is the transmembrane dipeptidyl 
aminopeptidase-protein (DPP). This integral transmembrane 
protein interacts with the extracellular matrix, and either sepa-
rately or jointly with KChIP associates with Kv4 subunits at the 
N-terminus to modulate the trafficking and targeting of the 
channel46 (see Figure 20-1).

K Channel Associated Protein

Only a few studies have been conducted on the K channel associ-
ated protein (KChAP). This small protein of 574 amino acids 
expresses in the heart. It is a cytoplasmic subunits that interact 
transiently with several voltage-dependent Kv channels, includ-
ing Kv1.x, Kv2.1, and Kv4.3.47,48 In vitro, KChAP upregulates Kv 
channel’s surface expression through a chaperone effect47,48 (see 
Figure 20-1).

The MAGUK Proteins

In 1995, Kim et al.49 reported that neuronal Shaker channels are 
clustered by a protein (PSD95) belonging to a family of multi-
domain membrane proteins, called the membrane-associated 
guanylate kinase homologs (MAGUK proteins). Since that early 
study was published, a number of channels have been found to 
interact with MAGUK proteins in different tissues, including the 
heart.49a These anchoring proteins are viewed as central organiz-
ers of specialized plasma membrane domains, such as the inter-
calated disc of cardiac myocytes.

The presence of several protein-protein interacting domains 
is the hallmark of MAGUK proteins such as an Src homology 3 
domain, a GUK domain with homology to the enzyme guanylate 
kinase, and one or several Post Synaptic Density Protein, Dro-
sophila disc large tumor suppressor, Zonula occludens (PDZ) 
domain(s). Most MAGUK proteins contain three PDZ domains. 
The PDZ domain of MAGUK proteins expressed in the heart 
recognizes a C-terminal–Ser/thr-X-ψ–Val sequence, where X 
refers to any amino acid and ψ refers to an hydrophobic amino 
acid50,51 (Figure 20-2).

Several MAGUK proteins are expressed in the heart: SAP97, 
ZO-1, CASK, and MAGI3. For example, the gap junction 
channel, connexin 43, interacts with zonula occludens-1 (ZO-1), 
which regulates its localization at the intercalated disc and prob-
ably also its internalization.52-54 An additional cardiac MAGUK 
protein that has been studied extensively is SAP97. In atrial and 
ventricular myocytes, SAP97 is predominantly localized at the 
intercalated disc.55-60 In vitro, it has been shown that SAP97 is 
targeted exclusively at the level of myocyte-myocyte contacts in 
membrane domains, such as adherens and gap junctions.61 SAP97 
is also present at the adrenergic synapse in myocytes, facing the 
nerve endings; therefore, it is part of the β-adrenergic signaling 
complex.62 These results indicate that SAP97 is an important 
determinant of the targeting of potassium channels in specialized 
cell-cell contact domains of the sarcolemma.

The MAGUK SAP97 interacts with several cardiac ion chan-
nels including Nav1.5,60 Kir2.x, Kv4.x, Kv1.5, HCN-2, and 
HCN-4.* In most cases, SAP97 interacts with the consensus 
PDZ binding domain located at the C-terminus of ion channels. 
Besides this classical interaction, indirect interactions involving 
the N-terminus of the channel, SAP97, and α-actinin have 
been reported and can also contribute to the role of SAP97 in 

of the channels. This pathway is an important target for sympa-
thetic regulation and the subsequent adaptation of cardiac repo-
larization to increased heart rate. It has been reported that 
KCNE2 facilitates the PKA regulation of Ikr by stabilizing hERG 
in its phosphorylated form.34 Transgenic models have contributed 
to establish the physiologic role of MiRP1 in the heart. Mice with 
specific deletion of the KCNE2 gene show prolonged ventricular 
APs and reduced density of the fast and slow components of the 
outward potassium current in keeping with KCNE2 interacting 
with various potassium channels.7,35

Genetic studies of patients suffering from inherited or drug-
induced long QT syndrome have provided also important infor-
mation on the physiologic role of this family of potassium 
partners. Mutations of genes encoding minK and MiRP1 have 
been found during the familial form of long QT syndrome, 
LQT5 and LQT6, respectively.33 Some mutations of KCNE2 are 
responsible for the decrease in Ikr due the acceleration of hERG 
inactivation. This results in less repolarizing current during the 
termination of the AP causing the prolongation of the phase 3 
and a risk of triggered activities.36 Other mutations have been 
shown to modify the pharmacologic profile of hERG providing 
a molecular explanation for iatrogenic long QT syndrome and 
torsade de pointe33,37,38 (see Figure 20-1).

K+ Channel Interacting Protein

K+ channel interacting protein (KChIP) is another important 
family of ancillary subunits of K+ channels. They are encoded by 
four genes, KChIP1-4 generated and alternative splicing. KChIP 
isoforms differ by their N-terminus, whereas they share 70% of 
homology, notably with four conserved “EF-hand-like” domains 
that bind Ca2+.39 Only KChIP2 is expressed in the heart. The 
C-terminus of KChIP2 interacts directly at the cytosolic face of 
the membrane with the N-terminus of Kv4 channels, character-
ized by a rapid N-terminal inactivation. In expression systems, 
the interaction of KChIP with Kv4 α-subunits is associated with 
a marked increase in the amplitude of Ito,f,39,40 an effect attributed 
to the capacity of KChIP to prevent the retention of Kv4 
α-subunits in the endoplasmic reticulum (ER).40 The other effect 
of KChIP on Kv4 channels is to regulate their rate of inactivation 
and recovery from inactivation.39,40 Of note, the three cardiac 
isoforms of KChIP2 differ in their effects on the functional 
expression and gating properties of potassium channels and 
might not have the same regulatory effects on cardiac electro-
physiology7 (see Figure 20-1). Endocardial myocytes are charac-
terized by APs of longer duration than epicardial APs. This 
gradient of repolarization from endocardium to epicardium is 
essential for the oriented propagation of the depolarization wave, 
the prevention of retrograde activation of the myocardium, and 
the risk of arrhythmogenic reentry. In mammals, the epicardial-
to-endocardiac gradient is due to regional differences in density 
of the fast component of the transient outward current, Ito,f, the 
highest density of Ito,f has been observed in myocytes of the epi-
cardial layer.41,42 In large mammals such as humans, Kv4.3 is the 
predominant molecular basis of Ito,f. This channel is homoge-
nously distributed in the ventricular wall and cannot explain the 
gradient of Ito,f.41,42 In contrast, both at the transcript and protein 
levels, the concentration of KChIP2 increases from endocardium 
to epicardium. This gradient is likely to contribute to the gradual 
expression of Ito,f in human and dog ventricles.43,44 In rodents, the 
gradient of repolarization is not due to KChIP, but to the gradual 
expression of Kv4.2 between the endocardium and epicardium. 
However, despite such species specificities, mouse models have 
contributed to establish the importance of KChIP2 in the normal 
activation of voltage-dependent outward current Ito, which is 
suppressed in KChIP2 knockout mice.45

*References 49, 55, 56, 59, 60, 63.
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By its capacity to oligomerize, SAP97 contributes to the for-
mation of channel networks that can gather different ion channel 
families, as suggested by the recent observations indicating the 
role of SAP97 in the formation of Nav1.5/Kir2.1 complexes.68-70

Finally, the ability to interact with multiple proteins and to 
form networks confers SAP97 a role of linker between ion  
channels or receptors and signaling pathways71-73 Concerning 
the potassium channels, such a role has been described for the 
G-protein regulation of the inward rectifier K+ channel74 and 
the regulation of Kv4 channels by CaMKII.55

Membrane Lipids and Potassium  
Channel Complexes

Potassium channels are embedded in a lipid environment, which 
can constitute an important modulator for channels activity. 
Lipids can regulate potassium channels through several mecha-
nisms, including the conformation changes of the protein, the 
modulation of the delivery of channels to the plasma membrane, 
and their clustering in macromolecular complexes.

the organization of potassium channels in macromolecular 
complexes.64,65

In both native myocytes and heterologous expression systems, 
it has been shown that SAP97 enhances the functional expression 
of ion channels, resulting in the upregulation of corresponding 
currents. By means of single-channel recording, it has been pos-
sible to directly record the increased activity of single Kv1.5 
channel activity in cells overexpressing SAP97.61 In keeping with 
the accumulation of α-subunits in the membrane protein fraction 
of cardiac myocytes overexpressing SAP97, these data indicate 
that SAP97 enhances the density of channels at the plasma 
membrane.66

SAP97 can enhance the functional expression of ion channels 
through various mechanisms, including retention, increased 
forward trafficking, aggregation, and formation of signalosomes. 
For example, in cardiac myocytes overexpressing SAP97, potas-
sium channels are immobilized and concentrated at the level of 
myocyte-myocyte contacts (see Figure 20-2). Another study also 
reported that SAP97 inhibits the endocytosis of potassium chan-
nels, thereby promoting their accumulation at the plasma 
membrane.67

Figure 20-2.  The anchoring protein SAP97 of the MAGUK family. A, Molecular organization of MAGUK proteins. B, Scheme of possible interactions of MAGUK protein and 
with potassium channels. C, The overexpression of SAP97 (Ad-SAP97) is associated with the accumulation of GFP-tagged Kv1.5 channels at the level of plasma membrane. 
D, The immobilization of Kv1.5 channel in cardiac myocytes. 

(From Abi-Char J, El-haou S, Balse E, et al: The anchoring protein SAP97 retains Kv1.5 channels in the plasma membrane of cardiac myocytes. Am J Physiol heart Circ Physiol 
294:h1851–h1861, 2008.)
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However, it is possible that in native cardiac myocytes, Kv1.5 
channels are only transiently localized in lipid rafts, during their 
trafficking from delivery sites in the plasma membrane to their 
final targeting into specialized domains.87,90

Membrane Cholesterol and the Delivery of 
Potassium Channels

In atrial myocytes, the reduction of membrane cholesterol 
content using β–MCD (β-methylcyclodextrin) is associated with 
a slow increase in the outward potassium current. This cholesterol-
sensitive current, inhibited by low concentration of 4- 
aminopyridine (a blocker of Kv channels), activates concomitantly 
with the progressive increase in the activity of single Kv1.5 chan-
nels.66,91 Moreover, the depletion of membrane cholesterol is 
associated with the appearance of Kv1.5 channel clusters at the 
plasma membrane, suggesting an effect of the lipid on channel 
delivery.66,91,92 These results suggest that cholesterol depletion 
causes the recruitment of channels at the plasma membrane. This 
suggestion is supported by the finding that cholesterol depletion 
causes the accumulation of active channels in the plasma  
membrane. These newly recruited channels might arise from 
endogenous pools of channels localized beneath the plasma 
membrane.91 Ion channels and receptors are delivered to the 
plasma membrane from intracellular compartments exiting the 
Golgi network (de novo synthesis) or from recycling pathways. 
Several Rab GTP-ases regulate the fate of endosome trafficking, 
such as recycling or degradation. For example, Rab11 regulates 
the recycling endosome and has been shown to be involved in 
the effect of cholesterol on Kv1.5 channels recruitment.91 Rab11-
mediated recycling has been described for other potassium chan-
nels, such as KCNQ1/KCNE193 or cardiac pacemaker channels 
HCN2 and HCN4,94 as well as for the glucose transporter 
GluT4.95 In addition, the fusion of endosome vesicles with the 
plasma membrane (exocytosis) requires the formation of soluble 
N-ethylmaleimide–sensitive factor attachment protein receptor 
(SNARE) complexes. Indeed, the inhibition of SNARE complex 
formation suppresses the effects of cholesterol of Kv1.5 encoded 
current in atrial myocytes.91 In pancreatic α-cells, cholesterol 
depletion causes the dissociation between Kv4.x channels and 
SNAREs, leading to a decrease in the A-type potassium current.96

Less known is the role of cholesterol as a regulator of the 
endocytosis of ion channels. Caveolae is an important route of 
endocytosis for many proteins in the myocardium. As already 
described, cholesterol content regulates the shape and size of 
lipid rafts; for example, the depletion of cholesterol causes the 
flattening of caveolae.97-100 This finding provides an explanation 
of why drugs that sequester cholesterol, such as filipin, nystatin, 
and cyclodextrin, block the endocytosis mediated by caveolae. 
More recently, cholesterol has been reported to play a role in 
internalization through the clathrin-mediated endocytosis path-
ways.101,102 Given that the endocytosis rate would control the 
number of potassium channels in the sarcolemma, any alteration 
of the endocytosis step should profoundly affect the properties 
of potassium currents in cardiac myocytes (Figure 20-3).

Conclusion

The classical view of well-individualized potassium currents being 
the functional expression of distinct potassium channels constitu-
tively expressed at the surface of the cells is challenged by the 
molecular dissection of potassium channel complexes. The emerg-
ing picture is that potassium channels activity is the result of con-
tinuing and dynamic processes of protein and lipid interaction 
going from the synthesis of the α-subunit to its specific targeting 

Lipids and the Biophysical Properties  
of Potassium Channels

There is an interrelation among membrane stiffness, bilayer 
deformation energy, and changes in channel conformation.75 For 
example, the effects of cholesterol on the open probability of Kir 
or Ca2+ channels are due to an increase in bilayer stiffness and in 
the energy necessary for the transition of channels from the 
closed to the open state.75-77 Using the paddle chimera voltage-
dependent (Kv) channel, it has been shown that the rate of 
channel opening, the voltage dependence of open probability, 
and the maximum open-probability level achievable vary with the 
lipid membrane composition.78 The explanation is that move-
ment of the voltage sensor of the Kv channel depends on the 
fluidity or on the mechanical state of the plasma membrane, 
hence indirectly on lipid composition.78,79

There are also reports on direct modulation of channel func-
tion by cholesterol. For example, cholesterol inhibits Kir2 chan-
nels by stabilizing them in the closed state, rendering them silent. 
This regulation is mediated via an interaction of cholesterol with 
a specific region of the cytosolic C-terminal domain of the 
channel. The optical isomer of cholesterol—epicholesterol, 
whose effects on membrane biophysical properties are similar to 
cholesterol—fails to modulate Kir2 channels, indicating specific-
ity in cholesterol-channel interactions.80 This finding is reminis-
cent of observations that other membrane lipids, such as 
arachidonic acid, can induce rapid inactivation in otherwise non-
inactivating Kv channels by binding to a specific site nea r the 
selectivity filter.81

Lipid Rafts and the Clustering  
of Potassium Channels

Cholesterol and sphingolipid, two structural lipids of the plasma 
membrane, pack together to form cholesterol-enriched domains 
referred as lipid rafts. A subset of lipid rafts that form small 
invaginations of the plasma membrane are named caveolae and 
contain the scaffolding protein caveolin. Caveolae are particu-
larly abundant in cardiac myocytes.82 Lipid rafts are considered 
as platforms where protein are delivered and clustered together 
with signaling pathways to form dynamic macromolecular com-
plexes. Several potassium channels are localized in lipid rafts, 
notably in caveolae.83-85 The importance of lipid raft integrity for 
the normal functional expression of potassium channels is illus-
trated by the activation of the acetylcholine-dependent inward 
rectifier potassium current, IKACh, formed of GIRK (G-protein 
gated inwardly-rectifying potassium) subunits. Attachment of 
acetylcholine to its inhibitory G-protein (Gi)-coupled muscarinic 
2 (M2) receptor leads to the release of Gβγ subunits and the activa-
tion of GIRK channels.86 Other receptors coupled to stimulatory 
G-protein (Gs), such as the β-adrenergic receptor, fail to activate 
GIRK channels. In contrast to Gs, which localizes exclusively in 
raft fractions, the M2 signaling pathway is localized in both lipid 
raft and non–lipid raft fractions. Therefore, one explanation for 
the specific effect of Gi on GIRK could be that distinct localiza-
tion in lipid raft of signaling cascades acts as a mechanism of 
selectivity, such that free Gβγ released from lipid rafts is much 
less efficient in activating GIRK. However, there is controversy 
between studies conducted in heterologous expression systems 
versus native myocytes on the localization of potassium  
channels in lipid rafts and notably caveolae. In the atrial and 
ventricular myocardium, Kv1.5 channel is not targeted to caveo-
lae contrary to chinese hamster ovary (CHO) cells. This channel 
is present predominantly at the level of the intercalated discs 
where caveolin-3 is expressed poorly.66,87,88 Moreover, the two 
proteins cannot be coprecipitated from cardiac protein samples.89 
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Figure 20-3.  The recycling of Kv channels in cardiac myocytes. EE, Early endosome; ER, endoplasmic reticulum; PM, plasma membrane; RE, recycling endosome; SE, sorting 
endosome; TGN, trans-Golgi network. 

(From Balse E, El-haou S, Dillanian G, et al: Cholesterol modulates the recruitment of Kv1.5 channels from Rab11-associated recycling endosome in native atrial myocytes. Proc 
Natl Acad Sci U S A 106:14681–14686, 2009.)
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into submembrane domains of the sarcolemma for interaction 
with macromolecular complexes and proper function. This 
complex regulation over time (turnover) and space (tethering) sug-
gests an important plasticity for these protein complexes, which 
could be a major determinant of physiologic adaptation of cardiac 
excitability and of pathogenesis of electrical disorders. It is possible 
that potassium channels are recruited or recycled in response to 
various physiologic stimuli or during pathologic conditions, as in 
other excitable tissues. For example, Guo et al.103 reported that the 
external potassium concentration can modulate the availability of 
hERG channel; for example, low external potassium increases 
channel internalization, resulting in the suppression of IKr.103 This 
phenomenon could contribute to the prolongation of the QT 
interval during hypokalemia. Antiarrhythmic agents such as quini-
dine can also accelerate the internalization of Kv1.5 channels 
through a dynamin- and dynein-dependent process.104

Another emerging concept is the heterogeneity of macromo-
lecular channel complexes, which can be composed of α-subunits 
of different types depending on their membrane localization and 

their role in activation and propagation of the electrical activity. 
This concept is suggested by the recent discovery of Nav1.5/Kir 
complexes at the lateral membrane68 and Cx43/Nav1.5 complexes 
at the level of the intercalated disc.105 Many more studies con-
ducted on cardiac myocytes or using experimental models are 
needed to establish new schemes of cardiac electrophysiology 
integrating this large diversity of molecular actors involved in the 
formation of potassium channels. Progress also will come from 
the development of new tools to study protein processing, assem-
bly, and interactions in native myocytes.
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of Kir2.1 plus NaV1.5 than when Kir2.1 was overexpressed alone. 
In NRVM monolayers, co-overexpression of NaV1.5 with Kir2.1 
increased CV, abbreviated action potential duration (APD) and 
increased rotor frequency beyond those produced by Kir2.1 OE 
alone.5 Furthermore, recent data in the literature suggest that 
conditions that result in Nav1.5 protein reduction, such as that 
which occurs in dystrophin-deficient mdx5cv mice, are accompa-
nied by a concomitant reduction in Kir2.1 protein levels.6 Impor-
tantly, the finding that coexpression of NaV1.5 can reduce 
internalization of Kir2.1 is a central mechanistic observation.5 
The purpose of this chapter is to discuss those results in the 
context of cardiac excitability and mechanisms of reentrant 
arrhythmias. It will be shown that sodium and potassium channel 
interactions depend on more than membrane voltage alone. Alto-
gether, the evidence that will be discussed suggests that cardiac 
cells undergo model-independent co-regulation involving post-
translational mechanisms of Kir2.1 and NaV1.5, with important 
functional consequences for myocardial excitation, impulse 
velocity, and arrhythmogenesis. Moreover, the evidence suggests 
that similar interactions might apply to other sarcolemmal ion 
channels as well, which could themselves have unique effects on 
myocardial function.

Sodium Channels and Cardiac Excitation

In the heart, INa is the major current that excites cardiac cells in 
the atria, the ventricles, and the Purkinje fibers. Normally closed 
at the resting potential (approximately –85 mV in the adult 
working myocardium), sodium channels open upon depolariza-
tion beyond threshold, allowing an influx of Na+ ions down their 
electrochemical gradient. This inward current causes “all-or-
none” membrane depolarization at a rapid rate (~500 V/s in the 
Purkinje fibers) in a process that moves the membrane potential 
to positive values. The rapid voltage-dependent activation of the 
sodium channel is immediately followed by an inactivation 
process that is also initiated by the initial depolarization. The 
inactivation process causes INa to be brief and results in the ter-
mination of the current. These properties are important for the 
rapid (≥1 m/s) conduction of the electrical impulse in the 
myocardium.

From the clinical standpoint, multiple mutations in the 
SCN5A gene coding for NaV1.5 have been identified in associa-
tion with the long QT syndrome (LQTS), Brugada syndrome, 
idiopathic ventricular fibrillation, cardiac conduction defects, and 
dilated cardiomyopathy associated with atrial fibrillation.7 Such 
mutations illustrate the pathophysiologic importance of these 
channels.

Homozygous knockout (KO) Scn5a-/- mouse embryos die 
during mid-gestation, most likely because of severe defects in 
ventricular morphogenesis,8 which provides evidence for an 
essential role of Nav1.5 in cardiac development.7 However, het-
erozygous KO mice (Scn5a+/−) show normal survival but exhibit 
slow atrial, atrioventricular (AV) and intraventricular conduction, 
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Current understanding of the relationship between the sodium 
current (INa) and the inward rectifier potassium current (IK1), the 
two most important ionic currents controlling ventricular excit-
ability, derives primarily from traditional electrophysiology. It 
derives also from basic and clinical studies on arrhythmogenesis 
in ion channel diseases and heart failure, which have demon-
strated that modification in the peak density of either INa or IK1 
changes cell excitability and conduction velocity (CV). However, 
the pathophysiologic consequences of a molecular interplay 
between the individual channels at the center of such diseases 
have not been investigated. In the heart, IK1 is the major current 
responsible for the maintenance of the resting membrane poten-
tial (RMP), whereas INa provides the largest fraction of the inward 
depolarizing current that flows during an action potential.1 It is 
well known that by controlling the RMP, IK1 modifies Na+ channel 
availability and therefore, cell excitability.2 In addition, IK1-INa 
interactions are important in stabilizing and controlling the fre-
quency of the electrical rotors that are responsible for the most 
dangerous cardiac arrhythmias, including ventricular tachycardia 
(VT) and ventricular fibrillation (VF).3,4

Recent data obtained from adult transgenic mice, single adult 
rat ventricular myocytes (ARVMs), neonatal rat ventricular 
myocyte (NRVM) monolayers, and human embryonic kidney 
(HEK 293) cells, have demonstrated that the INa-IK1 interplay is 
much more complex than previously thought. It comprises a 
model independent, reciprocal modulation of expression of their 
respective channel proteins (Nav1.5 and Kir2.1) within a macro-
molecular complex that involves the MAGUK-type protein 
SAP97,5 and possibly additional scaffolding proteins. In adult 
transgenic mice overexpressing Kir2.1 (Kir2.1 OE), peak INa 
density is twice as large as that measured in cells from control 
hearts. In heterozygous Kir2.1 knockout mice (Kir2.1-/+), NaV1.5 
protein and INa are significantly reduced. Similarly, in single 
ARVMs, IK1 increased significantly more upon adenoviral transfer 
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or pathophysiological modulation of IK1 will have a significant 
effect on excitability. The Kir channels show strong rectification 
between –50 and 0 mV, which means that they remain closed 
during the AP plateau; they only open when the membrane 
potential repolarizes to levels between –30 and –80 mV, which 
occurs during the late phases of the action potential.12 Rectifica-
tion is achieved by a voltage-dependent blockade by intracellular 
magnesium and/or one of the polyamines (putrescine, spermine, 
spermidine),12 which are known to interact with at least three 
amino acid residues located inside the pore of the channel 
complex.13 Investigators have used several strategies to modify 
and study Kir2.1, including a knockout mouse,14 antisense oligo-
nucleotide targeting,15 and DNA transfection of a dominant-
negative construct.16 These studies have helped to define the role 
of IK1 in cardiac excitability.17,18 As shown by Zartizky et al., 
ventricular myocytes from Kir2.1 knockout (Kir2.1−/−) mice 
lack IK1 in whole-cell recordings under physiologic conditions, 
which demonstrated that Kir2.1 is the major determinant of  
IK1.14 In that model, sustained outward K+ currents and Ba2+ 
currents through L- and T-type channels were not significantly 
altered by the mutation. However, the direct consequences  
of Kir2.1 disruption on Nav1.5 function were never studied 
in the homozygous Kir2.1 KO mice. Recently, the authors  
took advantage of the availability of the heterozygous Kir2.1  
KO (Kir2.1−/+) mouse model to study the functional consequences 
of reducing Kir2.1, and therefore IK1, at both cellular and 
organismal levels. In particular, as discussed in detail below, the 
Kir2.1−/+ mouse was used to address the question of whether 
reduced Kir2.1 protein is associated with reduced expression of 
Nav1.5.5

Loss of function mutations in the KCNJ2 gene, which codes 
for Kir2.1, have been identified in patients affected by Andersen-
Tawil syndrome (ATS), also known as LQTS type 7, which is 
characterized by prolonged repolarization.19 In addition to being 
expressed in the heart, Kir2.1 is expressed in other organs, such 
as skeletal muscle. As a result, ATS is associated with hypokalemic 
periodic paralysis and skeletal developmental abnormalities, 
including clinodactyly, low-set ears, mandibular hypoplasia, short 
stature, and scoliosis.19 In the heart, reduction of IK1 leads to QT 
prolongation and predisposes to arrhythmias; however, QT pro-
longation is less prominent in patients with ATS than in those 
with other types of LQTS.20 Moreover, although ATS patients 
develop ventricular tachyarrhythmias, including torsades de 
pointes, sudden cardiac death is rare.20

In patients with short QT syndrome type 3, a gain-of-function 
mutation (D172N) in the KCNJ2 gene was demonstrated.21 The 
D172N mutation causes a significant increase in the outward 
component of the I-V relation of IK1, and it is associated with 
an accelerated repolarization, which can be arrhythmogenic. 
However, the direct involvement of IK1 in arrhythmia mecha-
nisms was not demonstrated in the affected patients; therefore, 
the mouse model of IK1 overexpression22 was used to study the 
effect of IK1 increase on VF at the molecular level.23 An increase 
of IK1 was shown to shorten repolarization and the QT interval 
and to exert a proarrhythmic effect in both the atria and the 
ventricles of this transgenic mouse model.22,23 Optical mapping 
and numerical studies in these mice demonstrated that, by 
increasing the RMP, IK1 overexpression enhances the availability 
of sodium channels during sustained reentry, which contributed 
to the observed increase in the frequency and stability of rotors 
and ventricular fibrillation.23 Recent experiments with the same 
Kir2.1 overexpressing mouse model have shown that Kir2.1, and 
therefore IK1, upregulation leads to a significant increase in the 
density of INa. These results strongly support the hypothesis that 
a change in the functional expression of Nav1.5 could be the 
result of protein-protein–type interactions with Kir2.1. Such 
interactions can be mediated through common partners in a 
macromolecular protein complex.5

prolonged ventricular refractoriness, and enhanced ventricular 
arrhythmia inducibility.7,8 Ventricular myocytes isolated from 
adult Scn5a+/− mice demonstrate an approximately 50% reduction 
in sodium conductance.8 However, an important question that 
has never been addressed, is whether, as has been demonstrated 
in other model systems, changes in Nav1.5 expression alter the 
level of functional expression of other membrane ion channels, 
particularly Kir2.1.5 Based on recent results,5 it would be reason-
able to expect a significant reduction in Kir2.1 (and its respective 
ionic current, IK1) and in the RMP of adult ventricular cardio-
myocytes as a consequence of one SCN5A allele being absent. 
Should that be the case, one would predict that IK1, the RMP and 
excitability would be rescued to normal levels by virally mediated 
gene transfer of Nav1.5 into adult cardiomyocytes isolated from 
these mice.

In a recent study using a transgenic mouse line overexpressing 
the human SCN5A gene,9 levels for the cardiac sodium mRNA 
transcript (Scn5a) and protein (Nav1.5) were each increased by 
approximately tenfold. However, no abnormalities were found in 
the electrophysiology of the ventricles. The QRS duration and 
the corrected QT interval (QTc) in SCN5A overexpressing mice 
were indistinguishable from their nontransgenic littermates. In 
addition, no ventricular arrhythmias were detected in the trans-
genic mice.9 The sodium current densities and APDs from trans-
genic ventricular cardiomyocytes were nearly identical to those 
of nontransgenic cells. Equally striking were the similarities 
between transgenic and normal hearts with respect to the sodium 
current densities and APDs found in atrial cells. However, base-
line ECG recordings by telemetry revealed a shortened PR inter-
val and P wave duration in the transgenic mice compared to their 
littermate controls, which the authors interpreted as being the 
result of altered AV nodal conduction.9 However, the possibility 
that His-Purkinje conduction was enhanced and thus caused the 
PR shortening was not considered. Nevertheless, it was clear that 
overexpression of SCN5A did not significantly increase the 
surface density of sodium channels in ventricular or atrial myo-
cytes.9 This finding is different from what was found in the cul-
tured neonatal rat myocyte. In these cells, INa is inherently 
relatively small, but viral transfer (and therefore overexpression) 
of Nav1.5 is accompanied by a significant increase in Nav1.5 and 
INa, excitability, and CV. As suggested by Abriel,7 one possible 
explanation to account for the disparate results of the two studies 
may be that the sodium channels are binding in a macromolecular 
complex. Based on this premise, and the assumption that there 
are a limited number of docking sites or complexes to which the 
sodium channel binds in the adult heart, then this complex (i.e., 
including its localization, stoichiometry, available components) 
could provide an upper limit as to how many functional sodium 
channels can be brought to the membrane in the adult mouse 
myocyte.7 However, such an idea might not be tenable in light 
of recent experiments demonstrating that transgenic overexpres-
sion of Kir2.1 increases INa density in the adult mouse heart 
(discussed later).

The Inward Rectifying Potassium Current (IK1)

Among the three strong inward-rectifying potassium channels 
(Kir2.1, 2.2 and 2.3) that are expressed in the heart, Kir2.1 is the 
most abundant in the ventricles. Kir channels are responsible  
for IK1, and they are involved in the depolarization, repolariza-
tion, and the resting phases of the cardiac action potential.10,11 
It is usually accepted that, near the resting potential, the  
ventricular IK1 conductance is much larger than that of any 
other current, with the exception of the adenosine triphosphate 
(ATP)-sensitive potassium current (IKATP), which, however, is 
generally not present since the KATP channels are not open 
under normal conditions. It is thus likely that physiological and/
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a defect in ankyrin-mediated Nav1.5 trafficking and localization 
on the membrane could alter Kir2.1 functional expression. This 
idea has not yet been explored in any detail.

Nav1.5 Is Regulated by SAP97

The C-terminus of Nav1.5 contains 244 amino acid residues that 
have been shown to interact with a number of proteins, including 
fibroblast growth factor-homologous factor 1B, calmodulin, 
Nedd4-like ubiquitin-protein ligase, dystrophin and syntrophin, 
Fyn, and PTPH1 (protein-tyrosine phosphatase).49-51 Of impor-
tance, the three last three amino-acids (Ser-Ilc-Val, SIV) of the 
Nav1.5 C-terminus constitute a PDZ-domain binding motif that 
is known to interact with PDZ domains found in proteins of  
the membrane-associated guanylate kinase (MAGUK) family.52 
MAGUK proteins act as scaffolding proteins involved in inter-
molecular interactions and protein trafficking to the cell mem-
brane. Petitprez et al.53 reported their study on the interaction 
between SAP97, one of the cardiac MAGUK proteins, and 
Nav1.5, with the idea of demonstrating that the Nav1.5-SAP97 
interaction is involved in the turnover and regulation of the 
biophysical properties of Nav1.5. Using Nav1.5 C-terminal fusion 
proteins in pull-down experiments with human and mouse heart 
protein extracts, these investigators demonstrated that the asso-
ciation between SAP97 and Nav1.5 depended on the PDZ-
domain binding motif of Nav1.5. The interaction appeared to be 
specific for SAP97 and Nav1.5, because the Nav1.5 constructs did 
not pull down either PSD95 or ZO-1, two other MAGUK pro-
teins that are expressed in the human heart.54 In patch-clamp 
experiments, Petitprez et al.53 further demonstrated that silenc-
ing SAP97 expression reduced the whole-cell sodium current 
without decreasing the total protein content in HEK293 cells 
stably expressing Nav1.5 channels. Taken together, with the dem-
onstrated colocalization of NaV1.5 and SAP97 at both interca-
lated discs53 and T-tubules,5 these findings support the existence 
of an interaction between Nav1.5 and SAP97 in cardiac tissue. 
This interaction could have a role in determining the channel 
density at the plasma membrane. Therefore, Petitprez et al.53 
have suggested that there are at least two pools of Nav1.5 chan-
nels in cardiomyocytes: one targeted to lateral membranes by the 
syntrophin-dystrophin complex, and another targeted to the 
intercalated discs by SAP97.

Nav1.5 Interacts with Syntrophins

Like other ion channels, Nav1.5 has been reported to be part of 
the dystrophin multiprotein complex.55 Gavillet et al.6 demon-
strated that Nav1.5 interacts with dystrophin via syntrophin 
adaptor proteins through the PDZ domain-binding motif at the 
Nav1.5 C-terminus.50 Dystrophin-deficient mice (mdx5cv) have 
reduced protein levels of Nav1.5 in ventricular lysates, and this is 
directly associated with reduced INa in isolated cardiomyocytes 
and with conduction defects documented on an electrocardio-
gram. Immunostaining of frozen mouse heart slices demonstrated 
colocalization of Nav1.5 and dystrophin specifically at lateral 
membranes, but not at the intercalated discs.6 However, mecha-
nisms by which a lack of dystrophin reduces Nav1.5 protein 
expression without altering the mRNA level6 have not been elu-
cidated. A study by Ueda et al.56 demonstrated that α1-syntrophin 
(encoded by the SNTA1 gene), connects Nav1.5 to the neuronal 
nitric oxide synthase (nNOS) – plasma membrane Ca-ATPase 
(PMCA) complex in the heart. These results implicated SNTA1 
as a susceptibility gene for inherited LQTS. The cardiac isoform 
of PMCA, PMCA4b, participates in the nNOS complex to 
inhibit nitric oxide synthesis.57 Furthermore, the study by Ueda 
et al.56 also identified a rare missense mutation (A390V-SNTA1) 

Intermolecular Interactions Involving Nav1.5 
and Kir2.x Channels

PDZ domain-mediated interactions are among the most fre-
quently encountered protein-protein interactions in cell biology.24 
PDZ stands for postsynaptic density protein (PSD-95), discs-
large (the drosophila septate junction protein), and zona 
occludens-1 (the epithelial tight junction protein).25 The primary 
function of PDZ domains is to mediate protein-protein interac-
tions by recognizing a consensus sequence (Thr/Ser-X-Val/Leu) 
usually located at the C-terminus of their target proteins.26-28 
PDZs can combine with other interaction modules (such as WW, 
SH3, and PTB domains) and help to direct the specificity of 
receptor tyrosine kinases, establish and maintain cell polarity, 
direct protein trafficking, and coordinate synaptic signaling.29-32 
Their pathophysiologic importance is highlighted by significant 
neuronal and developmental defects observed in PDZ knockout 
mice33-37 and by their implication in human inherited diseases.38-40

More than 70 PDZ domain–containing proteins (hereafter 
referred to as PDZ domain proteins) have been identified that 
interact with different ion channels, receptors, and signaling mol-
ecules.29 PDZ domain proteins are multidomain proteins that 
serve to link different proteins to form macromolecular com-
plexes via interactions with their various domains. For example, 
the protein structure of synapse-associated protein 97 (SAP97) 
contains three PDZ domains and an SH3 domain, HOOK 
domain, I3 domain, and an inactive guanylate kinase (GK) 
domain. Interactions via its HOOK domain enable SAP97 to 
bind protein 4.1; and in so doing, SAP97 is able to link proteins 
bound to its PDZ domains to the actin–spectrin membrane cyto-
skeleton or to protein components of the actin–spectrin mem-
brane cytoskeleton, such as protein 4.1.41 The complement of 
interacting proteins varies among the different PDZ domain pro-
teins, and this provides a mechanism to recruit ion channel  
proteins into distinct macromolecular complexes depending on 
which scaffolding proteins they bind (e.g., see Tiffany et al.42). 
The cellular localization of PDZ domain proteins can also vary, 
and it has been suggested that ion channel–PDZ domain protein 
interactions might be an important mechanism for plasma mem-
brane expression and distribution of ion channels.42-44 For 
example, ZO-1 and SAP97 are found in overlapping but distinct 
subcellular locations in the heart. ZO-1 is located exclusively in 
the intercalated disc, whereas SAP97 is found in the intercalated 
disc, lateral membranes,44-46 and at the T-tubules.5

Ankyrin-G and Nav1.5 Trafficking

A number of accessory proteins have been shown to interact and 
form a multiprotein complex with Nav1.5.7,47 Ankyrin-G and 
Nav1.5 are both localized at the intercalated disc and at T-tubule 
membranes in cardiomyocytes, and Nav1.5 coimmunoprecipitates 
with the 190-kDa ankyrin-G in detergent-soluble lysates from rat 
heart.47 The two proteins interact through a 9-amino acid motif 
in the Nav1.5 cytoplasmic loop II between DII and DIII, which 
helps to promote the localization of sodium channels to the cell 
membrane in cardiomyocytes.47 In 2004, Mohler et al.47 identified 
a point mutation (E1053K) in the ankyrin-binding motif of Nav1.5 
that is associated with Brugada syndrome. The E1053K mutation 
abolishes binding of Nav1.5 to ankyrin-G and prevents the accu-
mulation of Nav1.5 at cell surface sites in ventricular cardiomyo-
cytes.47 Those data suggested that association of Nav1.5 with 
ankyrin-G is required for Nav1.5 localization, and therefore func-
tion, at excitable membranes in cardiomyocytes. Concerted 
ankyrin-G interaction with potassium (Kv7) and Nav channels has 
also been demonstrated in neurons,48 but Kir2.1 has not been 
shown to interact with ankyrin-G. There is still the possibility that 
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in α1-syntrophin that was found in an LQTS patient. The A390V 
mutation selectively disrupted association of α1-syntrophin with 
PMCA4b, increased Nav1.5 nitrosylation, and increased late 
sodium current, which all suggested that the SNTA1 mutation 
was pathogenic.

Kir2.1 Interacts with Both SAP97 and α-Syntrophin

Members of the Kir2.x subfamily (Kir2.1, Kir2.2 and Kir2.3) each 
have a C-terminal motif that enables interaction with PDZ 
domain proteins. However, the C-terminal motifs are not identi-
cal between the isoforms. RRESEI is found in Kir2.1 and Kir2.2, 
whereas RRESAI is found in Kir2.3.58 It is noteworthy that the 
PDZ binding motif sequence on Kir2 overlaps a consensus 
sequence (RRxS) for protein kinase A–dependent phosphoryla-
tion. Consistent with this finding, Kir2.3 binding to PDZ domain 
proteins is modulated in vitro by phosphorylation of Kir2.3 
protein.59

A number of PDZ domain-containing proteins have already 
been shown to bind Kir2 channels. In two recent studies,60, 61 
affinity purification was used to isolate PDZ domain proteins 
from cardiac and brain tissue extracts. Identification of these 
isolated proteins demonstrated that cardiac SAP97, CASK, Veli3, 
and Mint1 are found in a complex with Kir2.2 channels. For the 
most part, the consequences (e.g., channel expression and bio-
physics of the interactions between Kir2.x channels with the PDZ 
domain proteins) are unknown. An association of PDZ domain 
proteins with many other ion channels or receptors has been 
shown to affect various aspects of protein trafficking in the secre-
tory and endocytic pathways. In general, PDZ domain–mediated 
protein-protein interactions can alter the rate of channel/receptor 
trafficking to the plasma membrane or alter the rate at which a 
given cell surface channel and/or receptor is endocytosed.62-64 It 
has also been suggested that binding to PDZ domain proteins is 
important for anchoring the Kir2 channels at the plasma mem-
brane46; however, until recently, this hypothesis had not been 
tested directly, with the exception of the interaction of PSD-95 
(a neuronal scaffolding protein) and Kir2.1 (discussed later).65

In 2004, Leonoudakis et al.61 used a proteomics approach to 
identify proteins associated with Kir2 channels via the channel’s 
C-terminal PDZ binding motif. Based on immunoaffinity puri-
fication and affinity chromatography from skeletal and cardiac 
muscle and brain, they demonstrated that, in addition to 
MAGUK-type proteins, Kir2 channels interact with various 
components of the dystrophin-associated protein complex, 
including α1-, β1-, and β2-syntrophin, dystrophin, and dystro-
brevin. Their affinity pull-down experiments revealed that Kir2.1, 
Kir2.2, Kir2.3, and Kir4.1 all bind to scaffolding proteins but 
with different affinities for the dystrophin-associated protein 
complex, including dystrophin and dystrobrevin,60 as well as the 
MAGUK proteins such as SAP97, CASK, and Veli. Moreover, 
their immunofluorescent localization studies demonstrated that 
Kir2.2 colocalizes with syntrophin, dystrophin, and dystrobrevin 
at skeletal muscle neuromuscular junctions. Overall, the results 
of Leonoudakis et al.60,61 suggested that Kir2 channels associate 
with protein complexes that might be important to target and 
traffic channels to specific subcellular locales, as well as to anchor 
and stabilize channels in the plasma membrane.

Reciprocal Regulation of NaV1.5 and Kir2.1 
in Adult Rat Ventricular Myocytes (ARVMs)

Voltage-clamp experiments presented in Figure 21-1 show  
a reciprocal regulation of Nav1.5 and Kir2.1 in adult rat ventricu-
lar myocytes (ARVMs). Nav1.5 was overexpressed using the 

adenoviral (Ad) construct (Ad-Nav1.5)5; a control group of myo-
cytes was infected with an adenoviral construct encoding green 
fluorescence protein (Ad-GFP). Average INa-density–voltage 
(I-V) plots are shown in Figure 21-1, A. There was a significant 
increase (p < 0.005) in INa density compared with control cells. 
There was no significant difference for V1/2 values between 
control and Ad-Nav1.5–treated cells.5 Overexpression of Nav1.5 
also resulted in a significant increase in IK1 density in both the 
inward (p < 0.01) and outward (p < 0.05) directions (see Figure 
21-1, B). Next, the possibility was considered that Kir2.1 over-
expression would increase Nav1.5 functional expression.5 Infec-
tion with Ad-Kir2.1 resulted in an increase of IK1 in ARVMs 
(Figure 21-1, C). Peak inward (–100 mV) and outward (–60 mV) 
currents were significantly larger (p < 0.01) than in control (Ad-
GFP) cells. As hypothesized, peak INa density was also increased 
(p < 0.005; Figure 21-1, D) with no changes in voltage depen-
dence of activation or inactivation.5 These results suggest that 
common molecular mechanisms are involved in the regulation of 
Kir2.1 and Nav1.5 functional expression.5

SAP97 and Syntrophin Are Involved  
in NaV1.5-Kir2.1 Interactions

SAP97 is able to link proteins bound to its PDZ domains, and 
because both Nav1.5 and Kir2.1 have PDZ binding domains at 
their respective C-terminus, the potential role of SAP97 in the 
reciprocal INa-IK1 interactions, discussed in the previous section, 
was examined. As described elsewhere in detail,5 adenoviral trans-
fer was used to knock down SAP97 expression (Ad-shSAP97) in 
ARVMs, and then properties of IK1 and INa were studied under 
these conditions. As illustrated in Figure 21-2, an approximate 
56% reduction in the relative levels of SAP97 (day 3 postinfec-
tion) (see Figure 21-2, B) was accompanied by an approximately 
50% reduction in IK1 density compared with control cells (see 
Figure 21-2, C ). Similarly, silencing SAP97 expression also 
reduced whole-cell INa density at several tested voltages (see 
Figure 21-2, D). Peak inward INa density was reduced by approxi-
mately 60% compared with the control cells (p < 0.005).

An investigation of whether Kir2.1 and Nav1.5 also associate 
with syntrophin is demonstrated in Figure 21-2, E, F. Syntrophin 
was detected in ventricular membrane fractions following immu-
noprecipitation with antibodies raised to Kir2.1 (see Figure 21-2, 
E) or to Nav1.5 (see Figure 21-2, F).

NaV1.5-Kir2.1 Interactions Are 
Posttranslational and Model Independent

The availability of a transgenic mouse model overexpressing 
Kir2.123 gave us the opportunity to ensure that the interactions 
were not an artifact of adenoviral infection and to discard any 
species-related differences in the interactions. Therefore, addi-
tional patch-clamp experiments were conducted in ventricular 
myocytes isolated from these adult transgenic mice, which are 
known to have approximately twelvefold greater IK1 density than 
littermate wild type (WT) mice.66 A comparison of INa density in 
WT and Kir2.1 overexpressing (OE) mice is shown in Figure 
21-3. Representative INa tracings from each genotype are pre-
sented in the left inset (see Figure 21-3, A). Compared with WT, 
the I-V relationship for INa in myocytes from Kir2.1 OE mice 
shows significantly larger INa density at several tested voltages 
(see Figure 21-3, A, right inset; p < 0.005). Consistent with the 
functional consequences observed with Kir2.1 overexpression 
(see Figure 21-3, A), increased Kir2.1 expression in the mouse 
heart leads to altered membrane protein expression of SAP97, 
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results suggest that regardless of whether these reciprocal  
changes lead to downregulation or upregulation of channel pro-
teins, they appear to involve posttranscriptional or posttransla-
tional mechanisms.

NaV1.5-Kir2.1 Interactions Involve 
Membrane Trafficking

The results discussed in the previous section demonstrate that 
the synergistic and reciprocal effects of Kir2.1 and NaV1.5 expres-
sion on channel current density occur at posttranslational levels. 
Recently, it was suggested that these channel proteins share a 
common trafficking pathway where the synergistic effects act to 
modulate the surface levels of Kir2.1 and NaV1.5 channels. 
However, the mechanisms controlling Kir2.1 or NaV1.5 plasma 
membrane targeting or localization remain poorly explored. The 
balance between anterograde and retrograde trafficking pathways 
determines steady-state cell surface expression of channel pro-
teins. Disease-associated mutations in both Kir2.1 and NaV1.5 
have been shown to affect anterograde trafficking by inhibiting 
steps early in the secretory pathway to cause intracellular reten-
tion. However, it is unknown whether retention of Kir2.1 results 
in retention of NaV1.5, or vice versa. In contrast, once at the 
plasma membrane, endocytosis is the initial step in retrograde 
movement, after which internalized proteins can follow multiple 
routes to different intracellular fates.67 One well-recognized 

syntrophin, and Nav1.5 in the transgenic Kir2.1 OE mouse heart 
(see Figure 21-3, B, C). Relative levels of SAP97, syntrophin, and 
Nav1.5 were significantly increased by factors of 1.6, 1.9, and 2.2 
respectively, compared with levels in WT littermates (p < 0.01; 
see Figure 21-3, B, C). These data demonstrate that reciprocal 
regulation between Kir2.1 and Nav1.5 (and their respective cur-
rents) also occurs in the mouse heart, and is thus not model 
specific or unique to ARVMs. It also provides assurance that  
the observed reciprocal regulation in rat myocytes was not  
a virally mediated artifact of overexpression. However, real-time 
polymerase chain reaction (RT-PCR) analyses showed that 
although the gene encoding Kir2.1 (KCNJ2) was significantly 
elevated in the transgenic, Kir2.1 overexpressing mice, mRNA 
levels for the genes coding for SAP97 (DLG1), NaV1.5 (SCN5A), 
and syntrophin (SNTA1) were unchanged in the hearts of trans-
genic Kir2.1 overexpressing mice, compared with WT litter-
mates (Figure 21-4, A).

Additional RT-PCR experiments (see Figure 21-4, B) demon-
strated that the expression levels of the genes encoding for 
NaV1.5, SAP97, and syntrophin mRNA were unchanged in ven-
tricles of heterozygous KCNJ2 KO (Kir2.1–/+) mice14 compared 
with WT littermates. However, as shown in Figure 21-5, 50% 
allelic reduction of KCNJ2 gene expression by homologous 
recombination resulted in a significant decrease in relative mem-
brane protein levels of NaV1.5, SAP97, and syntrophin (p < 0.05).

These data demonstrate that reciprocal regulation between 
NaV1.5 and Kir2.1 also occurs in the mouse heart and that it was 
observed in two independent mouse models. Furthermore, the 

Figure 21-1.  Reciprocal  regulation  of  NaV1.5  and  Kir2.1  in  adult  rat  ventricular  myocytes  (ARVMs).  A  and B, NaV1.5  overexpression  increases  both  INa  and  IK1  densities. 
A, Superimposed INa density–voltage relationships (5 mmol/L [Na+]o)  for Ad-GFP (black; N = 1, n = 7) and Ad-NaV1.5 (red; N = 2, n = 6)  infected cells. B, Superimposed IK1 
density–voltage relationship for Ad-GFP (black; N = 3, n = 8) and Ad-NaV1.5 (red; N = 3, n = 8) infected cells. The inset shows the magnification of the outward component 
of  the  IK1  I-V  relationship. C and D, Kir2.1 overexpression  increases both  IK1 and  INa densities. C, Superimposed  IK1 density–voltage  relationships  for Ad-GFP  (black; N = 3, 
n = 8) and Ad-Kir2.1 (red; N = 2, n = 5). D, Superimposed INa density–voltage relationships (20 mmol/L [Na+]0) for Ad-GFP (black; N = 2, n = 6) and Ad-Kir2.1 (red; N = 4, n = 
7). #p < 0.05; δp < 0.01; *p < 0.005 unpaired t test with Welch’s correction. 

(Modified from Milstein ML, Musa h, balbuena DP, et al. Dynamic reciprocity of sodium and potassium channel expression in a macromolecular complex controls cardiac excit-
ability and arrhythmia. Proc Natl Acad Sci U S A 109:E2134–E2143, 2012.)
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myocytes, which contributes to the control of Kir2.1 steady-state 
surface density.5 In addition, it was demonstrated that NaV1.5 
promotes cell surface expression of Kir2.1, at least in part, by 
reducing its internalization.5 However, it is unclear how NaV1.5 
or macromolecular complex formation with SAP97 affect this 
process. Elucidation of the mechanisms controlling the surface 

outcome is the targeting of internalized proteins to lysosomes 
followed by degradation. Alternatively, trafficking through recy-
cling endosomes allows proteins to return to the plasma mem-
brane and thereby protects them from degradation.68 Data 
presented recently in collaboration with Dr. Jeffrey Martens 
shows that Kir2.1 undergoes constitutive internalization in HL-1 

Figure 21-2.  SAP97 and syntrophin are  involved in NaV1.5-Kir2.1  interactions. A–D, Role of SAP97 in the reciprocal modulation of  IK1 and INa. A–B, Ad-shSAP97 infection 
silences SAP97 expression in adult rat myocytes by day 3 in culture compared with control infected cells (Ad-515). A,  Immunoblot showing immunodetection of SAP97 
expression (top and middle) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (loading control; bottom) from cells infected with either a control (Ad-515) or shSAP97 
(Ad-shSAP97) adenovirus. Middle (SAP97) shows a longer exposure of the same immunoblot shown in the top (denoted by ψ). The overexposure confirms expression of 
SAP97  in the Ad-SAP97–silenced cells and shows the contrasting  intensities and apparent protein  levels between control and SAP97-silenced ARVMs. B, Densitometric 
analysis of SAP97 expression normalized to GAPDH levels in control (black) and shSAP97-silenced (red) cells. Values represent data (mean ± SEM) from two different prepara-
tions harvested 3 days after infection. SAP97 expression was effectively knocked down by approximately 56% on day 3. C, IK1 density is reduced following SAP97 silencing 
in adult rat ventricular myocytes. Peak inward current density at –100 mV (control, –7.67 ± 1.52 pA/pF; Ad-shSAP97, –4.55 ± 0.47 pA/pF) and peak outward current density 
at –60 mV (control, 1.03 ± 0.46 pA/pF; ad-shSAP97, 0.34 ± 0.03 pA/pF) were significantly different  (p = 0.02 and p = 0.04,  respectively) between myocytes  infected with 
shSAP97 (N = 4, n = 11) and those infected with Ad-515 (control; N = 2, n = 6). The inset shows the protocol used to measure the current. D, Effects of SAP97 knockdown 
on sodium channel current density in adult rat ventricular myocytes. Superimposed INa density–voltage relationships in control (Ad-515) and SAP97-silenced (Ad-shSAP97) 
cells. A significant reduction in peak INa was observed for SAP97-silenced cells at several tested voltages. For both control and silenced conditions, N = 2 and n = 11. The 
inset shows the voltage clamp step protocol. #p < 0.05; δp < 0.01; *p < 0.005 unpaired t test with Welch’s correction. E and F, Kir2.1 and NaV1.5 each associate with syntrophin 
in rat heart ventricle. Syntrophin  is detected following immunoprecipitation with specific antibodies raised to Kir2.1 (E) or NaV1.5 (F). Coimmunoprecipitation reactions 
used membrane-enriched preparations generated from the ventricles of rat heart. (ψ images were digitally enhanced for clarity). IB, Antibody used for immunoblotting; IP, 
antibody used for immunoprecipitation. 

(Modified from Milstein ML, Musa h, balbuena DP, et al. Dynamic reciprocity of sodium and potassium channel expression in a macromolecular complex controls cardiac excit-
ability and arrhythmia. Proc Natl Acad Sci U S A 109:E2134–E2143, 2012.)
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stability and frequency of reentry and VT/VF.3,23 In fact, IK1 
upregulation is a substrate for very fast electrical rotors in the 
structurally normal ventricles.23 IK1 upregulation hyperpolarizes 
the resting membrane potential and thus increases sodium 
channel availability during reentry in a voltage-dependent 
manner. Recently, Milstein et al.5 demonstrated in neonatal rat 
ventricular myocyte (NRVM) monolayers that voltage depen-
dency is not the only mechanism by which NaV1.5-Kir2.1 inter-
actions control reentry dynamics and lead to faster rotors. Figure 
21-6 shows reproduced phase maps and rotation frequency plots 
obtained from optical mapping experiments that investigated the 
electrophysiological consequences of the NaV1.5-Kir2.1 molecu-
lar interplay when one or both protein channels are overex-
pressed.5 A single stationary rotor maintained the electrical 
activity in each monolayer. It was previously shown in single 
NRVMs that Nav1.5 overexpression alone prolonged the APD, 
whereas Kir2.1 overexpression had the opposite effect.5 In Figure 
21-6, A, APD prolongation induced by NaV1.5 overexpression 
in the monolayer was manifest as a lengthening of the  
wavelength and slowing of the reentry frequency. However,  
the shortened APD of Kir2.1 overexpressing monolayers 

expression of Kir2.1 and NaV1.5 will contribute significantly to 
the currently limited understanding of protein transport in the 
heart and to channelopathies involving altered trafficking.

Reciprocal NaV1.5 -Kir2.1 Interactions 
Control Reentry Frequency

The electrophysiological interplay between INa and IK1 is essential 
in the control of cardiac excitability and in determining the 

Figure 21-3.  Reciprocal regulation of INa and NaV1.5 in Kir2.1 overexpressing mice. 
A,  Superimposed  INa  density–voltage  relationships  in  wild  type  (WT;  black)  and 
Kir2.1-overexpressing (OE,  red) mice. The  left inset shows representative examples 
of INa traces in each group. The dotted line denotes 0 pA. (WT N = 4, n = 10; Kir2.1 
OE N = 2, n = 6. *p < 0.005, unpaired t test with Welch’s correction. B, Relative levels 
of syntrophin, SAP97, and NaV1.5 are significantly increased in hearts of transgenic 
mice  overexpressing  Kir2.1.  Crude  membrane  vesicles  were  prepared  from  the 
ventricles of control (WT) and Kir2.1-OE mice. Samples (16 µg/lane) were analyzed 
with  sodium  dodecyl  sulfate  polyacrylamide  gel  electrophoresis  (SDS-PAGE)  and 
immuno blotted using specific antibodies for syntrophin, SAP97, or NaV1.5, as indi-
cated. B, Representative immunoblots following detection of protein immunore-
activity  with  horseradish  peroxidase–conjugated  secondary  antibodies  and 
chemiluminescence (right). The corresponding Amido black nitrocellulose (protein 
stain)  is shown on the  left  to demonstrate analysis of equal  total protein. Protein 
concentrations were also verified by Lowry assay. (Bottom) Densitometric analysis 
of  data  shown  in  B  (top)  comparing  relative  protein  levels  between  WT  and 
Kir2.1-OE mice. Results are expressed as mean signal intensity and represent data 
from three animals for each genotype (N = 3 per genotype; δp < 0.01, mean ± SEM). 

(Modified from Milstein ML, Musa h, balbuena DP, et al. Dynamic reciprocity of 
sodium and potassium channel expression in a macromolecular complex controls 
cardiac excitability and arrhythmia. Proc Natl Acad Sci U S A 109:E2134–E2143, 2012.)
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Figure 21-4.  SAP97,  syntrophin,  and  NaV1.5  mRNA  levels  are  unchanged  in  the 
hearts of transgenic mouse models of Kir2.1 overexpression and underexpression. 
Total  RNA  was  extracted  from  ventricular  tissue  that  was  harvested  from  Kir2.1-
overexpressing (OE) mice, heterozygous Kir2.1 knockout (Kir2.1–/+), or the respective 
littermate  wild  type  mice.  The  mRNA  levels  for  the  genes  encoding  for  Kir2.1 
(KCNJ2),  SAP97  (Dlg1),  and  NaV1.5  (SCN5A)  were  determined  by  real-time  poly-
merase chain reaction for all genotypes. Glyceraldehyde-3-phosphate dehydroge-
nase was used as an endogenous control  for data normalization  in each sample. 
Relative quantification of mRNA expression was calculated using the 2−ΔΔCt method. 
A,  The  bar  graph  compares  messenger  RNA  (mRNA)  expression  for  all  genes 
between control and transgenic Kir2.1-OE ventricles. B, NaV1.5, SAP97, syntrophin 
mRNA levels are unchanged in the hearts of heterozygous Kir2.1 knockout (Kir2.1−/+) 
mice. N = 4 for all genotypes. **p < 0.005. 

(Modified from Milstein ML, Musa h, balbuena DP, et al. Dynamic reciprocity of 
sodium and potassium channel expression in a macromolecular complex controls 
cardiac excitability and arrhythmia. Proc Natl Acad Sci U S A 109:E2134–E2143, 2012.)
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significantly decreased the wavelength and increased the rotation 
frequency (see Figure 21-6, B). Most remarkable was the fact that 
combined overexpression of NaV1.5+Kir2.1 hyperpolarized the 
RMP, resulting in a shortened APD and a faster conduction 
velocity.5 Consequently, the frequency of reentry was even higher 
than that produced by Ad-Kir2.1 infection alone. These results 
suggest that the reciprocal intermolecular interplay of Kir2.1 and 
NaV1.5 could have profound consequences on the frequency and 
stability of reentry in the heart.

In summary, the results discussed in this chapter provided the 
first evidence that two major ion channel proteins that control 

Figure 21-5.  Transgenic reduction of Kir2.1 gene expression leads to a significant 
decrease  in  relative  protein  levels  of  NaV1.5  and  SAP97,  and  syntrophin.  Crude 
membrane vesicles were prepared from the ventricles of control (wild type [WT]) 
and  Kir2.1−/+  mice.  See  Figure  21-3  for  methods  describing  SDS-PAGE  and 
immunoblotting.  A,  Representative  immunoblots  following  detection  of  protein 
immunoreactivity with horseradish peroxidase–conjugated secondary antibodies 
and  chemiluminescence  (top).  The  corresponding  Amido  black  nitrocellulose 
(protein  stain)  is  shown  on  the  bottom  to  demonstrate  analysis  of  equal  total 
protein. Protein concentrations were also verified by Lowry assay. B, Densitometric 
analysis comparing relative protein  levels between WT and Kir2.1−/+ mice. Results 
are expressed as mean signal intensity (N = 7 per genotype. #p < 0.05, mean ± SEM. 

(Modified from Milstein ML, Musa h, balbuena DP, et al. Dynamic reciprocity of 
sodium and potassium channel expression in a macromolecular complex controls 
cardiac excitability and arrhythmia. Proc Natl Acad Sci U S A 109:E2134–E2143, 2012.)
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Figure 21-6.  Molecular NaV1.5–Kir2.1  interactions modulate  reentry  frequency  in 
neonatal  rat  ventricular  myocyte  (NRVM)  monolayers.  A,  Phase  maps  for  single 
rotations  obtained  from  representative  optical  mapping  movies  of  monolayers 
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bar indicates the phase in the excitation–recovery cycle. B, Reentry frequencies in 
monolayers infected with Ad-GFP (black; n = 11), Ad-NaV1.5 (blue; n = 13), Ad-Kir2.1 
(yellow; n  =  11),  or  Ad-Kir2.1  plus  Ad-NaV1.5  (red; n  =  13).  δp  <  0.01,  analysis  of 
variance. 

(Modified from Milstein ML, Musa h, balbuena DP, et al. Dynamic reciprocity of 
sodium and potassium channel expression in a macromolecular complex controls 
cardiac excitability and arrhythmia. Proc Natl Acad Sci U S A 109:E2134–E2143, 2012.)
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Figure 21-7.  Schematic  diagram  of  possible  interactions  between  Kir2.1,  NaV1.5, 
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macromolecular complex (a “channelosome”) and result in changes in the expres-
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cardiac electrical function, NaV1.5 and Kir2.1, are part of a 
common macromolecular complex that involves at least two dis-
tinct scaffolding proteins, SAP97 and syntrophin (Figure 21-7). 
Most likely, their interactions provide a means for their reciprocal 
regulation, with vital functional consequences for myocardial 
excitation, conduction velocity, and arrhythmogenesis.5 It is 
tempting to speculate that the complex formed by these two 
major ion channels, along with their protein partners, represents 
a molecular sensing system in the cell that might enable it to 
monitor, and adjust accordingly, expression levels of proteins 
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Kir2.1-NaV1.5 interactions, arrhythmogenesis and heart failure 
is further underscored by the demonstration that INa density 
decreases in chronic heart failure.71 The regulation of expression 
and mechanisms of interactions between Kir2.1 and NaV1.5 dis-
cussed here could contribute to the development of more effica-
cious treatments for arrhythmias in heart disease, particularly in 
heart failure and inherited arrhythmogenic diseases in which a 
defect in the membrane expression of NaV1.5 channel might 
affect the functional expression of Kir2.1, and vice versa.

involved in generating and maintaining the cardiac impulse as 
well as adjusting to pathophysiological conditions. Most exciting, 
the demonstrated intermolecular interaction between these two 
essential channels controlling cardiac excitability opens a new 
pathway in the study of the molecular mechanisms underlying 
sudden cardiac death in highly prevalent heart diseases, including 
heart failure, and with inherited cardiac arrhythmias in which 
defects in the functional expression of Kir2.1 have been demon-
strated clearly.69,70 Moreover, a mechanistic link between 
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other ultrastructural observations,4 the intercalated disc has been 
recognized as an area of specialization that provides a physical 
continuum between cardiac cells through mechanical junctions 
(desmosomes, adherens junctions) and intercellular channels (gap 
junctions).

The availability of immunofluorescence microscopy allowed 
the demonstration that other molecular complexes, not detect-
able by electron microscopy, are also present in the intercalated 
disc. Of particular relevance to this chapter is the fact that channel 
protein complexes involved in both depolarization and repolar-
ization localize preferentially to the intercalated disc. This physi-
cal proximity allows for a key functional consequence; molecules 
traditionally defined as junctional, such as connexin43 (Cx43) and 
plakophilin-2 (PKP2), actually regulate the function of ion chan-
nels responsible for the action potential. In turn, molecule acces-
sories to ion channels are also relevant for cell adhesion and gap 
junction function.5-7 These data support the notion that the inter-
calated disc is not just the site of residence of independent junc-
tional and nonjunctional complexes that are oblivious to the 
presence and function of the others. It is, rather, the home of a 
protein interacting network (an interactome) where molecules 
multitask to achieve jointly, intimately related functions: the 
entry and exit of charge into the cell, the transfer of charge 
between cells, and the anchoring of cells to each other, which 
provides a mechanically stable environment critical to ion channel 
function.

The following sections contain an update of current knowl-
edge on the composition of selected molecular complexes of the 
intercalated disc, their interactions, and the possible mechanisms 
by which dysfunction of intercalated disc molecules may lead to 
arrhythmia disease. This discussion converges with other inves-
tigators to challenge the notions that: (1) connexins are only 
involved in the formation of gap junctions, (2) sodium channels 
are only important for single cell excitability, (3) desmosomal 
molecules are only relevant to cell adhesion, and (4) it is only 
through modifications of those functions that these proteins par-
ticipate in the genesis of lethal cardiac arrhythmias, or are poten-
tially valuable as targets for antiarrhythmic therapy.

Intercalated Disc Proteins in Inherited  
and Acquired Diseases

The function of intercalated disc components is relevant not only 
to normal physiology, but also to the understanding of disease. It 
is not the purpose of this chapter to review clinical aspects of 
arrhythmias, but it seems worth mentioning at the outset selected 
examples where novel findings regarding intercalated disc biology 
can provide insight into arrhythmia mechanisms.

The Intercalated Disc: A Molecular 
Network That Integrates Electrical 

Coupling, Intercellular Adhesion, and 
Cell Excitability
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Historical Perspective

The heartbeat results from the added output of millions of cells 
that contract in synchrony. To achieve this function, complex 
molecular networks work in concert, with exquisite temporal 
precision. The accurate timing of the molecular events demands 
a comparable precision on the location of each molecule within 
the cell. Indeed, molecular networks organize within well-
confined microdomains, where physical proximity allows for 
prompt and efficient interaction. In turn, loss of molecular orga-
nization in the nanoscale can be a core component in the patho-
physiology of disease.

This chapter focuses on the intercalated disc, a region of 
specialization formed at the end-end site of contact between 
cardiac myocytes. When first observed through light microscopy 
(in 1866), the intercalated disc was considered “a cementing 
material” at cardiac cell boundaries. However, the scientific com-
munity at the time was divided on whether cardiac cells were 
separate from each other or fused into a single syncytium. The 
latter hypothesis was in fact favored by most during the early 
twentieth century. The advent of electron microscopy eventually 
settled this debate. The studies of Sjostrand and Andersson1 and 
others showed that the intercalated disc consisted of a double  
membrane, flanked by the termination of myofibrils in dense 
material. Their observations led Muir2 to conclude that “the 
discs represent the junctions between neighboring cardiac  
muscle cells.” He wrote that “there is no valid evidence to  
contest the statement that the intercalated discs are specialized 
regions of cellular adhesion.” Since then, and as a result of the 
pioneering electrophysiology experiments of Weidmann3 and 
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nisms of ventricular arrhythmias between patients with ARVC 
and Brugada syndrome.”

Structural Features of the Intercalated Disc

In its classic definition, the intercalated disc is composed of three 
electron-dense structures: adherens junctions, desmosomes, and 
gap junctions (Figure 22-1). Additional reviews on the character-
istics of these structures can be found elsewhere.24,25 These struc-
tures are described briefly in the following sections, and the 
structural and molecular definitions of the intercalated disc are 
expanded to include the area composita, the intercellular space, 
and the nonjunctional ion channel complexes.

Adherens Junctions

Adherens junctions are specialized structures essential for the 
mechanical coupling between neighboring cells. The three mor-
phologically different forms of adherens junctions are puncta 
adherentia, zonula adherens, and fascia adherens, with the last 
name corresponding to the morphology found in the cardiac 
intercalated disc.26 Cell-cell mechanical anchoring occurs at two 
crucial points: the extracellular space, within which cadherins 
tightly bind to each other, and the intracellular space, within 
which the cytoplasmic end of cadherin is indirectly attached to 
the actin cytoskeleton. The association between cadherin and the 
cytoskeleton involves at least two molecular “hinges”; cadherin 
binds to β-catenin and plakoglobin, and both molecules in turn 
bind to α-catenin (among others), the latter being in direct 
contact with actin. This is only a simplified description, because 
other interactions are likely to occur.27 This string of intermo-
lecular interactions provides mechanical continuity between cells, 
allowing for the mechanical work of individual myocytes to inte-
grate into the pumping function of the heart.

Initial studies on the relation between desmosome integrity 
and cardiac electrophysiology were propelled by the finding  
that most familial cases of arrhythmogenic right ventricular car-
diomyopathy (ARVC) in which a genetic link has been found 
associate with mutations in genes coding for desmosomal mole-
cules.8 The latter brought forth the question of how a molecule 
considered purely relevant to cell adhesion altered the electrical 
behavior of the heart. The associations between desmosomal 
proteins and ion channel function (particularly the sodium current 
INa) are extensively reviewed in this chapter. (Recent publications 
refer to this disease as “arrhythmogenic cardiomyopathy,” to note 
the occurrence of left ventricular involvement.8)

A number of studies have demonstrated remodeling of gap 
junction proteins (in particular Cx43) in a number of inherited 
and acquired arrhythmia-related diseases.9-13 Recently, the 
Fishman laboratory provided evidence that aberrant posttransla-
tional phosphorylation of Cx43 could be the common pathway 
leading to pathologic gap junction remodeling and arrhyth-
mias.10,14 Although there is a relationship between Cx43 remodel-
ing and arrhythmias, it is unclear whether these arrhythmias are 
exclusively consequent to changes in gap junction formation.15 
Recent data show that reduced Cx43 expression alters sodium 
and potassium current function, and these changes could become 
part of the arrhythmogenic substrate.16-18

Disruption of the voltage-gated sodium channel complex is 
considered an important molecular substrate for arrhythmogen-
esis. Extensive reviews on the relation between mutations in 
proteins of the voltage-gated sodium channel (VGSC) complex 
and arrhythmias are available.19 Of particular interest in the 
context of this review is the observation that haploinsufficiency 
of a desmosomal protein, or overexpression of a mutant desmo-
somal protein, leads to INa deficit and increased arrhythmia sus-
ceptibility.20,21 The latter recalls the previously formulated 
concept that ARVC and Brugada syndrome (a channelopathy 
caused by mutations on genes of the VGSC complex) share 
common features22 and that, as Corrado et al.23 stated, there is 
the possibility of “an overlap in clinical manifestation and mecha-

Figure 22-1.  Transmission electron micrographs of intercalated disc in adult murine heart. Tissue prepared by high-pressure freezing and freeze substitution, thus greatly 
improving structural preservation. A, Low magnification to demonstrate the entire length of the intercalated disc as it meanders between two cells. B and C, Proximity 
(and  contact  in  C,  yellow arrow)  between  mitochondria,  gap  junctions,  and  desmosomes.  D,  Example  of  close  proximity  between  a  gap  junction  and  a  desmosome. 
E, Compiled three-dimensional  tomographic electron microscopy  reconstruction of  the  intercalated disc. Notice  the extensive vesicular activity between the  two cells. 
D, Desmosomes; GJ, gap junction; M, mitochondria. 

(Reproduced from Delmar M, Liang FX: Connexin43 and the regulation of intercalated disc function. Heart Rhythm 9:835–838, 2012.)
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heart, the Wnt signaling and the activation of genes by β-catenin/
Tcf/Lef has been associated with the regulation of physiologic 
and pathologic growth of the cardiomyocytes.44 Plakoglobin, 
another protein of the armadillo family, shows high homology 
with β-catenin and has been associated with the Wnt signaling. 
Different studies have shown that plakoglobin interacts and com-
petes with β-catenin at multiple levels, acting as an antagonist of 
the Wnt/β-catenin signaling.45-47 The fact that desmosomal pro-
teins are involved in the regulation of the Tcf/Lef complex has 
been invoked as a possible mechanism for the fibrofatty infiltra-
tion common in hearts affected with ARVC.48-50

Gap Junctions

In 1958, Sjostrand et al.4 described an area of specialization in 
the cardiac intercalated disc composed of “three dark lines with 
two intervening less dense lines”. This structure, which was 
similar to the one previously identified in the giant axon of the 
crayfish, was named the “longitudinal connexion” by these inves-
tigators. Years later, Revel coined the term gap junctions, thus 
emphasizing two key features: a gap between the cells and a junc-
tion between them.

Gap junctions form intercellular channels that provide a low-
resistance pathway for direct cell-to-cell passage of electrical 
charge between cardiac myocytes. Each gap junction channel is 
composed of two hexameric structures called connexons that dock 
across the extracellular space and form a permeable pore isolated 
from the extracellular space. Each connexon results from oligo-
merization of an integral membrane protein, connexin. The most 
abundant connexin isotype in the heart, brain and other tissues 
is the 43-kD protein, connexin43 (Cx43).

The importance of Cx43 in the propagation of the cardiac 
action potential is well established. If Cx43 channels are not 
present, normal propagation is disrupted and lethal arrhythmias 
can ensue.51,52 Gap junction remodeling has been studied for 
various inherited and acquired diseases.10,11,14,53-55 The implica-
tions of connexin remodeling to electrophysiology are discussed 
later in this chapter.

Intercellular Space

The size of the space separating two cardiac cells at the interca-
lated disc changes depending on the proximity to the various 
structures, as well as the vesicular activity between the two cells 
(see Figure 22-1). It is a common view that the intercellular space 
is not relevant for electrophysiology. This view, however, is 
changing. Mathematical modeling studies56,57 and experimental 
evidence58 support the idea that the intercellular space is critical 
to propagation via an electric field mechanism.59 This model will 
be discussed later. Of note, increased size of the intercellular 
space has been reported in animal models of ARVC.20,21,60,61

Ion Channel Complexes That Reside at the 
Intercalated Disc

Voltage-Gated Sodium Channel Complex

In 1996, Cohen62 showed that cardiac sodium channel proteins 
were preferentially localized at the intercalated disc,62 although 
they are also present over the cell surface, following a striated 
pattern.63 Recent data emphasize how the VGSC interacts also 
with scaffolding, anchoring, and adhesions proteins, which regu-
late its function.

Desmosomes

The desmosome (macula adherens) appears as two parallel tri-
partite plaques containing an intercellular gap of approximately 
30 nm bisected by a distinct line, parallel to the apposed cell 
membranes (see Figure 22-1).28 Desmosomes contribute to 
mechanical continuity between cardiac cells. Whereas adherens 
junctions link the actin cytoskeleton of adjacent cells, desmo-
somes provide continuity to the intermediate filament network 
(mainly desmin, in the case of heart).28,29 In the extracellular 
space, desmosomal cadherins (desmocollins and desmogleins) 
bind tightly to each other. In the intracellular space, the inter-
mediate filaments bind to desmoplakin. The interaction between 
desmoplakin and the desmosomal cadherin can be in some cases 
direct, but it mostly occurs through their association with pla-
kophilin and plakoglobin.28,29 The topologic organization of des-
mosomal molecules was studied by North et al.30 using 
quantitative immunogold electron microscopy. More recently, 
Al-Amoudi et al.31 solved the three-dimensional molecular struc-
ture of the desmosomal plaque. Overall, structural and biochemi-
cal evidence combined show that desmoplakin binds to plakophilin 
through their N-terminal domains,28,32 whereas desmoplakin 
binds to the intermediate filament by way of its C-terminal 
domain,28,31 yielding a highly organized structure.

Hatsell and Cowin29 once described the desmosome as “a 
system as staid and solid as the queen’s corsets.”29 With that 
analogy, it is easy to imagine the loss of containment that would 
follow in its absence. Mice deficient in plakoglobin, desmoplakin, 
or plakophilin-2 (PKP2), die during embryonic development as 
a result of severe myocardial rupture.33-35 More relevant from the 
point of view of clinical cardiology, ARVC in humans has been 
linked to mutations in desmosomal proteins.36 The relation 
between various complexes of the intercalated disc and ARVC is 
discussed later in this chapter and in other review articles.24,37

The Area Composita

Recent immunoelectron microscopy studies revealed the pres-
ence of a structure with mixed features of desmosomes and adhe-
rens junctions, dubbed the area composita.38 This structure is 
found only in the heart of higher vertebrate species including 
mouse and humans.39,40 The combination of components of the 
desmosomes and the adherens junctions allows anchorage of 
actin and desmin filaments to the same point, perhaps providing 
additional strength and flexibility to the muscle cell. Knockdown 
of PKP2 in neonatal cardiomyocytes leads to remodeling of the 
area composita.41 Additional studies suggest a role for α-catenin 
in the maintenance of these hybrid junctions.42 Interestingly, 
knockdown of α-catenin leads to PKP2 decrease only at the area 
composita and not at the desmosomes, suggesting that the molec-
ular composition of the area composita, and its regulation, can 
be independent from that of other junctions.42 The area com-
posita may represent a physical space where mechanical junction 
proteins interact with ion channel complexes.

Transcriptional Regulation by Mechanical  
Junction Proteins

Catenins are a part of both adherens junctions and desmosomes, 
thus participating in cell adhesion; however, these proteins also 
act as transcriptional activators. A prominent example is the par-
ticipation of β-catenin in canonical Wnt signaling.43 Binding of 
Wnt to its Frizzled receptor leads to an increase in levels of 
cytosolic β-catenin and a consequent translocation of the protein 
to the nucleus, where it binds to Tcf/Lef complex and promotes 
the expression of various genes such as c-Myc or c-Fos. In the 
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where NaV1.5 interacts with the MAGUK proteins SAP97 and 
ZO1, as well as with PKP2.72 Lin et al. recently demonstrated 
that this subcellular distribution correlates with differences in 
function.65 Using cell-attached macropatch recordings, these 
authors showed that the magnitude of INa is larger at the inter-
calated disc than in the midsection of the cell. Furthermore, 
TTX-resistant channels in the midsection showed a significant 
negative shift in the steady-state inactivation curve, suggesting 
that these channels are mostly in an inactivated state at the 
normal resting potential, and that the burden of excitation is on 
the channels at the intercalated disc. These authors also demon-
strated that the amplitude of current is larger if cells remain 
paired, strongly suggesting that cell adhesion preserves sodium 
channel function. The interaction between sodium channels and 
proteins of the intercalated disc is discussed extensively later.

Potassium Channels at the Intercalated Disc

In 1995, Mays et al.73 described for the first time that the potas-
sium channel protein KV1.5 localizes to the intercalated disc of 
adult myocardial cells. Later studies showed that KV1.5 associates 
with SAP97.74 Interestingly, SAP-97 also associates with NaV1.5,71 
making this protein a candidate for mutual regulation of both 
depolarization and repolarization channels, as is the case of 
NaV1.5 and Kir2.1.75 Additional studies have shown that the func-
tion of KV1.5 depends on the expression of N-cadherin,76 an 
interesting parallelism to the interaction between PKP2 (a des-
mosomal molecule), and NaV1.5.72 Cheng et al.76 also showed 
that cortactin is required for the N-cadherin–dependent regula-
tion of KV1.5. Of note, mice deficient in kcne2, an ancillary 
potassium channel subunit, display an impaired ventricular repo-
larization because of inhibition in the trafficking to the mem-
brane of KV1.5.77

Another voltage-gated potassium channel that preferentially 
(though not exclusively) localizes to the intercalated disc is KV4.2; 
it is responsible for the rapid repolarization phase of the cardiac 
action potential.78,79 Finally, regarding Kir channels, two different 
subunits localize at the transverse tubules and at the intercalated 
disc in canine myocytes: Kir2.1 and Kir2.3.80

Noncanonical Functions of Intercalated  
Disc Molecules

The various complexes described in the preceding sections do 
not exist in isolation. Rather, they dynamically interact with each 
other. Through these interactions, they exert unconventional 
(i.e., noncanonical) functions. Some of those functions are 
described as follows.

Desmosomal Proteins Are Necessary for the 
Formation of Functional Gap Junctions

Studies on the relation between desmosome integrity and cardiac 
electrophysiology were motivated by the finding that most famil-
ial cases of ARVC where a genetic link has been found, result 
from mutations in genes coding for desmosomal molecules. Dr. 
Saffitz and his colleagues were first to propose a link between 
mechanical and electrical junctions.54,81 In a series of seminal 
studies, these investigators first provided evidence that the 
molecular phenotype of the ARVC-afflicted heart involves not 
only desmosomes, but other molecules of the intercalated disc as 
well.53,54 In particular, the authors showed a significant decrease 
in the abundance of Cx43 immunoreactive protein in the inter-
calated disc region of heart tissue obtained from affected patients. 

α-Subunit NaV1.5
The cardiac, pore-forming, α-subunit NaV1.5 contains four 
homologous transmembrane domains DI-DIV, linked by intra-
cellular loops (IDI-II, IDII-III, IDIII-IV). Each domain is formed 
by the six transmembrane segments S1 to S6, and is involved in 
the voltage-dependent activation of the channel. The channel 
pore conducting Na+ is lined by the S6 segment and the S5-S6 
pore loops in each domain.19 The inactivation gate is a complex 
formed by the DIII-IV loop and the C-terminus.64 This channel 
is defined as TTX-resistant, in contrast with other Nav channels. 
Of note, TTX-sensitive channel proteins, and currents, have also 
been found in cardiac myocytes, with the current localized pri-
marily to the midsection of the cell.63,65

The SCN5A gene, on chromosome 3p21, codes for the NaV1.5 
subunit. Mutations resulting in increased INa are associated with 
long QT syndrome type 3. Mutations that cause a reduction in 
INa are responsible for a series of different diseases, such as 
Brugada syndrome, progressive cardiac conduction defect, sick 
sinus syndrome, and a form of inherited atrial fibrillation. Some 
mutations are associated with a clinical spectrum encompassing 
more than one of those phenotypes and can manifest differently 
among carriers, even within the same family.19 Interestingly, some 
SCN5A mutations have been linked to a form of dilated cardio-
myopathy with a high incidence of atrial and ventricular arrhyth-
mias.66 It is not yet clear how mutations in the sodium channel 
could lead to structural damage of the myocardium. Based on the 
crosstalk between intercalated disc structures described in this 
chapter, we are tempted to speculate that the integrity of the 
sodium channel complex is also relevant to intercellular adhesion 
strength.20,21,67

β-Subunits of the Sodium Channel
The NaV β-subunit family consists of four proteins: β1-4, coded 
by genes SCN1B to SCN4B, respectively. These are single-span 
transmembrane proteins oriented with the amino terminus facing 
the extracellular space. The extracellular domain presents a con-
served immunoglobulin domain, homologous to the one in cell 
adhesion molecules.68 The carboxyl terminus associates with 
cytoskeletal and scaffolding proteins. β1 and β2 are localized at 
the T-tubules–Z lines and at the intercalated discs in rat cardiac 
myocytes. β3 colocalizes with β1 at the T-tubules and β4 colocal-
izes with β2 at the intercalated disc. β1 and β2 associate with 
ankyrin-G and ankyrin-B in both brain and heart, and their 
interaction is critical for channel surface expression and modu-
lates the channel function in vivo. β1 and β2 associate with 
N-cadherin and with Cx43 at the intercalated disc.69 Altogether, 
β-subunits have a key role in the interactions between the VGSC 
multiple proteins at the intercalated disc, including those relevant 
for cell adhesion and for electrical coupling between cells.69 Fur-
thermore, work from the Isom lab has demonstrated that null 
mice for the β1 subunit show a significant increase in SCN5A 
mRNA in cardiac myocytes.70 Further research is needed to elu-
cidate the role of β-subunits in transcription regulation in the 
heart.70 Overall, the data show that, as in the case of catenin and 
plakoglobin, β-subunits can have distal, contact-dependent 
effects, including regulation of gene transcription, with conse-
quences to the function and structure of the heart.

Subcellular Heterogeneity of Voltage-Gated Sodium Channel
Recent studies have shown that not all sodium channels on the 
surface of the cardiac myocyte are equal. Instead, the molecular 
composition and the function of a sodium channel are different 
depending on whether NaV1.5 is localized to the intercalated disc 
or to the midsection of the cell. Petiprez et al.71 described two 
separate pools of VGSC in ventricular cardiomyocytes. One of 
these two subpopulations localizes at the lateral membrane of the 
myocytes, where NaV1.5 interacts with dystrophin and syntro-
phin; the second subpopulation of VGSC localizes at the ID, 



THE INTERCALATED DISC: A MOLECULAR NETWORK 219

22 
Desmosomal Molecules Are Necessary for Sodium 
Channel Function

The observations described earlier led to the question of whether 
Cx43 is the only molecule relevant to electrophysiology that 
interacts with PKP2. Given the preferential localization of the 
VGSC complex at the intercalated disc, we explored its possible 
cross-talk with desmosomal molecules. Single, adult cardiac myo-
cytes were treated with small interfering RNA (siRNA) to prevent 
expression of PKP2. Control cells were treated with a nonsilenc-
ing construct. As shown in Figure 22-2, A, the amplitude of INa 
was significantly reduced in cells lacking PKP2 expression. This 
reduction in amplitude was observed across the voltage range (see 
Figure 22-2, B). In addition, loss of PKP2 expression caused a 
negative shift in the voltage dependence of steady-state inactiva-
tion (see Figure 22-2, C), and a slowing of recovery from inactiva-
tion (see Figure 22-2, D). These changes in the major excitatory 
current were reflected in a decrease in the velocity of action 
potential propagation in monolayers of neonatal rat ventricular 
myocytes (Figure 22-3). Interestingly, computer simulations 
showed that the changes in amplitude and kinetics of the INa rep-
resented the key substrate for the generation of reentrant activity 
in a two-dimensional model of cardiac cells.90 Overall, these data 
led us to propose that there is a functional crosstalk between a 

The hypothesis of a desmosome–gap junction crosstalk was con-
firmed in vitro by Oxford et al.,82 who used RNA silencing 
technology to reduce PKP2 expression in cardiac ventricular 
myocytes, as well as in epicardium-derived cells obtained from 
neonatal rat hearts. Their data showed that the loss of PKP2 
expression led to a decrease in total Cx43 content, a significant 
redistribution of Cx43 to the intracellular space, and a decrease 
in dye coupling between cells. Separately, they demonstrated that 
Cx43 and PKP2 coexist in the same macromolecular complex. 
Follow up studies confirmed this observation,41,83,84 giving support 
to the notion that two complexes previously considered indepen-
dent are in fact, functionally and molecularly interactive. Recent 
studies on samples obtained from hearts affected with ARVC 
have confirmed the notion that in most (though not all) cases, 
there is a significant loss of Cx43 immunoreactive signal associ-
ated with the loss of desmosomal integrity in the cardiac inter-
calated disc.85,86

Quantitative analysis in experimental models indicated that 
complete loss of PKP2 expression led to an approximate 50% 
decrease in gap junction–mediated cell-cell coupling.82 Previous 
studies had shown, however, that a 50% reduction in electrical 
coupling does not lead to significant changes in conduction 
velocity.87-89 We therefore speculated that in addition to interact-
ing with gap junctions, desmosomal molecules can also interact 
with ion channel complexes that reside at the intercalated disc.

Figure 22-2.  Voltage clamp data obtained from adult cardiomyocytes after knockdown of PKP2. Cells were untreated (UNT) or treated with a nonsilencing construct (ϕKD) 
or with oligonucleotides that prevent PKP2 expression (KD). A, Examples of sodium currents recorded under the three different conditions. B, Complete voltage dependence 
of sodium current density. C, Voltage dependence of steady-state inactivation. D, Recovery from inactivation. Notice that the loss of PKP2 expression decreased sodium 
current density, caused a negative shift in steady-state inactivation, and prolonged recovery from inactivation. Further details in.72 
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Figure 22-3.  Optical mapping of action potential propagation in monolayers of neonatal rat ventricular myocytes. Isochrome maps from monolayers were treated with a 
nonsilencing construct (A) or silenced for PKP2 (B). C, Conduction velocity as a function of pacing frequency. D, A phase map of spontaneous reentrant activity in a PKP2-
deficient monolayer. 

(Reproduced from Sato PY, Musa H, Coombs W, et al: Loss of plakophilin-2 expression leads to decreased sodium current and slower conduction velocity in cultured cardiac 
myocytes, Circ Res 105:523–526, 2009.)
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protein defined in the context of intercellular junctions (PKP2), 
and another complex primarily involved in supporting cell excit-
ability (the VGSC complex). The results supported the hypoth-
esis that arrhythmias that occur in patients with ARVC may have 
as a substrate not only changes in the macroscopic architecture of 
the tissue (as it would be expected once the fibrofatty infiltrations 
populate the heart), or in the integrity of intercellular coupling, 
but also changes in the electrical properties of the cardiac myo-
cytes. Of relevance, these results revealed that a property “of the 
single cell” (excitability; inward sodium current [INa]) is in fact 
subject to modulation by proteins classically defined as belonging 
to the group of intercellular junction molecules.

PKP2 mutations associated with ARVC have all been found in 
only one allele. We therefore characterized the relation between 
PKP2 abundance and sodium current function in mice that were 
haploinsufficient for the pkp2 gene (PKP2-Hz).20 Of note, one of 
the most common mutations in PKP2 is the presence of a stop 
codon at amino acid position 79 (R79x).91 This early truncation 
is functionally equivalent to haploinsufficiency.92 Patch clamp 
experiments showed a decreased amplitude and a shift in gating 
and kinetics of INa in PKP2-Hz myocytes, compared with control 
myocytes. To further unmask INa deficiency, we exposed myo-
cytes, Langendorff-perfused hearts and anesthetized animals to a 
pharmacologic challenge (flecainide). In PKP2-Hz hearts, the 
extent of flecainide-induced INa block, impaired ventricular con-
duction, and altered electrocardiographic parameters were larger 
than controls. As shown in Figure 22-4 and described by Cerrone 

et al.,20 flecainide provoked ventricular arrhythmias and death in 
PKP2-Hz animals, but not in wild type. These results showed 
that PKP2 haploinsufficiency leads to INa deficit in murine hearts, 
thus documenting for the first time the relation between the 
“desmosomal molecule” PKP2 and the VGSC complex in a living 
heart. Our results supported the contention that INa dysfunction 
contributes to generation and maintenance of arrhythmias in 
patients with desmosomal deficiency. It remains unclear whether 
pharmacologic challenges could help to unveil arrhythmia risk in 
patients with mutations or variants in PKP2.

The relation between desmosomal molecules and the VGSC 
has also been demonstrated in mice overexpressing a desmoglein-2 
(DSG-2) mutation.21 This model is interesting given that severe 
arrhythmias and sudden death in these mice often occur before 
structural damage; the latter mimics a phenomenon often 
observed in humans affected with ARVC, where arrhythmias and 
electrocardiographic changes have been described early in the 
history of the disease, before overt structural changes in the 
myocardium.24,54,93 Electrophysiological analysis of these DSG-2 
transgenic mutant mice revealed prolonged ventricular activation 
time, decreased conduction velocity in both longitudinal and 
transverse directions, and increased arrhythmia susceptibility, 
prior to signs of fibrosis or necrosis in the myocardium. The 
authors also observed a decrease in maximal upstroke velocity and 
decreased INa amplitude. Taken together, the data demonstrate 
that a decrease in PKP2 abundance,20 as well as the overexpres-
sion of a DSG-2 mutation,21 lead to impaired INa function in 
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Figure 22-4.  Electrocardiographic (ECG) features of PKP2-Hz mice at baseline, and in response to flecainide. A, Examples of ECG traces from wild type (top) and PKP2-Hz 
mice  (bottom). Recordings obtained at baseline  (left)  and 10 minutes after flecainide  (40 mg/kg  intraperitoneally,  right).  B,  ventricular  tachycardia  (VT)  in PKP2-Hz mice. 
Overall, the flecainide caused a prolongation of the P and QRS durations, and of the PR and QTc intervals that were significantly more pronounced in PKP2-Hz animals than 
in control. Six of 12 PKP2-Hz showed ventricular arrhythmias. None of the 11 wild type mice tested presented ventricular arrhythmias. Arrhythmic death occurred in three 
PKP2-Hz animals and in none of the control animals. 

(Reproduced from Cerrone M, Noorman M, Lin X, et al: Sodium current deficit and arrhythmogenesis in a murine model of plakophilin-2 haploinsufficiency. Cardiovasc Res 
95:460–468, 2012.)
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hearts with no histologic features of ARVC. These data provide 
a demonstration in vivo of the interaction between desmosomal 
molecules and the VGSC, and they suggest impaired sodium 
current as a substrate for lethal arrhythmias in the concealed 
phase of ARVC, as proposed earlier.72

The question remains as to whether other desmosomal pro-
teins also interact with NaV1.5, and whether these interactions 
occur in the human heart. Recently, Gomes et al.94 reported that 
mice that are haploinsufficient for desmoplakin present average 
peak INa density similar to control; however, careful analysis of 
their results suggests the possibility of technical limitations in 
their voltage clamp recordings, which could have masked small 
differences between the groups.20 However, in the same study, 
the authors showed that patients with heterozygous mutations in 
desmoplakin and without overt structural disease had significant 
regional conduction delays and heterogeneous NaV1.5 distribu-
tion.94 The possibility of changes in the abundance or colocaliza-
tion of NaV1.5 in the intercalated disc area of the hearts of 
patients with ARVC is a matter of current investigation.

Connexin43 Regulates Sodium  
and Potassium Currents

Loss of Cx43 expression leads to propagation block and to 
arrhythmias. Interpretation of this result has centered mostly on 
the role of Cx43 as the pore-forming subunit of gap junctions. 
However, the latter does not exclude the possibility that Cx43 
could also interact with other channel complexes, and affect their 
function. In fact, there is no reason to confine Cx43 to a single 
task, in a single structure.

The first indication of an interaction between Cx43 and the 
VGSC came from the work of Malhotra et al., showing copre-
cipitation of NaV1.5 with Cx43.95 The physical proximity of these 
molecules was recently confirmed by Rhett et al.96 Not only are 
Cx43 and NaV1.5 in close proximity, but these two molecules are 
also functionally intertwined. Indeed, as shown in Figure 22-5, 
Jansen et al.17 recently reported that siRNA-mediated loss of 

Cx43 expression in adult ventricular myocytes leads to a decrease 
in the amplitude of the INa. The functional effect coincided with 
decreased colocalization of Cx43 and NaV1.5 at the intercalated 
disc. A similar decrease in INa was later reported by Desplantez 
et al.18 in fetal atrial myocytes of Cx43-deficient mice.18 Overall, 
the data demonstrate that Cx43 expression is necessary for proper 
sodium current function, and for the accumulation of NaV1.5 at 
the cardiac intercalated disc. Interestingly, the regulation of INa 
by Cx43 is reciprocated by the fact that ankyrin-G, a molecule 
that is well characterized as a component of the VGSC complex, 
is necessary to preserve gap junction–mediated coupling between 
neonatal myocytes.67

The VGSC is not the only electrically functional complex of 
the intercalated disc that is disrupted consequent to loss of Cx43 
expression. In fact, the first report correlating Cx43 expression 
to nonjunctional currents was by Danik et al.16 These authors 
noted that the action potential duration recorded from the ven-
tricle of Cx43 conditional knockout animals were significantly 
shorter than control. This shortening associated with higher 
levels of sustained repolarizing current and higher levels of 
inward rectifier current in myocytes from the right ventricle. 
Overall, the data show that Cx43 is not only a gap junction–
forming molecule in the heart but also, a component of a molecu-
lar network that regulates excitability and repolarization.

AnkG and Cx43 Are Necessary to Maintain 
Intercellular Adhesion

The previous sections have described that molecules of the des-
mosome, relevant to intercellular adhesion (namely PKP2 and 
DSG-2), are actually important to preserve INa amplitude and 
electrical coupling between cardiac cells. We then speculate that, 
if the system works as a unit, decreased protein levels of either 
Cx43 or a component of the VGSC would affect intercellular 
adhesion strength. Consistent with this hypothesis, we have 
shown that intercellular adhesion strength is decreased in mono-
layers of neonatal rat ventricular myocytes treated with siRNA 
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that followed demonstrated their critical role in cancer.103 Inter-
estingly, the fact that β-subunits are actually independent adhe-
sion molecules has, for the most part, missed the attention of 
cardiac electrophysiologists. Another case of a molecule’s identity 
being boxed into the function related to its original discovery. If 
that molecule had been found through cell adhesion assays  
and called adherin, perhaps its role as a modulator of INa could 
have gone unnoticed for years. The fact is that the sodium 
channel β-subunits are, together with PKP2, DSG-2, AnkG, and 
Cx43, members of a growing family of molecules that regulate 
sodium channel function and intercellular adhesion strength. 
Whether β-subunits regulate gap junction–mediated coupling 
(as the other molecules listed earlier) is a matter of future 
investigation.

Other Intercellular Adhesion Molecules That Cross-
Talk with Cardiac Ion Channels

Two other adhesion molecules have been associated with cardiac 
electrical function: N-cadherin and the coxsackievirus and adeno-
virus receptor (CAR). N-Cadherin is well recognized as critical 
to the mechanical coupling between cells. However, Li et al.104 
showed that restricted cardiac deletion of N-cadherin also leads 
to severe arrhythmias, and a loss of Cx43 from the intercalated 
disc. More recently, the Radice lab reported that in addition to 
effects on coupling, loss of N-cadherin leads to decreased density 

to prevent expression of AnkG.67 Similarly, loss of Cx43 expres-
sion in cultured cells significantly impaired intercellular adhesion 
strength,7 a result consistent with previous observations.97

The “α Personality” of the β-Subunit: Intercellular 
Adhesion and the Sodium Current

The finding that mutations in desmosomal molecules associate 
with familial cases of ARVC has highlighted the important link 
between cell adhesion and sodium channel function. In retro-
spect, the link between these two seemingly unrelated functions 
was first established several years ago by the Isom lab. In 1981, 
Hartshorne and Caterall98 purified “the saxitoxin receptor of the 
sodium channel from rat brain” and identified two polypeptides, 
which they referred to as “α” and “β.”98 They proposed that these 
two subunits conformed the functional sodium channel. In 1992, 
Isom et al.99 isolated the cDNA, sequenced and functionally 
expressed the β-1 subunit, concluding that this protein is 
crucial to the overall function of the sodium channel. In this 
manner, this 22,581-d protein was labeled as a “β” for its “α,” a 
subunit merely accessory to sodium channel function. It was 8 
years later (in 2000) that the Isom lab demonstrated that “sodium 
channel beta subunits” also mediate cell adhesion,100 an important 
fact in the formation of the sodium channel complex100,101 and in 
sodium channel–independent functions such as cell migration, 
cell aggregation, and interaction with the cytoskeleton.102 Studies 

Figure 22-5.  Decreased connexin43 (Cx43) expression leads to reduced INa in isolated adult rat ventricular myocytes. A, Western blot for Cx43 in cells untreated (UT), treated 
with an oligonucleotide that prevented Cx43 expression (KD) or a non-targeting construct (ϕKD). B, Peak sodium current density was lower in cells lacking Cx43. C and D, 
Loss of Cx43 expression did not affect steady-state inactivation or recovery from inactivation kinetics. 

(Reproduced from Jansen JA, Noorman M, Musa H, et al: Reduced heterogeneous expression of Cx43 results in decreased Nav1.5 expression and reduced sodium current that 
accounts for arrhythmia vulnerability in conditional Cx43 knockout mice. Heart Rhythm 9:600–607, 2012.)
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junction–forming Cx43 connexons. Their studies showed that 
Cx43 in this area, which they dubbed the perinexus, closely associ-
ates with the scaffolding protein zonula occludens-1 (ZO-1); 
more importantly, they demonstrated that the Cx43–ZO-1 asso-
ciation in the perinexus limits the abundance of Cx43 within the 
gap junction plaque (Figure 22-6). As such, loss of the Cx43–
ZO-1 interaction increases the proportion of Cx43 involved in 
gap junction channel formation at the expense of a non–channel-
forming pool.

The finding of a separate pool of Cx43 in the intercalated disc, 
invites speculation as to its possible function. It is unlikely that 
the Cx43 molecules in the perinexus are simply in standby mode, 
waiting idle for the signal to move into the gap junction plaque. 
It is also unlikely that Cx43 and ZO-1 are the only inhabitants 
of the perinexal space. Rather, this pool of Cx43 is likely to be 
exposed to a variety of other molecular complexes that approach, 
but are not components of, the gap junction plaque. In this space, 
Cx43 can act as accessory to the function of other molecules, such 
as NaV1.5. Biochemical evidence of a physical proximity between 
Cx43 and NaV1.5 was first reported by Malhotra et al.95 Recently, 
Rhett et al.96 used a proximity ligation assay (PLA; also known 
by the proprietary name of Duolink) to demonstrate, in neonatal 
rat ventricular myocytes, that Cx43 and NaV1.5 co-inhabit the 
perinexus. Loss of Cx43 in this space can lead to reduction in 
INa.17,18,65 Overall, although still speculative, there is reason to 
believe that the perinexus represents the physical space where 
Cx43-dependent, gap junction–independent functions take place. 
The data draw a portrait of Cx43 as the highly regulatable mol-
ecule that has been extensively described and as a regulator of the 
function of other molecular complexes.

of the repolarizing current IK.slow, concurrent with decreased 
expression of KV1.5 and its accessory protein Kcne2.76 The 
properties of the INa in cadherin-deficient hearts remain 
undefined.

CAR is another case of a molecule whose identity is burdened 
by its birth name. Undoubtedly a receptor for both coxsackievirus 
and adenovirus, studies have demonstrated that the immuno-
globulin extracellular domains of CAR are capable of homophilic 
binding and participate in intercellular adhesion in epithelial 
cells. The role of this molecule on cell adhesion in the heart is 
less defined. Interestingly, cardiac-restricted deletion of CAR 
causes significant slowing of A-V propagation and disruption of 
gap junctions at the intercalated disc.105,106 Research is in progress 
to determine whether, as other molecules with immunoglobulin 
extracellular domains (such as the sodium channel β-subunits), 
CAR expression modulates sodium current function.

The Perinexus as a Site  
of Functional Integration

The electron micrographic images shown in Figure 22-1 dem-
onstrate the proximity between electron-dense structures (e.g., 
gap junctions to desmosomes). Distances could be even shorter 
for molecules in the perimeter of either a gap junction or a des-
mosome plaque. In that context, it is important to mention that 
Cx43 at the intercalated disc is not exclusively circumscribed to 
the gap junctions. Rhett et al.107 demonstrated that the area 
surrounding a gap junction plaque is populated by non–gap 

Figure 22-6.  Diagram of the perinexus, described by Rhett et al.107 According to the model, connexons gather in the periphery of the gap junction. The interaction with 
ZO-1 prevents the transfer of the connexon into the gap junction plaque. Importantly, the connexon in the perinexus is not forming gap junctions. Instead, the perinexus 
may be the region where Cx43 interacts with other intercalated disc proteins, such as NaV1.5, or PKP2. 

(Reproduced from Rhett JM, Gourdie RG: The perinexus: a new feature of Cx43 gap junction organization. Heart Rhythm 9:619–623, 2012.)
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maintained via a separate “electric field mechanism.”56,57,59,109 
This alternative postulates that the large INa in the proximal side 
of an intercellular cleft generates a negative extracellular poten-
tial within the cleft, which depolarizes the distal membrane and 
activates its sodium channels. Thus, propagation can continue 
downstream in the absence of gap junctions if there is a large INa 
at the intercalated disc and a narrow intercellular cleft separating 
the two opposing cells.

The model described here indicates the importance of the 
intercellular space as a critical element of cell-cell propagation. 
Indeed, if the width of the intercellular cleft increases, the model 
predicts that propagation would fail. Interestingly, separation of 
the intercellular space is one of the features observed in murine 
models of desmosomal protein deficiency, even when overt struc-
tural damage is not apparent.20,21 Figure 22-7 shows an example 

Subcellular Localization of Ion Channels  
and Cell-Cell Propagation: Gap Junction–
Independent Electrical Coupling and the 
Importance of the Intercellular Cleft

Several mathematical models of cardiac action potential propaga-
tion assume that gap junctions are the only path for transfer of 
charge between cells. Accordingly, they predict that decreases in 
junctional conductance bring about decreases in conduction 
velocity. This notion contrasts sharply with actual data showing 
that only extreme reductions in Cx43 abundance (and electrical 
coupling) lead to significant changes in conduction velocity.51,88,108 
These results have given new impetus to the notion that, under 
poor gap junction–mediated coupling, propagation can be 

Figure 22-7.  Tomographic electron microscopy images of intercalated disc in a PKP2-Hz adult heart. Outlined regions in the left panels are expanded for insets a-f. Notice 
the enlarged intercellular space that bulges into the cell, leaving large clefts between cells in some planes. Whether this increased gap between cells impairs electric field-
mediated propagation, remains to be defined. 

(Reproduced from Cerrone M, Noorman M, Lin X, et al: Sodium current deficit and arrhythmogenesis in a murine model of plakophilin-2 haploinsufficiency. Cardiovasc Res 
95:460–468, 2012.)
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that intercalated disc molecules are not necessarily constrained 
to a single function (e.g., Cx43 is not only limited to making gap 
junctions). We propose that molecules of the intercalated disc 
multitask within a protein interacting network, working in 
concert toward one common function: the propagation of excit-
atory current from one cell to the next. From this perspective, 
Cx43 is a molecule that is relevant to cell excitability (by modulat-
ing INa),17,18 sodium channels can support cell-cell electrical cou-
pling,56,57 and “adhesion molecules” are actually required for 
proper function of electrical complexes20 and for propagation 
across an intercellular cleft. In the balance, multitasking canpro-
vide functional overlap, thus enhancing the safety factor for 
propagation. Future research will discern the spatial relations 
between these molecules. The novel concept of the perinexus110 
can be extended to include the neighboring areas of mechanical 
junctions, or clusters of NaV1.5 molecules. Just as a mitochon-
drion is not just a conglomerate of independent molecules, but 
is an organelle sharing common functions, the intercalated disc 
is a single functional unit composed of molecules that interact 
with each other. The implication of these interactions to the 
understanding of arrhythmia mechanisms and arrhythmia treat-
ment emerges as an exciting area of future investigation.
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of tomographic electron microscopy of adult heart tissue obtained 
from a mouse heterozygous for PKP2. The image is reproduced 
from Cerrone et al.20 These images can be compared with those 
shown in Figure 22-1, obtained from a control animal. The 
results in Figure 22-7 show an expanded intercellular space that 
coincides with the presence of membrane invaginations in one 
side of the intercalated disc. Planes of the same section (see 
Figure 22-3, A–F) reveal that the invaginations extended several 
nanometers into the intracellular space; in some planes, the 
invaginations seemed to “pinch off,” leaving a healed membrane 
continuum facing the intercellular cleft. This observation was 
confirmed in three separate samples analyzed by tomographic 
electron microscopy (T-EM), and not found in controls. Clearly, 
this membrane separation would represent a barrier for transfer 
of charge mediated via an electrical field mechanism. The impor-
tance of the intercellular cleft has also been highlighted by the 
recent work of Veeraraghavan et al.58 and his collaborators, 
showing that changes in intercellular volume affect action poten-
tial propagation in the heart.

Conclusions

This chapter has presented evidence showing that molecules clas-
sically defined as belonging to the desmosome, the VGSC, and 
the gap junctions, interact with each other. We have also described 
how, through these interactions, the function of one complex 
(e.g., the VGSC) is altered by changes in the expression of mol-
ecules of a different group (e.g., Cx43). The evidence suggests 
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among others; (2) the ankyrin family of proteins, specifically 
ankyrin-2 or ankyrin-B, which is implicated in LQTS-4 and 
ankyrin syndrome; (3) the caveolin family of proteins, specifically 
caveolin-3, which is implicated in LQTS-9 and sudden infant 
death syndrome (SIDS); (4) the A-kinase anchoring protein 
(AKAP) family specifically AKAP9/yotiao which is implicated in 
LQTS-11; and (5) the syntrophin family of proteins, specifically 
SNTA1 or α-1-syntrophin, which is implicated in LQTS-12.

In this chapter, our focus is specially limited to the scaffolding 
proteins that effect ion channel function and are involved in 
LQTS, which have been identified as ankyrin-B, caveolin-3, 
AKAP9, and α-1-syntrophin. The structure, associations, and 
mechanism of action of each of these scaffolding proteins are 
discussed in the following sections.

Scaffolding Proteins Involved  
in Long QT Syndrome

Ankyrin-B (LQT4)

Structure and Associations
Ankyrins are a family of scaffolding proteins that link the 
membrane-bound proteins to the underlying cytoskeleton. This 
function of ankyrins contributes to the expression, specific local-
ization, and overall stability of membrane proteins within the 
plasma membrane.1,2 The ankyrin family of proteins consists of 
three family members, ankyrin-R, ankyrin-B, and ankyrin-G 
encoded by genes ANK1, ANK2, and ANK3, respectively. 
Ankyrin-B and ankyrin-G have been detected in a variety of 
tissue. In contrast, ankyrin-R is detected only in erythrocytes, 
striated muscle, and some neurons.3 In general, an ankyrin 
protein has four functional domains, a membrane-binding 
domain (MBD), spectrin-binding domain (SBD), death domain, 
and a C-terminal regulatory domain (Figure 23-2).

The N-terminal MBD contains 24 tandem ankyrin repeats; 
these ankyrin repeats have inherent spring-link qualities, and it 
has been suggested that this elastic property of the ankyrin repeat 
could have a role in mechanotransduction and confer pliancy to 
the MBD from mechanical perturbations.4 In addition, ankyrin 
repeats are also a common motif for protein-protein interactions 
found in many membrane proteins, such as sodium-calcium 
exchanger (NCX), sodium-potassium ATPase (NKA), ATP-
sensitive potassium channels (Kir6), inositol 1,4,5 trisphosphate 
receptor (IP3R), and anion exchangers (Table 23-1). The SBD 
has been shown to bind to spectrin via its ZU5 domain (i.e., 
domains that are found in zona-occludens-1 [ZO-1] and the 
uncoordinated protein 5) that composes the minimal binding 
domain for spectrin. In addition to binding to spectrin, SBD 
associates with the regulatory subunit of protein phosphatase 2A 
(B56a), and dynactin4 an adaptor protein that links the dynein 
motor to membrane cargo.5,6 The death domain of ankyrin-G has 
been shown to interact with proteins involved in apoptosis,7 but 
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Scaffolding proteins are modular proteins that assemble multi-
molecular signaling complexes or macromolecular signaling 
complexes and that also modulate and regulate the function of 
associated proteins. The modular nature of their structure gives 
them the ability to associate with a multitude of signaling pro-
teins via protein-protein interaction domains. In the heart, scaf-
folding proteins have also been shown to interact with ion 
channels and to modulate their function. Compelling evidence in 
the literature shows that scaffolding proteins associate with ion 
channels responsible for depolarization (sodium channels and 
both L-type and T-type calcium channels), ion channels respon-
sible for repolarization potassium channels (time-independent, 
time-dependent, and voltage-gated delayed rectifiers), and gap 
junctions (connexin40 and connexin43) that connect cells electri-
cally. The pore-forming protein of an ion channel is generally 
called the α-subunit, and other proteins thought to be associated 
with specific α-subunits are β-, δ-, or γ-subunits, or have other 
names such as minK. Although these subunits can assist in 
forming the complex and attaching the complex to the cytoskel-
eton and extracellular matrix and regulate channel surface expres-
sion or regulation, and although their associations may be less 
than specific in some instances, we have not included these sub-
units as a part of this review of scaffolding proteins that have 
more general interactions. The importance of scaffolding pro-
teins and their role in the regulation of associated ion channels 
in physiology and pathophysiology has been highlighted by the 
discovery of mutations on scaffolding proteins that alter ion 
channel function and regulation. The focus of this chapter is 
specifically on the scaffolding proteins, mutants of which have 
been shown to induce long QT syndrome (LQTS). As an 
example, a schematic drawing of a macromolecular complex for 
the cardiac Na channel is depicted in Figure 23-1.

Scaffolding Proteins in the Heart

The functional roles of scaffolding proteins were first identified 
and elucidated in the nervous system and were subsequently 
extended into the cardiac field. In the heart, the functional role 
of scaffolding proteins is an emerging and exciting area of 
research. Scaffolding proteins currently identified in the heart  
to be associated with ion channels include (1) the membrane-
associated guanylate kinase family of proteins, which includes 
synapse-associated proteins-97 (SAP97), postsynaptic density-95 
(PSD95), calcium-calmodulin–dependent serine protein kinase 
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Figure 23-1.  A macromolecular complex representing channel-associated proteins, in this example the NaV1.5 sodium channel in a caveolar lipid membrane. The drawings 
are roughly representational of relative size, shape, and membrane associations. Protein-protein interactions are represented based on the literature, but no implication for 
where or how they are attached is intended. 
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Figure 23-2.  Schematic  of  scaffolding  proteins  (1)  ankyrin-B,  (2)  caveolin-3,  (3)  a  kinase  anchoring  protein-9  and  (4) α1-syntrophin  involved  in  LQTS  4,  9,  11,  and  12, 
respectively. 
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Table 23-1. Associations of Ankyrin B

Protein
Domain on 
Ankyrin References

Ion channels and exchangers

IP3R MBD Mohler et al.,47 
Mohler et al.48

Cav1.3 ? Cunha et al.,49 Le 
Scouarnec et al.50

Kir6.2 MBD Li et al.51

NCX MBD Mohler et al.8

NKA MBD Mohler et al.8

Cytoskeletal/structure

β-Spectrin SBD Bhasin et al.6

Obscurin CTD Cunha et al.52

Dystrophin ? Ayalon et al.1

Nav channel β-subunit MBD Malhotra et al.53

Intracellular transport

Tubulin MBD Ayalon et al.1

EHD1-4 MBD gudmundsson et al.54

Dynactin-4 SBD Ayalon et al.5

MBD, Membrane-binding domain; SBD, spectrin-binding domain; CTD, 
C-terminal domain.

the exact function of the death domain of ankyrin-B is currently 
unknown. The C-terminal regulatory domain, region of ankyrin 
proteins has the least homology, and this region confers different 
ankyrin family members their functional specificity and distinct 
subcellular localization. In cardiomyocytes, Mohler et al.8 identi-
fied an ankyrin-B based macromolecular complex comprising 
Na/K-ATPase (alpha 1 and alpha 2 isoforms), Na/Ca exchanger 
1, and InsP3 receptor that were specifically localized in cardio-
myocyte T-tubules in discrete microdomains distinct from classic 
dihydropyridine receptor/ryanodine receptor dyads.

Mechanism of Action
A mutation in ankyrin-B that caused LQTS was first described 
in 1995 by Schott et al.9 and was further defined in 2003 by 
Mohler et al.,10 who later in 2007 further identified ankyrin-B 
loss-of-function variants.11,12 These mutations caused a disrup-
tion in the localization of the sodium pump, the sodium–calcium 
exchanger, and inositol-1,4,5-trisphosphate receptors, which 
reduces the total protein level and targeting to T-tubules. In adult 
cardiac myocytes, ankyrin-B mutations altered Ca2+ signaling, 
caused extrasystoles, and provided a rationale for QT prolonga-
tion and associated arrhythmia. The variants of ankyrin-B were 
categorized into three distinct functional classes based on severity 
of clinical phenotype in associated patients and degree of ankyrin 
dysfunction in cardiomyocytes. The variants (G1406C, R1450W, 
and L1503V) associated with less severe clinical phenotype (or 
asymptomatic individuals) and a lesser degree of ankyrin dysfunc-
tion were put into class 1.11,12 The variants (T1404I, T1552N and 
V1777M) associated with more severe clinical phenotype and 
severe degree of dysfunction in cardiomyocyte were put into class 
2. The variants (E1425G, V1516D, and R1788W) with the most 
severe clinical phenotypes and loss of function in cardiomyocyte 
were put into class 3.9-11 The phenotypes associated with these 

classes of variants included bradycardia, sinus arrhythmia, delayed 
conduction–conduction block, idiopathic ventricular fibrillation, 
and catecholaminergic polymorphic ventricular tachycardia.

The severity of the loss of function of ankyrin variants has 
been directly linked to the inability of ankyrin to target NCX and 
NKA to the membrane.11 In a recent study, Camors et al.13, using 
an ankyrin-B heterozygous knockout (ankyrin-B+/–) mouse, dem-
onstrated that myocytes from ankyrin-B+/– mice had approxi-
mately 20% reduced NCX and NKA protein expression with no 
significant change in the mRNA levels.13 They also reported that 
the calcium transients, SR calcium content, and fractional SR 
calcium release were significantly larger in the ankyrin-B+/– myo-
cytes compared with wild type myocytes. Based on their experi-
mental results, they concluded that the reason for the higher 
frequency of spontaneous diastolic calcium sparks in ankyrin-B+/– 
myocytes was caused by an alteration of the transport of sodium 
and calcium and enhancement of the coupled opening of ryano-
dine receptors. The results presented in the literature and dis-
cussed here suggest that additional work is necessary to elucidate 
the molecular mechanism underlying phenotypic variability of 
each human ankyrin-B variant.

Caveolin 3 (LQT9)

Structure and Associations
Caveolin is a protein that is essential to the formation of cavelike 
membrane structures called caveolae. Typically, caveolae are 
surface plasma-membrane invaginations or flask-shaped struc-
tures with a diameter of 50 to 100 nm. The caveolin family of 
proteins is encoded by three genes and consists of six known 
caveolin subtypes: caveolin-1α, caveolin-1β, caveolin-2α, 
caveolin-2β, caveolin-2γ, and caveolin-3. Of the six known caveo-
lins, caveolin-3 is specifically expressed in muscle tissue, includ-
ing the heart. Most of the information regarding the molecular 
structure of caveolins comes from the early studies on caveolin-1. 
Given that caveolin-1 and caveolin-3 are approximately 65% 
identical and 85% similar,14 it is necessary to discuss the structure 
of caveolin-1 and point out key differences between caveolin-1 
and -3. The molecular structure of caveolin-3 is composed of 151 
amino acids divided into four domains: the N-terminal domain 
(residues 1 to 54), the scaffolding domain (residues 55 to 73), the 
membrane domain (residues 74 to 106), and the C-terminal 
domain (residues 107 to 151; see Figure 23-2). The N-terminal 
domain of caveolin-1 is longer than that of caveolin-3 by 27 
amino acid residues. The scaffolding domain, which is next to the 
N-terminal domain, is essential to the formation of caveolin 
oligomers and for associating with other proteins (Table 23-2). A 
W-W–like domain, a protein-protein interaction domain, over-
laps the scaffolding domain and the membrane domain and is 
followed by a highly conserved proline residue.15 The W-W–like 
domain and the proline residues are conserved between caveolin-1 
and -3, but absent in caveolin-2.15 The membrane domain of 
caveolin-1 and -3 consists of hydrophobic amino acids, and it has 
been suggested that this high density of hydrophobic residues 
aids in forming a hairpinlike loop into the membrane. It is sug-
gested that two different domains, the membrane domain and the 
C-terminal domain, could aid in membrane attachment of caveo-
lin. The C-terminal domain of both caveolin-1 and caveolin-3 
are palmitoylated on three cysteine residues.16 These palmitate 
chains aid in anchoring the C-terminal domain to the membrane, 
and it has been suggested that they could increase the stability of 
the caveolar structure.16 The palmitate chains have also been 
suggested to aid in binding and transport of cholesterol, another 
component key in caveolar structures.17 Caveolin-3 with its 
modular structure can associate with ion channels and other 
signaling molecules listed in Table 23-2. In cardiac myocytes, 
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increase in L-type current density by S141R–caveolin-3 com-
pared with wild type caveolin-3. Therefore, caveolin-3 mutations 
could prolong QT by affecting at least three ion currents.

AKAP9 (LQTS11)

Structure and Associations
Signal transduction events at specific sites within the cell are 
primarily due to subcompartmentalization of protein kinases and 
phosphatases through their association with scaffolding proteins 
called AKAPs. AKAPs are a family of more than 50 anchoring 
proteins. This family of anchoring proteins are structurally 
diverse, but have a common ability to bind and target PKA.23 
There are four known AKAPs in the heart: AKAP5, AKAP6, 
AKAP8, and AKAP9.24 AKAPs also have unique protein-lipid or 
protein-protein interaction domains that aid in specific subcel-
lular localization of PKA-AKAP complex.23-25 Using the protein-
protein interaction domain AKAPs can associate with signaling 
molecules as detailed in Table 23-3. The AKAP of interest in this 
chapter is AKAP9, also known as AKAP350 / AKAP450 / yotiao 
/ centrosomal and Golgi N-kinase anchoring protein (see Figure 
23-2). AKAP9 specially associates with adenylyl cyclase,26 PKA,27 
protein phosphatase 1 (PP1),28 and phosphodiesterase, specifi-
cally PDE4D3.29 It has been suggested that the presence of sig-
naling molecules such as kinases, phosphatases, and diesterase in 
close proximity could have a critical role in tight regulation of 
posttranslational modification of associated proteins and even 
AKAP, which can also be a substrate for posttranslational 
modification.24

Mechanism of Action
Marx et al.30 have reported previously that yotiao/AKAP9 associ-
ates with the leucine zipper domain of KCNQ1 using its N- and 
C-terminal domains.30 The mutation S1570L on yotiao is in close 
proximity to the C-terminal binding domain of yotiao. In addi-
tion, it has been illustrated that S1770L-yotiao alters but does 
not eliminate the association between yotiao and KCNQ1.31 
They have reported that the alterations in association between 
KCNQ1 and yotiao reduced cAMP/PKA-induced phosphoryla-
tion of KCNQ1, and this affects regulation of KCNQ1. The 
reduction in phosphorylation by PKA eliminates the functional 
response of KCNQ1 channels to cAMP/PKA stimulation during 
sympathetic nervous system activation. Under normal physiolog-
ical conditions during sympathetic nervous system activation 
cAMP/PKA has two important roles: increasing L-type calcium 
current and increasing IKs and IKr currents. This increase in 
inward and outward currents helps to keep the action potential 
duration smaller and aids in sustaining higher heart rates. Chen 
et al.31 illustrated that S1570L-yotiao reduces this functional 

caveolin-3 has been shown specifically to localize to the interca-
lated disc and the lateral membrane and to show a striated pattern 
reminiscent of T-tubular localization.18

Mechanism of Action
Mutations in caveolin-3 cause multiple phenotypes, including 
limb girdle muscular dystrophy, rippling muscle disease, distal 
myopathy, hyperCKemia, LQTS-9, and SIDS. The LQTS-9–
causing mutations include T78M, A85T, F97C, and S141R. The 
SIDS-causing mutations include V14L, T78M, and L79R.19,20 
Mutations of caveolin-3 that cause LQTS and SIDS induced a 
gain-of-function increase in the late sodium current,19,20 which is 
a plausible QT-prolonging mechanism. The molecular mecha-
nism for the increase in the late sodium current could be through 
a loss of suppression of nitrosylation, similar to the mechanism 
proposed for LQT12. In addition, given the plethora of ion chan-
nels and signaling molecules (see Table 23-2) with which 
caveolin-3 associates, it would not be surprising that LQTS-9 
mutants affect other ion channels. Recent studies have implicated 
other ion channels such as Kir2.1 and CaV1.2.21,22 Recently, Vaid-
yanathan et al.21 have demonstrated that F97C–caveolin-3 
decreased the current density of Kir2.1 channels compared with 
wild type caveolin-3 and that this loss of function was caused by 
a decrease in the cell surface expression of Kir2.1 channels in a 
heterologous expression system. In addition, Foell et al.22 pre-
sented compelling evidence suggesting F97C–caveolin-3 and 
S141R–caveolin-3, induce a gain of function effect on L-type 
calcium channel perhaps by slowing of the calcium-dependent 
inactivation for F97C–caveolin-3 and S141R–caveolin-3 and an 

Table 23-2. Associations of Caveolin3 in Cardiac Myocytes

Protein
Domain/ 
residues of Cav3 References

Ion channel

Pacemaker channels 
(HCN4)

? Ye et al.55

L-Type calcium 
channels (Cav1.2)

? Balijepalli et al.18

T-Type calcium 
channels (Cav3.2)

NT Markendaya et al.56

Kv1.5 ? Folco et al.57

Kir6.2 ? garg et al.58

Kir2.1 ? Vaidyanathan et al.21

Nav1.5 ? Yarbrough et al.59

Na+/Ca+ exchanger 
(NCX1)

? Bossuyt et al.60

Signaling molecules

nNos aa 69-84 and 
aa104-130

Venema et al.61

g-proteins Scaffolding 
domain

Head et al.62

Protein kinase C ? Markendaya et al.56

β2-adrenergic receptor ? Balijepalli et al.18

Cytoskeletal, structure, scaffolding proteins

β-dystroglycan WW domain Sotgia et al.15

SAP97 ? Folco et al.57

Table 23-3. Associations of AKAP9

Proteins Residues on AKAP9 References

Ion channels

KCNQ1 (IKs) 29-46 and 1574-1643 Chen et al.31

Signaling molecules

PKA 1140-1457 Tasken et al.27

Adenylyl cyclase 808-957 Piggott et al.26

Phosphodiesterase 
(PDE4D3)

1710-2872 Tasken et al.29

Protein phosphatase 1 1171-1229 Redden et al.28
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currents. Both the nitrosylation and the increased current were 
prevented by nNOS inhibitors.43 α1-Syntrophin also associates 
with other ion channels, but it is not known whether the 
LQTS12-causing syntrophin mutation affects the function or 
regulation of other proteins or ion channels.

Summary

This chapter summarizes the role of some scaffolding proteins in 
the physiology and pathophysiology of the heart using the 
LQTSs as examples. It is not an exhaustive review of all scaffold-
ing proteins nor all inherited arrhythmia syndromes. More work 
is warranted in this area of research to address questions such as, 
are there other scaffolding proteins in the heart that contribute 
to arrhythmia? If so, what are their associations, functions, and 
mechanisms of action? How are the molecular complexes assem-
bled and trafficked to the membrane? These questions certainly 
will be the focus of additional investigations in the near future.

response of KCNQ1/IKs and hence aids in the prolongation of 
action potential duration to cause LQTS.31

α1-Syntrophin (LQTS12)

Structure and Associations
Syntrophins are a family of homologous protein members include 
α1, β1, β2, γ1, and γ2 and show approximately 50% homology 
between the different syntrophins. α1-Syntrophin also belongs 
to the family of dystrophin-associated protein complexes. α1-
Syntrophin is primarily expressed in striated muscle and is the 
focus of this section. The β-syntrophin has been shown to express 
ubiquitously in mammalian tissue.

All syntrophins share a similar modular domain structure with 
two pleckstrin homology (PH1 and PH2) domains (domain first 
identified on pleckstrin), a PDZ domain (domain found in 
PSD95, disc-large, and ZO-1) and the syntrophin unique domain 
(see Figure 23-2). In α1-syntrophin there are two tandem PH 
domains that occupy the N-terminal part of the protein. Some 
of the key properties associated with PH domains include asso-
ciating with lipid bilayers containing inositol-4,5-bisphosphate; 
they also interact with the βγ-subunit of G-proteins and protein 
kinases (Table 23-4). In α1-syntrophin, the PH1 domain is split 
into PH1a and PH1b by a PDZ domain. The presence of the 
PDZ domain does not seem to affect the function of the split 
PH1 domain and the PDZ domain.32 The two split domains can 
bind to each other to form an intact PH domain, which can then 
interact with inositol-phospholipids.32 On the other hand, PH2, 
the other PH domain, has been shown to bind to the structural 
protein, F-actin.33 The PDZ domain has been shown to associate 
with the ion channels, such as the cardiac sodium channel 
SCN5A,34 Aquaporin AQP4,35, 36 and the sarcolemmal calcium 
pump PMCA4B.37 The PDZ domain has also been shown to 
associate with neuronal nitric oxide synthase (nNos), a scaffold-
ing protein via PDZ-PDZ interaction.38,39 The C-termini of all 
syntrophins have an approximately 50-aa stretch that is unique 
to all syntrophins and are therefore called the syntrophin unique 
domain. It has been shown that syntrophin associates via this 
domain with the dystrophin family of proteins, including dystro-
brevin and β-dystroglycan.40,41 α1-Syntrophin in cardiac myo-
cytes tends to localize to the lateral membrane of myocytes.42

Mechanism of Action
A mutation A390V in α1-syntrophin was reported in a patient 
with syncope, a prolonged QT interval greater than 600 ms, and 
designated LQT12.43 The mechanism was postulated to be an 
increased late sodium current associated with increased channel 
nitrosylation involving a complex consisting of α1-syntrophin, 
SCN5A, nNos, and PMCA4B.43 A390V was shown to selectively 
disrupt the association of PMCA4B with the complex. PMCA4B 
was a known inhibitor of nNOS activity,44,45 and the absence of 
PMCA4B in the complex would favor increased nitrosylation of 
SCN5A by nNOS, which was also known to increase the late 
sodium current.43,46 Consistent with this idea, the mutant was 
shown to increase nitrosylation of SCN5A and late sodium 

Table 23-4. Associations of α1-Syntropin in Cardiac Myocytes

Protein Domain of SNTA1 References

Ion channel and pumps

Nav1.5 PDZ gavillet et al.34

Kir2.1 ? Leonoudakis et al.63

Aquaporin (AQP4) PDZ Neely et al.,35 Adams 
et al.36

Sarcolemmal 
calcium pump 
(PMCA4B)

Linker region 
between PH2 and 
PDZ (aa 399-447)

Williams et al.37

Signaling molecules

nNos PDZ Brennan et al.39 
Hillier et al.38

g proteins PDZ Chen et al.64 
Okamura et al.65

Kinases PDZ Hasegawa et al.66

Phosphatidylinositol 
4,5-bisphosphate

PH1 Chockalingam et al.67 
Yan et al.32

Calmodulin PH1a and PDZ Iwata et al.33

Structural proteins

F-actin PH2, SU Iwata et al.33

Dystrophin SU Kramarcy et al.40

Utrophin ? Kramarcy et al.40

β1-Dystroglycan SU Suzuki et al.41
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homeotic genes are expressed in one body segment and not in a 
neighboring segment. By using genetic approaches, it was dem-
onstrated that the spatial and temporal expression of the homeo-
tic genes was enhanced by the Trithorax group of genes and 
repressed by the Polycomb group of genes in a segment-specific 
manner.1 However, the manner in which the Trithorax and Poly-
comb groups of proteins controlled homeotic gene expression 
was not initially understood. Investigators using yeast and Tetra-
hymena discovered that enzymes that modify histones (the pack-
aging structure for DNA) could silence specific genes.2-4 
Biochemistry work revealed that the histone-modifying enzymes 
that repress gene expression contain a SET domain that catalyzes 
histone methylation. The importance of histone methylation  
in Drosophila species development became apparent when the 
Polycomb protein complex was shown to have a SET domain–
containing enzyme capable of methylating H3K9, a repressive 
epigenetic mark.5,6 Similarly, the Trithorax proteins TRX and 
Ash1 were found to contain SET domains and capable of meth-
ylating histones with a mark that facilitates active gene 
expression.7-9 Taken together, these studies reveal that histone 
modifications are well-conserved phenomena that are critical for 
regulating gene expression profiles during development.

The creation of Dolly the sheep also revealed important fea-
tures of epigenetic mechanisms. Wilmut et al.10 sought to clone 
a sheep by taking the nucleus from a differentiated cell (mammary 
gland cell) and placing that nucleus into an unfertilized oocyte 
(developing egg cell). Although they were eventually successful, 
this process of nuclear transfer was extremely inefficient. This 
work revealed that although the mammary gland cell DNA con-
tains the blueprint necessary to develop an entire sheep, it was 
not easy to revert a differentiated nucleus back to a pluripotent 
state. It became apparent that although the blueprint of DNA is 
the same in an embryonic stem (ES) cell and a differentiated cell, 
nonmutation-based changes have occurred to the DNA in the 
differentiated cell that prevent the simple reversion or manipula-
tion of a cell’s identity. This study supports the idea that, as cells 
differentiate, they accumulate stable and heritable changes in 
their nucleus that restrict gene expression patterns and define 
identity. These changes are, by definition, epigenetic.

Basis of Epigenetic Phenomena

The study of epigenetic phenomena presupposes that genes can 
be marked as transcriptionally “on” or “off” by modifications that 
are independent of the primary nucleotide coding sequence. The 
DNA in each cell is composed of approximately 3 × 109 nucleo-
tide bases that could presumably stretch to 2 m in length. To 
facilitate efficient packaging, DNA is wrapped in a threadlike 
fashion around protein spools called histones. The histone octamer 
consists of two molecules of each histone: H2A, H2B, H3, and 
H4.11-13 The histone octamer and the 146 bp of DNA looped 
around it forms a structure called a nucleosome, the functional unit 
of chromatin. In addition to serving as packaging facilitators, 
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Definition of Epigenetics

Genetic mutations are well-recognized causes of heritable phe-
notypic shifts. The completion of the Human Genome Project 
and technical advances that allow for high-throughput sequenc-
ing have advanced the exploration for genetic signatures that 
associate with and, perhaps, cause disease states. However, it is 
very possible that many disease states result from environmental 
influences that affect the expression or repression of different 
genes without altering the underlying DNA sequence. By defini-
tion, an epigenetic phenomenon is a heritable alteration in phe-
notype without an underlying DNA mutation. Epigenetic 
phenomena regulate gene expression profiles by controlling 
genes in a binary manner such that genes are actively expressed 
(i.e., “on”) or repressed (i.e., “off”). In addition, true epigenetic 
changes that occur as a result of a stimulus should be heritable 
and stable, even in the subsequent absence of that stimulus. 
Although the concept of epigenetics seems simple, it differs dis-
tinctly from the classic notion that only mutations at the DNA 
level can cause heritable phenotypic shifts (Figure 24-1). Clini-
cians and scientists are exploring epigenetic mechanisms and 
their contribution to the development of disease states, because 
these phenomena provide a rational mechanistic explanation for 
how environmental factors can alter phenotypes in a heritable 
manner in the absence of DNA mutations.

Historical Experiments That Illustrate the 
Salient Features of Epigenetics

Early work in Drosophila species development revealed that the 
homeotic genes define segment identity and the position of 
appendages along the body axes. Thus, developmental biologists 
became interested in mechanisms to explain why specific  
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The regulation of gene expression at the chromatin level 
occurs by: (1) covalent histone tail modifications; (2) adenosine 
triphosphate (ATP)-dependent chromatin remodeling; and (3) 
DNA methylation (Figure 24-2).14 This chapter focuses on cova-
lent histone tail modifications and ATP-dependent chromatin 

nucleosomes are amenable to modifications and dynamic remod-
eling, which makes them an active participant in many  
chromosomal processes including transcription, replication, 
DNA repair, kinetochore and centromere construction, and telo-
mere maintenance.

Figure 24-1.  Heritability of phenotypic changes at the level of DNA (A) and by epigenetic mechanisms (B). A, The genetic code is defined by the DNA template (orange 
lines). In this model, DNA mutations (red X) can alter the expression of genes and the resultant phenotype. DNA replication results in mutations being passed from a mother 
cell to her progeny. B, The process by which epigenetic mechanisms can regulate gene expression profiles in a heritable manner without mutating the underlying DNA. 
The  expression  of  genes  can  be  regulated  by  interactions  between  nucleosome  components  (blue cylinders)  and  the  DNA  (orange strand)  such  that  certain  genes  are 
repressed (red X) and certain genes are active (green +). The DNA and the nucleosome components are both heritable so that the active and repressed gene patterns are 
similar in the mother cells and daughter progeny. 

A

B

Repressed Active

Repressed Active

Repressed Active

Figure 24-2.  A, DNA provides the template that encodes all potential genes. Not all genes are expressed in all cells. Chromatin provides a way of partitioning this genetic 
information into active and repressed components. The three mechanisms whereby chromatin can modify the expression or repression of genes includes DNA methylation 
(Me), chromatin remodelers (blue oval), and histone modifications (e.g., phosphorylation, methylation, acetylation) imparted by histone modifiers. 

(Adapted from Chang CP, Bruneau BG: Epigenetics and cardiovascular development. Annu Rev Physiol 74:41–68, 2012.)
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These proteins contain a SET domain and form HMT protein 
complexes. In some cases, these HMT and acetylase complexes 
are directed to specific sites of DNA by their interaction with 
transcription factors (Figure 24-4).19

ATP-Dependent Chromatin  
Remodeling Complexes

Chromatin-modifying enzymes use the energy derived from ATP 
to alter the chromatin structure in a manner that permits (euchro-
matin) or represses gene expression (heterochromatin) by restruc-
turing, mobilizing, and ejecting nucleosomes. There are four 
families of SWI-like, ATP-dependent chromatin remodeling 
complexes: the switching defective/sucrose nonfermenting (SWI/
SNF); imitation switch (ISWI); chromodomain, helicase, DNA-
binding (CHD); and inositol requiring 80 complexes (INO80).20 
These chromatin-remodeling complexes share a well-conserved 
SWI-like ATPase catalytic domain in combination with a unique 
functional domain. The ATPase domain uses ATP hydrolysis to 
remodel nucleosomes and render the neighboring DNA acces-
sible or repressed.

The vertebrate SWI/SNF-type, ATP-dependent, chromatin-
remodeling complexes are known as Brg1/Brahma-associated 
factor (BAF) complexes. The BAF complexes use Brg1 or Brahma 
as their ATPase subunits. These BAF complexes are well studied 
and have been shown to play an important role in many aspects 
of development, including the maintenance of stem cell pluripo-
tency and tissue-specific differentiation. Studies in mice have 
shown that Brg1 is critical to normal heart development and 
interacts with developmental cardiac transcription factors.

Epigenetics in Induced Pluripotent Stem  
Cells and Direct Reprogramming

Cells accumulate epigenetic marks that restrict their cell fates 
during development. Pluripotent ES cells have an epigenome 
that permits the expression and repression of all genes that are 
necessary for development and differentiation. During develop-
ment, ES cells respond to external cues and begin to differentiate. 
During differentiation, ES cells accumulate stable and heritable 
epigenetic marks that restrict their fate and the fate of their 
daughter cells. Nuclear transfer experiments demonstrated that 
removing a nucleus from fully a differentiated cell, transferring 
that nucleus into a denucleated zygote, and developing a pluripo-
tent stem is a very inefficient process, partly because of an 

remodeling. The amino terminal tails of histones protrude and 
are subjected to various covalent posttranslational modifications 
(e.g., methylation, acetylation, sumoylation, phosphorylation).11 
These histone tail modifications regulate whether the neighbor-
ing DNA is transcriptionally active (euchromatin) or repressed 
(heterochromatin). Activating histone modifications attract ATP-
dependent nucleosome remodeling factors that can reposition or 
eject histones, thus promoting transcription or repression of the 
neighboring DNA. Thus, complex interplay between covalent 
histone modifications, ATP-dependent chromatin remodeling 
enzymes, and the transcriptional machinery (i.e., DNA binding 
factors, transcription initiation, elongation complexes) deter-
mines whether genes are actively expressed or repressed.

Histone Tail Modifications

From an epigenetic standpoint, the two most important tail 
modifications are acetylation and methylation.15 Histone tail 
acetylation is associated with transcriptionally active chromatin. 
In contrast, histone tail methylation can be associated with either 
euchromatin or heterochromatin, depending upon the extent of 
methylation (mono- [me], di- [me2], or tri- [me3] methylation) 
and the specific tail residues that are modified. For example, 
lysine (K) residues available for methylation include K4, K9, K27, 
and K36 of histone H3, and K20 of histone H4. Methylation of 
H3K9 and H3K27 is associated with gene repression gene 
expression,16 whereas dimethyl (H3K4me2) and trimethyl 
(H3K4me3) marks at H3K4 are associated with actively expressed 
genes.17 As shown in Figure 24-3,18 the extent, specific lysine 
residue, and location of different histone methylation marks 
around a gene provide a signature for the transcriptional state of 
that gene. For example, H3K27me3 marks (black line) are located 
around the 5′ regulatory region of silenced genes. In contrast, 
H3K4me3 marks are highly enriched at the 5′ transcription start 
site of actively expressed genes. In contrast, H3K4me3 marks are 
not as enriched around poised and silenced genes.

Histone methylation marks and acetylation marks are imparted 
and removed by enzymes that are part of protein complexes. 
Histone acetyltransferases, acetylate histones, and histone 
deacetylases reverse this acetylation process. Similarly, histone 
methyltransferase (HMT) complexes impart histone methylation 
marks, and histone demethylases remove histone methylation 
marks. HMT complexes often consist of a SET domain–
containing HMT enzyme that is capable of adding methyl groups 
to specific lysine residues. The mammalian homologues to the 
yeast Set1 and the Drosophila Trithorax proteins are the mixed 
lineage leukemia family of proteins, now known as KMTA-D. 

Figure 24-3.  Epigenetic signatures differ around genes that are repressed (red rectangle), poised (black rectangle), and active (green rectangle). H3K27me3 marks (red line) 
are enriched at  the 5′  region of silenced genes H3K4me3 marks  (green line) are enriched at actively expressed genes. Thus active genes show enrichment of H3K4me3 
marks and a paucity of H3K27me3 marks at the 5′ region. H3K36me3 (yellow line) marks are enriched at active genes. This illustrates the histone code hypothesis, which 
suggests that the epigenetic signature of individual genes, determines whether that gene is actively expressed or repressed. 

(Adapted from Lee BM, Mahadevan LC: Stability of histone modifications across mammalian genomes: implications for “epigenetic” marking. J Cell Biochem 108:22–34, 2009.)

H3K27me3 H3K4me3

Silenced Poised Active

H3K36me3

5′ 3′

E
xtent of m

odification



238 INTERMOLECULAR INTERACTIONS AND CARDIOMYOCYTE ELECTRICAL FUNCTION

Figure 24-4.  How  are  certain  histones  marked  with  activating  methylation  marks?  A, Transcription  factors  (red rectangle),  histone  methyltransferase  (HMT)  complexes 
(orange octagon), DNA (orange line), histones (blue cylinders), and the histone tails (black lines) are present in the cell. Upon activation, a transcription factor (TF) binds to the 
DNA at defined binding sites (red line). B, These transcription factors interact with histone methyltransferase complexes (orange hexagon), which impart activating methyla-
tion marks on neighboring histones (yellow hexagon). As shown in (C), these active histone methylation marks then interact with the transcription machinery (green square) 
to facilitate transcription (black arrow). 
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inability to reset the epigenetic marks that are present in the 
differentiated cell nucleus.10 Despite the stability of these epigen-
etic marks, investigators have more recently discovered that they 
can revert differentiated fibroblasts into induced pluripotent stem 
cells (iPSCs) by introducing a cocktail of transcription factors 
that revert the epigenome to a more pluripotent state.21,22 Thus, 
although epigenetic stability is important for establishing cell 
identity during development in vivo, the ability to revert differ-
entiated cells to pluripotent cells by manipulating the epigenome 
in vitro has garnered much excitement.

Manipulating the epigenome to develop iPSCs has significant 
clinical relevance. iPSCs can serve as a source of pluripotent cells 
for regenerative medicine, and they provide a method of studying 
genetic-based disease states in vitro. For example, Yazawa et al. 
used fibroblasts from patients with Timothy syndrome to gener-
ate iPSCs and differentiate them into cardiac myocytes in vitro.23 
Using this model, they studied the electrical and calcium-handling 
properties of myocytes that possess the Timothy syndrome muta-
tion in vitro. Although the forced expression of a cocktail of 
transcription factors reverts differentiated cells to pluripotent 
iPSCs that share many features of ES cells, recent work  
has demonstrated that iPSCs have incomplete epigenetic repro-
gramming.24 To determine the importance of epigenetic mecha-
nisms on cellular reprogramming, Onder et al. investigated how 

different chromatin-modifying enzymes affect cellular repro-
gramming.25 They demonstrated that inhibition of components 
of PRC1 and PRC2 reduces reprogramming efficiency. In com-
parison, inhibition of SUV39H1, YY1, and the H3K79 methyl-
transferase DOT1L enhanced reprogramming.

To harness the ability of transcription factors to reprogram 
cells in a clinically relevant manner, Ieda et al.26 demonstrated 
that the combination of three developmental cardiac transcrip-
tion factors (Gata4, Mef2c, and Tbx5) could be used to directly 
reprogram dermal and postnatal cardiac fibroblasts into differen-
tiated beating cardiaclike cells without first developing iPSCs. 
They showed that direct reprogramming of fibroblasts resulted 
in the stable shift of the epigenetic signature of several cardiac 
genes—Actn2, Ryr2, and Tnnt2.

Heart Muscle Development

Successful development of the cardiovascular system requires a 
complex integration of multiple inputs that ultimately results in 
stable gene expression profiles that determine the identity of  
the differentiated cell. Transcription factors (e.g., Nkx2.5, Tbx5, 
Tbx1) have a critical role in defining cardiac identity by inducing 
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Mef2cAHF:Cre driver that is expressed in cardiac progenitors of 
the anterior heart field, they demonstrated that the absence of an 
Ezh2 results in attenuation of the observed increase that accom-
panies normal H3K27me3 marks development and an inability 
to repress Six1 gene expression. The inappropriate expression of 
Six1 resulted in massive right ventricular hypertrophy and mild 
pulmonary stenosis in adult mice.29

Epigenetics in Disease States

Diabetes and Epigenetics

It is well established that patients with type I and type 2 diabetes 
have a substantially increased risk of developing cardiovascular 
complications.31,32 Thus, investigators have explored the effect 
that tight glucose control has on diabetic complications. Basic 
science and human clinical trials have demonstrated that a tran-
sient exposure to hyperglycemia results in a higher incidence of 
diabetic vascular disease despite a return to normal glucose 
levels.33 This “legacy effect” is referred to as metabolic memory. 
Because epigenetic mechanisms can induce stable changes in 
gene expression that persist despite the subsequent absence of the 
inciting stimulus, investigators have explored epigenetic mecha-
nisms to explain the legacy effect.34 In corroboration with these 
clinical observations, in vitro work on human aortic endothelial 
cells has demonstrated that transient exposure to hyperglycemia 
results in sustained activation of NF-κB, a proinflammatory tran-
scriptional regulator.35 A hyperglycemic exposure recruits epi-
genetic machinery to the promoter region of the p65 subunit of 
NF-κB. The epigenetic machinery facilitates a decrease in 
H3K9me repressive marks, an increase in H3K4me activating 
marks, and a sustained transcriptional increase in the p65 subunit 
of NF-κB. The increase in p65 results in the persistent expression 
of a proinflammatory gene expression profile. This in vitro work 
demonstrates how environmental factors (e.g., hyperglycemia) 
can be translated into a stable shift in disease-defining gene 
expression profiles by epigenetic mechanisms.

Cardiac Hypertrophy and Cardiac Failure

The development of cardiac hypertrophy and cardiac failure is a 
result of a stimulus-induced shift in the cardiac phenotype. 
Kaneda et al. investigated which shifts in histone tail modifica-
tions accompany rat and human models of heart failure.36 By 
using genome-wide approaches, they demonstrated that there is 
a significant shift in the profile of H3K4me3 (activating) and 
H3K9me3 (repressive) marks in Dahl salt–sensitive rats with 
heart failure. Next, using human heart failure samples, they con-
firmed that human heart failure is also associated with a signifi-
cant shift in genome-wide H3K4me3 and H3K9me3 profiles. 
They found that the activating H3K4me3 marks are associated 
with many important canonical signaling pathways (e.g., calcium 
signaling, nitric oxide signaling, cAMP-mediated signaling, 
G-protein–coupled receptor signaling, actin signaling) that are 
important in heart failure. Taken together, these results suggest 
that there is an association between H3K4me3 marks and 
H3K9me3 marks and the alteration in gene expression profiles 
that accompanies cardiac disease states.

To investigate the mechanistic role of histone-modifying pro-
teins in the development of cardiac hypertrophy, Zhang et al. 
looked at the importance of Jmjd2a in the development of cardiac 
hypertrophy.37 Jmjd2a is a member of the JmjC domain–
containing family JMJD2 of histone demethylases. The JMJD2 
family of proteins demethylate H3K9me3 and H3K36me3. 
H3K9me3 is associated with heterochromatin; thus, Jmjd2a acts 

the expression of cardiac genes in a timed manner. Transcription 
factors interact with epigenetic factors to define how develop-
mental cues can be translated into stable and heritable cardiac 
gene expression profiles.

SWI/SNF Complexes in Heart Development

Many components of the BAF complex are necessary for the 
development of the heart chambers and cardiac muscle. Brg1, an 
adenosine triphosphatase (ATPase)-containing protein that is a 
member of the BAF complex has been well studied in myocardial 
development and provides an example of the importance of 
chromatin-remodeling factors in heart development. Brg1 is nec-
essary for early cardiomyocyte cell proliferation as well as the 
differentiation into mature cardiac myocytes. Murine models 
with cardiac-specific deletion of Brg1 have a thinned myocar-
dium and absent interventricular septums.27 Work by Hang 
et al.27 revealed that Brg1 is necessary for the effective expression 
of Bmp10 and the repression of p57kip2, a cyclin dependent kinase 
inhibitor, such that the deletion of Brg1 results in a lack of  
Bmp10 and ectopic expression of p57kip2 that represses cell cycle 
progression.

In addition to regulating cell cycle progression, Brg1 is also 
necessary for the differentiation of cardiac myocytes. Beta-
myosin heavy chain (β-MHC) is the primary MHC isoform 
expressed in fetal myocytes whereas alpha-myosin heavy chain 
(α-MHC) is the primary MHC expressed in adult myocytes. Brg1 
plays an important role in MHC isoform switching. In the 
absence of Brg1, embryonic myocytes prematurely switch from 
β-MHC to α-MHC. Thus, Brg1 is important in the normal 
progression of differentiation from fetal to adult cardiac 
myocytes.27

Brg1 has also been used to demonstrate the importance of the 
relationship between cardiac transcription factors and epigenetic 
complexes. Brg1+/– mice have variable cardiac phenotypes includ-
ing ventricular septal defects (VSDs), patent foramen ovales 
(PFO), conduction abnormalities, and cardiac dilatation.27 Brg1 
has been shown to interact with the key cardiac transcription 
factors Tbx5, Nkx2-5, and Gata4 and potentiate transcription 
factor–mediated transcription.28 Furthermore, the combination 
of Brg1+/– haploinsufficiency with NKX2-5 or Tbx20 heterozy-
gous mice results in the development of severe lethal cardiac 
defects. These studies suggest that the effective development of 
cardiac myocytes requires an interaction between transcription 
factors and epigenetic complexes.

Ezh2 in Cardiac Development

Polycomb repressive complexes (PRCs) play a role in repressing 
gene expression profiles. Ezh2 in the is a key histone methyltrans-
ferase of PRC2 complex which trimethylates histone 3 at lysine 
27 (H3K27). H3K27 methylation marks are associated with tran-
scriptionally repressed chromatin. As cardiac myocytes develop, 
they undergo an increase in H3K27me3 levels.29 The deletion of 
Ezh2 during cardiac development in murine models has resulted 
in disparate results. He et al.30 deleted a floxed Ezh2 allele in early 
cardiac development in mice using an NKX2.5:Cre driver. These 
mice demonstrated lethal congenital heart malformations includ-
ing compact myocardial hypoplasia, hypertrabeculation, and ven-
tricular septal defects. Deleting Ezh2 with Tnnt:Cre, which 
comes on after NKX2-5:Cre, attenuated the phenotype observed 
with NKX2-5:Cre, suggesting that the establishment of 
H3K27me3 epigenetic marks occurs during a finite window of 
time during cardiac development.30 In a different study, Delgado-
Olguin et al. reported that deletion of Ezh2 using the NKX2.5:Cre 
mice resulted in mild cardiac hypertrophy. However, using a 



240 INTERMOLECULAR INTERACTIONS AND CARDIOMYOCYTE ELECTRICAL FUNCTION

disease-like phenotype that included significant attenuation in 
Kcnip2 gene expression, a decrease in the transient outward 
potassium current, an increase in calcium transients, and a pro-
pensity to develop premature ventricular beats. This work dem-
onstrated that it is necessary to maintain epigenetic profiles in 
fully differentiated tissues, and that an inability to maintain these 
marks over time can be a mechanistic cause of disease.

Conclusion

Epigenetic phenomenon in cardiac development and disease are 
currently under intense investigation because epigenetic phenom-
ena provide a mechanistic explanation for how environmental 
factors can cause changes in the cardiac phenotype. As outlined 
earlier, considerable evidence supports the important role of epi-
genetic mechanism in the developing heart. These same epigen-
etic mechanisms that establish stable and heritable gene expression 
profiles during development also seem to be important contribu-
tors to the development of disease. Epigenetic mechanisms may 
be particularly important in the development of adult cardiac 
disease states because most cardiac myocytes are post-mitotic 
terminally differentiated cells. Therefore, an inability to maintain 
the epi genome over the life of a cell may alter gene expression 
profiles in aged myocytes. These shifts in the epigenome could 
predispose to or initiate the development of disease. In addition, 
epigenetic mechanisms may provide a rational explanation for 
why some disease processes appear reversible and some are irre-
versible. In addition to potentially causing disease, manipulating 
the epigenome to derive iPSCs or to direct differentiation into 
other cell types (i.e., fibroblasts to myocytes) may serve a thera-
peutic purpose. In any case, a deeper understanding of epigenetic 
mechanisms will provide us with new insights into cardiac biology.

as an activator by removing repressive epigenetic marks. By using 
murine models of pressure overload–induced hypertrophy, Zhang 
et al. demonstrated that Jmjd2a deletion attenuates the develop-
ment of cardiac hypertrophy. They also showed that cardiac-
specific overexpression of Jmjd2a resulted in an exaggerated 
hypertrophic response.

Studies in cardiac development revealed that Brg1 is critical 
for the switch from β-MHC to α-MHC. Interestingly, the devel-
opment of cardiac hypertrophy is known to be accompanied by 
a switch from the adult α-MHC isoform to the fetal β-MHC 
isoform. Human studies reveal that Brg1 is upregulated in cardiac 
tissue from patients with hypertrophic cardiomyopathy. The 
degree of Brg1 expression correlates with the extent of the hyper-
trophic phenotype. Brg1 is normally downregulated in adult 
heart tissue; however, pressure overload–induced hypertrophy in 
murine models results in re-expression of Brg1. Deletion of Brg1 
in murine models attenuates the hypertrophic response, blunts 
the development of fibrosis, and blocks the switch in MHC 
isoforms.27

Electromechanical Function and Arrhythmias

Although epigenetic mechanisms are important for defining a 
cell’s identity during development, it remains unclear whether an 
inability to maintain the epigenome once a cell is fully differenti-
ated can be a causative mechanism of disease. To test this hypoth-
esis, Stein et al. deleted PTIP, a protein that is part of a histone 
methyltransferase complex that enriches at actively expressed 
genes, in fully differentiated murine adult myocytes using an 
inducible Cre driver.38 These studies revealed that deleting a 
component of the histone methyltransferase complex in a fully 
differentiated myocyte results in an inability to maintain 
H3K4me3 marks. This epigenetic instability resulted in a 
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electrotonic impulses, neurotransmitter or hormonal stimulation 
of surface membrane receptors).

The present perspective views SANC, per se, as a system 
comprising several levels of complexity and integrated compo-
nents. Sarcolemmal ion currents (Figure 25-1 and Table 25-1) 
have been extensively studied in the past (see review1), and the 
ensemble of these currents re-created in silico from experimental 
voltage-clamp data can generate spontaneous APs.2 The subsys-
tem of sarcolemmal molecules forming a voltage membrane 
oscillator was conceptualized as a membrane clock3 (M-clock, for 
short) and has been the predominant feature in at least 12 SANC 
numerical models.2 During rhythmic spontaneous AP firing by 
SANC, the M-clock is dynamically coupled to Ca2+ cycling (see 
Figure 25-1, gray area) via multiple voltage-, Ca2+-, cyclic adenos-
ine monophosphate (cAMP)-, and phosphorylation-dependent 
mechanisms (coupling factors).4 SANC sarcoplasmic reticulum 
(SR), however, in isolation from the M-clock can generate its own 
spontaneous local (submembrane) rhythmic Ca2+ signals. Thus, 
similar to the M-clock, the SR is intrinsically also an almost 
perfectly periodic oscillator that can be envisioned as a Ca2+-
clock.3 During spontaneous AP firing by SANC, the M- and 
Ca2+-clocks do not exist as separate entities: They mutually 
entrain each other via aforementioned coupling factors. These 
coupled oscillators that differ in nature thus represent heteroge-
neous redundancy within SANC that confers a physiological 
robust, yet extremely flexible, united pacemaker cell system.4,5

Realization of Importance of Ca2+ Signaling 
for Cardiac Pacemaker Function

In the late 1970s to the early 1980s, as the importance of an 
intracellular Ca2+ transient (as the trigger for ventricular myocyte 
contraction) came into focus, the idea that an intracellular Ca2+ 
oscillator could also drive membrane excitations in Purkinje 
fibers was suggested.6 But because oscillatory current in Purkinje 
fibers became manifest only in a Ca2+ overload state, such current 
fluctuations were interpreted in the context of “abnormal auto-
maticity” (i.e., they were attributed to a disturbance in normal 
cardiac function7).

In the late 1980s, afterdepolarizations and aftercontractions 
were recorded in Purkinje fibers under normal Ca2+ loading con-
ditions,8 and these fibers demonstrated localized, spontaneous 
myofilament motion caused by spontaneous local Ca2+ oscilla-
tions9 in the absence of Ca2+ overload. A cytosolic Ca2+ transient 
is evoked by each spontaneous SANC AP (see Figure 25-2, D), 
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Different types of heart cells (i.e., pacemaker cells within the 
sinoatrial node [SAN] and contractile myocytes within myocar-
dium) determine how fast and strong, the heart beats. The heart’s 
pacemaker cells normally generate spontaneous rhythmic changes 
in their membrane potential, thereby producing almost perfectly 
periodic spontaneous action potential (APs; i.e., normal automa-
ticity). Pacemaker cells within the heart having “clocks” with the 
briefest rhythmic periods “capture” or trigger other excitable 
cells. SAN cells (SANC) are the dominant cardiac pacemaker 
cells, because they exhibit shorter periods between spontaneous 
APs than do atrioventricular nodal cells or His-Purkinje cells. 
Thus, SANC normally initiate the cardiac impulse by generating 
spontaneous APs that are conducted to the ventricle and entrain 
the duty cycle of ventricular myocytes.

The essence of cardiac pacemaker function is diastolic depo-
larization (DD) that is absent in ventricular myocytes. DD rep-
resents a slow spontaneous decrease in membrane polarization 
until it reaches the membrane excitation threshold, culminating 
in generation of an AP. SANC robustness (i.e., “fail safe” proper-
ties conserved during evolution of the animal kingdom) and flex-
ibility (the ability to react to demands for faster or slower AP 
firing rate) result from the timely integration of signaling events 
at multiple levels within the SAN, including subcellular, cellular 
surface membrane, and tissue architecture. The interactive 
network of mechanisms intrinsic to SANC must also interpret 
and react to signals arising extrinsic to the cell (e.g., stretch, 
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venosus cells19 has documented the occurrence of spontaneous, 
localized, diastolic Ca2+ release in pacemaker cells in the absence 
of Ca2+ overload. These local Ca2+ releases (LCRs) during DD 
are initiated beneath the cell surface membrane via spontaneous 
activation of RyR (Figure 25-2A,B). SANC exhibit robust 
SERCA2 and RyR immunolabeling,20,21 and although SERCA2 
immunolabeling in SANC occurs diffusely throughout the cyto-
plasm and in perinuclear area, RyR immunolabeling is most 
intense in the subsarcolemmal space.20,21 LCRs appear as 4- to 
10-µm Ca2+ wavelets in confocal line-scan images of spontane-
ously firing rabbit SANC and emerge following dissipation of the 
global systolic transient effected by the previous AP; they cre-
scendo during DD, peaking during late DD, as they merge into 
the global cytosolic Ca2+ transient triggered by the next AP (see 
Figure 25-2A).18,22 LCRs and the ensemble LCR signal (i.e., inte-
gral of all LCRs), that is, late diastolic Ca2+ elevations (LDCaE), 
have now been documented in numerous species (see review4) 
(see Figure 25-2, B-D).

LCR occurrence does not require triggering by depolarization 
of the surface membrane: Persistent rhythmic oscillatory mem-
brane currents can be activated by rhythmic LCRs during 
voltage-clamp (at potentials that prevent cell Ca2+ depletion, e.g., 
−10 mV). Both persistent LCRs and the currents activate simul-

and that Ca2+ influx via L-type Ca2+ channels (LCCh) (see Figure 
25-1) affects SR Ca2+ loading. Chelation of intracellular Ca2+ in 
SANC10-12 markedly slowed or abolished spontaneous AP firing. 
The importance of SR Ca2+ release and Na+/Ca2+ exchanger 
(NCX) current (INCX) for pacemaker cell pacemaker function was 
also demonstrated directly by effects of ryanodine on Ca2+ 
cycling.13,14 Ryanodine (by disabling the ryanodine receptor 
[RyR] and the SR release channel [Figure 25-2], and by depleting 
SR Ca2+ content] had a profound negative chronotropic effect on 
the automaticity of subsidiary atrial pacemakers15 and in 
SANC.13,14 Additional voltage-clamp experiments in perforated 
patch configuration in isolated cat atrial latent pacemaker cells 
demonstrated the occurrence of an inward current during late 
DD that was sensitive to ryanodine, and presumably was linked 
to INCX activated by SR Ca2+ release.16

Ca2+-Clocks in Pacemaker Cells

Confocal imaging of Ca2+ in mammalian SANC and atrial sub-
sidiary pacemaker cells combined with noninvasive perforated 
patch-clamp electrophysiology17,18 and imaging of toad sinus 

Figure 25-1.  Schematic illustration of interactions of identified molecules comprising the fully coupled-pacemaker cell clock. Note that common regulatory factors (purple 
large lettering) govern the  function of both the SR Ca2+-clock  (gray intracellular area) and the M-clock  (light-blue cell membrane area with blue labels depicting electrogenic 
proteins). These  common  factors  act  as  nodes  within  the  system  to  couple  the  function  of  the  activities  of  both  clocks. The  system  is  balanced  as  illustrated  by  traffic 
light–like colors: Green arrows designate signaling driving AP firing, but red arrows show suppression, maintaining a given steady state level of cAMP and protein phos-
phorylation.  G  protein–coupled  receptors  (green and red shapes within the membrane)  modulate  both  Ca2+-clock  and  M-clock  function  via  those  same  crucial  signaling 
nodes of the system. 

(Modified from Lakatta EG, Maltsev VA, Vinogradova TM: A coupled SYSTEM of intracellular Ca2+ clocks and surface membrane voltage clocks controls the timekeeping mechanism 
of the heart’s pacemaker. Circ Res 106:659–673, 2010.)
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taneous fluctuations of the same frequency,22,23 and both 
are abolished by ryanodine. Sustained LCR activity is also 
observed in chemically “skinned” SANC (i.e., having a detergent-
permeabilized cell surface membrane) bathed in a physiological 
[Ca2+] of 100 nM.22,23 Because LCRs are generated as rhythmic 
events at rates of 1 to 5 Hz (i.e., encompassing those of spontane-
ous AP firing in SANC), SR was conceptualized as an intracel-
lular “Ca2+-clock.”3 The ability of SANC SR to generate sustained 
intracellular Ca2+ oscillations under normal physiological condi-
tions within this broad frequency range has also been demon-
strated in numerical model simulations that have embraced the 
occurrence of experimentally determined LCRs.5

RyR2 knockout not only causes failure of spontaneous Ca2+ 
releases in embryonic cardiac cells and suppresses spontaneous 
cell beating, it also leads to a marked depression of the obligatory 
developmental increase in heart rate and cardiac output that, in 
the absence of knockout, support continued cardiac embryonic 
differentiation.24 As in adult SANC, a crucial regulatory role of 
RyR2-mediated Ca2+ releases in pacemaker function is demon-
strated in RyR2 knockout cells, as β-adrenergic receptor (β-AR) 
stimulation is ineffective in these cells.25 An essential role of 
RyR2 in pacemaker function has been recently demonstrated in 
tissue-specific RyR2 knockout mice with acute ≈50% loss of 
RyR2 protein in the heart, but not in other tissues.26 The RYR2 
loss-of-function causes bradycardia and arrhythmia. Further-
more, cardiac RyR2 knockout mice exhibit some functional and 
structural hallmarks of heart failure, including sudden cardiac 
death.

Table 25-1. Major Ion Currents Reported in SA Node and SANC 
of Various Species

Group of Currents Ion Current

Voltage-gated Na+ current INa (absent in primary SANC)

Voltage-gated Ca2+ 
currents (ICa= ICaL + ICaT)

ICaL, high voltage–activated, L-type Ca 
current

ICaT, low voltage–activated, T-type Ca 
current

Voltage-gated K+ currents 
(I4-AP = Ito + Isus and IK = IKr + 
IKs)

Ito, 4-AP–sensitive transient K+ current

Isus, 4-AP–sensitive sustained K+ current 
(the sustained part of initially 
discovered Ito or I4-AP)

IKr, the rapidly activating component of 
IK exhibiting strong inward rectification 
(mouse, rat, guinea pig, rabbit)

IKs, the slowly activating component of 
IK, exhibiting only weak rectification 
(guinea pig, pig)

Small IK1, inwardly rectifying K+ current 
(mouse, rat, and monkey)

Voltage-gated 
monovalent cation 
nonselective currents

Hyperpolarization-activated, “funny” 
current, If or Ih

Steady nonselective current Ist

ACh-activated K+ current IKACh

Background and ion 
transporter currents

Store-operated Ca2+ current (mouse)

Background Na+ current, Ib,Na

Na+/K+ pump current, INaK or Ip

Na+/Ca2+ exchanger current, INaCa or INCX

Cl− current, ICl

Crosstalk of Ryanodine Receptor and Na+/ 
Ca2+ Exchanger to Transfer Intracellular 
Ca2+ Signals to M-Clock

NCX is not an ion channel, and its amplitude almost instantly 
follows changes in membrane potential or intracellular [Ca2+]. 
NCX function is both voltage- and Ca2+-dependent. When intra-
cellular [Ca2+] is high as the result of AP-induced Ca2+ transient, 
AP repolarization activates NCX forward mode, generating 
inward current INCX by exchanging one Ca2+ (going out) to 3 Na+ 
(going into the cell). In contrast to hyperpolarization-activated 
“funny” current, If (see Table 25-1), INCX is activated earlier, as it 
almost instantly follows membrane hyperpolarization (see Figure 
25-2, D). Furthermore while the non-selective If is decreasing and 
reversing during later DD, INCX is substantially increasing further 
by waxing diastolic Ca2+ release from the SR (see Figure 25-1 and 
Figure 25-2, D, described later in detail). Thus, INCX has been 
realized as a major transduction mechanism of intracellular Ca2+ 
signaling that crucially contributes to DD and normal automatic-
ity of SANC. The NCX is one of the earliest functional genes that 
exist during early embryonic heart development,27 and NCX1 is 
required for normal pacemaker activity. Atrial-specific NCX 
knockout mice that lack NCX1 but have intact If, and express 
NCX1 in ventricular myocytes,28 live to adulthood, and exhibit a 
markedly reduced heart rate. However APs can be evoked under 
current-clamp conditions in SANC isolated from these mice, 
indicating that knockout cells retain electrical excitability.

At the resolution of the confocal microscope21 NCX and 
RyRs, molecules appear co-localized across the ≈12-nm subsar-
colemmal gap between RyRs on the SR and NCX molecules on 
the sarcolemma. The crosstalk of LCRs and NCX activates a 
forward mode NCX operation that generates local inward INCX 
currents, which produce miniature membrane voltage fluctua-
tions.18,29,30 The net late DD inward current initiated by the LCR 
ensemble (measured as ryanodine-sensitive current) in rabbit 
SANC varies from 0.3 pA/pF31 to 1.6 pA/pF,18 yielding a whole-
cell INCX range from 9.6 to 51.2 pA for a 32-pF SANC (see Figure 
25-2, D). Because an extremely small net ion current change (a 
few pA in rabbit SANC) has marked effects on membrane poten-
tial, an inward current of this magnitude is sufficient to broadly 
modulate the DD.5,30,31 For comparison, the peak of If achieved 
during DD in SANC ranges from 0.02 to 0.23 pA/pF as predicted 
by 12 different numerical models.2 LCR-activated inward INCX, 
together with other DD mechanisms (such as L-type Ca2+ 
current, ICaL), imparts the exponentially rising phase to the 
DD18,29,30 that initiates the subsequent AP (see Figure 25-2, A-C). 
Although voltage-activated L-type Ca2+ currents surely contrib-
ute to late DD, and L-type Ca2+ currents are required for AP 
initiation, failure to generate diastolic INCX signals results in pace-
maker failure when ICaL density is normal (e.g., when RyRs are 
disabled ryanodine or during short-term NCX blockade18). Thus 
available experimental and numerical modeling data clearly indi-
cate an important role of Ca2+ cycling molecules and their “cross-
talk” in normal physiological function.

The Essence of Pacemaker Function Is a 
Coupled Function of an Intracellular Ca2+-
Clock and Membrane Ion Channel Clock

The LCR Period Reports the Functional State of the 
Coupled System (Not That of the Ca2+-Clock Per Se)

The LCR period is the delay between the AP-triggered global 
cytosolic Ca2+ transient and LCR emergence during DD (Figure 
25-2, A). It reports the time at which AP ignition is prompted 
via INCX activation, and it closely predicts the AP cycle length in 
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Figure 25-2.  A,  Line-scan  image  of  LCRs  (white arrowheads)  with  superimposed  spontaneous  APs  recorded  in  rabbit  SANC.  B,  Upper panel,  LCRs  imaged  by  confocal 
microscopy; lower panel, Temporal average of LCRs creates ensemble LCR signal or late diastolic Ca2+ elevation (LDCaE) that precedes AP-induced Ca2+ transient.29 C, LDCaE 
in single SANC of rabbit57 and guinea pig.20 D, Novel numerical model predicts “yin-yang” types of interactions within the coupled-clock system of SANC (see text for details). 
D, Diastolic depolarization; SR, sarcoplasmic reticulum. 

(Modified from Maltsev VA, Lakatta EG: Synergism of coupled subsarcolemmal Ca2+ clocks and sarcolemmal voltage clocks confers robust and flexible pacemaker function in a 
novel pacemaker cell model. Am J Physiol Heart Circ Physiol 296:H594–H615, 2009.)
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the cell via NCX earlier in the prior cycle. At the same time, SR 
begins to refill Ca2+ (via sarco/endoplamic reticulum Ca2+-ATPase 
[SERCA] Ca2+pumping and, likely, inter-SR Ca2+ diffusion toward 
junctional SR) and then generates LCRs again when restitution is 
completed with the achievement of a threshold intra-SR [Ca2+] 
and removal of RyR inactivation, both of which are required  
for subsequent spontaneous RyR activation. The growth of  
submembrane LCRs activates INCX (i.e., the electrogenic 
component of the coupled system), which drives DD to reach a 
threshold of LCCh activation that continues to further accelerate 
DD, ultimately leading to the generation of rapid upstroke of  
the next AP. Of note, LCCh activation accelerates the DD of a 
given cycle not only directly via its inward current, but also  
indirectly via its Ca2+ influx (during DD, before the AP upstroke), 
resulting in Ca2+-induced Ca2+ release and, hence, in additional 
LCRs and greater NCX activation, creating (for a short time)  
a regenerative, positive-feedback loop. These chain reaction  
types of interactions (revealed by numerical modeling5; see 
Figure 25-2D) that become apparent during late DD may  
be construed as being akin to a “rocket launch” (i.e., likely  
important for robust late DD acceleration and spontaneous AP 
generation).

Hence, during spontaneous AP firing, the SR does not oscil-
late Ca2+ independently, as it can in the absence of M-clock, but 
rather operates as a “stop-watch” to generate a timely crucial 
LCR/INCX signal during DD that is likely further amplified by 
the Ca2+-induced Ca2+ release. After each successful “rocket 
launch” (i.e., AP ignition), SR function is reset by the AP. Thus, 
in a given steady state, the electrochemical interactions of the 
ensemble proteins of the system recur during each cycle (i.e., 
M-clock [or Ca2+-clock]), initiating Ca2+-clock (or M-clock); this 
guarantees its own future periodic existence and thereby robust 
spontaneous AP firing. Thus, the coupled-clock concept and the 
symmetrical importance of both clocks have actually “married” 
the efforts of two earlier reductionist approaches to explain 
cardiac pacemaker function based predominantly on either 
Hodgkin-Huxley–type ion current kinetics or on the periodic 
Ca2+ pumping-release paradigm of the SR function, igniting APs 
simply via an INCX electrogenic link.

numerous experimental perturbations of SANC function (Figure 
25-3, B). Over the wide range of conditions and widely varying 
AP firing rates from about 1 to 4 Hz, the relationship of LCR 
periods to the spontaneous cycle lengths of SANC is nearly 
identical, with a slope being close to 1 and an offset “ignition” 
time of 10 to 100 ms (review4). The LCR period and the cycle 
length remain strongly coupled, not only in the steady state 
beating, but also during stringent transitions, such as the tran-
sient state after removal of voltage-clamp at the maximum  
diastolic potential (MDP),22 and during intrinsic beat-to-beat 
variations in AP cycle length.32

Although LCRs are indeed generated by SR, the LCR period 
is not an exclusive property of the SR function per se, but rather 
is the result of the mutual entrainment of both Ca2+- and M- 
clocks regulating Ca2+ balance of the system (including Ca2+ avail-
able for pumping by the SR) via multiple Ca2+-, voltage-, and 
enzyme-dependent processes (described in detail later). Thus, the 
LCR period characterizes the integration and kinetics of the 
clock-system, rather than just the function of a Ca2+-clock alone. 
These ideas have recently evolved into a concept of a coupled-
clock pacemaker system4,5 featuring a “yin-yang”–type coexis-
tence via interdependence33 (see Figure 25-2, D).

Symmetrical Importance of Ca2+- and 
M-Clocks: Clocks Coupling Guarantees Each  
Other’s Timely Existence and Confers Robustness  
to SANC Normal Automaticity

Although spontaneous Ca2+ release is intrinsically stochastic, its 
potentially deleterious, unlimited regenerative nature is quenched 
by induction of an AP, thus shifting Ca2+ release properties from 
stochastic to periodic. The SR Ca2+ release periodicity is entrained 
by rhythmically occurring APs via rhythmically triggered deple-
tion of the SR. While the M-clock–generated AP initially 
depresses SR Ca2+ release by effecting global Ca2+ SR depletion, 
this Ca2+ depletion simultaneously initiates the coupled-clock 
restitution process: Ca2+ influx via LCCh restores Ca2+ lost from 

Figure 25-3.  A, PKA-dependent changes  in phosphorylation of phospholamban predict changes in the SANC LCR period. B, Changes in the steady state LCR period in 
response to numerous perturbations of the coupled-clock system predict concomitant changes in the steady state spontaneous AP cycle length. 

(Modified from Lakatta EG, Maltsev VA, Vinogradova TM: A coupled SYSTEM of intracellular Ca2+ clocks and surface membrane voltage clocks controls the timekeeping mechanism 
of the heart’s pacemaker. Circ Res 106:659-673, 2010. Updated with data from Vinogradova TM, Brochet DX, Sirenko S, et al: Sarcoplasmic reticulum Ca2+ pumping kinetics regu-
lates timing of local Ca2+ releases and spontaneous beating rate of rabbit sinoatrial node pacemaker cells. Circ Res 107:767–775, 2010.)
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local CaMKII activity and AC activities and LCRs. CaMKII 
inhibition reduces ICaL in isolated SANC, thereby reducing the 
rate of AP firing.11 Increased CaMKII activity is also essential for 
the increase in SR Ca2+ release in SANC in response to β-AR 
stimulation.37 BayK 8644 (a LCCh agonist) requires CaMKII 
activation to increase SANC AP firing.38 CaMKII is activated in 
rabbit SANC during AP firing in the basal state (likely as the 
result of active basal intracellular Ca2+ cycling).

The likelihood for spontaneous SR Ca2+ release to occur 
increases as a function of the SR Ca2+ load, determined, in a 
physiological context, by the Ca2+ that is available for pumping 
into the SR and the phosphorylation status of the Ca2+ cycling 
proteins, including phospholamban (which regulates the activity 
of SR Ca2+ pumping protein SERCA), RyR (the SR release 
channel), and LCCh (see review39). SR Ca2+ refilling kinetics 
regulates the LCR period and the spontaneous beating rate of 
rabbit SANC.40 PKA- and CaMKII-dependent phosphorylation 
of SR cycling proteins and LCCh leads to synchronization of 
spontaneous RyR activation. The schematic in Figure 25-4A 
depicts the concept that the restitution process that determines 
the LCR period is regulated (1) by the kinetics of SR Ca2+ cycling 
(i.e., by the rate of Ca2+ pumping into the SR); and (2) by the 
threshold of SR Ca2+ load required for spontaneous RyR activa-
tion. This concept is also supported by numerical model simula-
tions of the SANC coupled-clock system (Figure 25-4B).

Experimental data clearly support the critical importance of 
Ca2+-dependent, basal protein phosphorylation for normal SANC 
automaticity. Reducing the phosphorylation state of these pro-
teins in rabbit or guinea pig SANC by buffering intracellular 
[Ca2+] or directly inhibiting AC, or basal PKA or CaMKII activi-
ties (including by cholinergic receptor [ChR] stimulation, see 
below), has marked effects in slowing or even abolishing rhyth-
mic APs (see review4). And vice versa—increasing PKA signaling 
via stimulation of β-ARs, or exposure to a membrane-permeable 
analog of cAMP, or inhibition of phosphodiesterase or phospha-
tase activity (see later) accelerates the AP firing rate. It is impor-
tant to note that independent of the type of perturbation of 
protein phosphorylation, the LCR period always closely predicts 
the cycle length (see Figure 25-3B). Maneuvers that increase 
protein phosphorylation require an intact Ca2+-clock to effect an 
increase in the spontaneous AP firing rate.23,41 Normal automatic-
ity of SANC, in fact, can be envisioned as a phenomenon that 
emerges from the phosphorylation state of the coupled-clock 
systems proteins; this synchronizes their functions to result in 
rhythmic spontaneous AP firing.

Mechanisms Intrinsic to the Coupled-Clock System 
That Restrain Its Basal AP Firing Rate

The coupled-pacemaker system dynamics are driven by a positive-
feedback Ca2+ signaling, that is, Ca2+release begets more Ca2+ 
release via PKA and CaMKII pathways (see Figure 25-1, green 
arrows):

Ca Ca -activated ACs cAMP PKA
phospholamban RyR LCCh ph

2 2+ +→ → →
→ & & oosphorylation

more Ca calmodulin CaMKII
SERCA phosphola

→ → →
→

+2

& mmban RyR LCCh
phosphorylation more Ca etc

& &
.→ →+2

This positive-feedback signaling scheme obviously would drive 
the AP firing rate to its maximum. Thus, mechanisms to damp 
this signaling (see Figure 25-1, red arrows) must function continu-
ously and concurrently to keep in check cell cAMP level and the 
phosphorylation of molecules that drive AP firing. Basal phos-
phodiesterase activity is one such restraining mechanism to 

Beat-to-Beat Ca2+-Dependent Regulation of SAN 
Pacemaker Cell Rate and Rhythm

If the Ca2+- and M-clocks were indeed coupled, as has been 
described, then Ca2+ changes must regulate the AP firing rate on 
a beat-to-beat basis. Evidence for the role of Ca2+ in beat-to-beat 
regulation stems from experiments in rabbit SANC in which 
spontaneous AP firing is interrupted by a voltage-clamp to 
−65 mV.22 As voltage-clamp is applied, the ensemble LCR signal 
or LCR signal mass (a product of LCR amplitude, size, and dura-
tion) during the time interval, corresponding to the inter-AP 
interval (i.e., “would-be” cycle length), remains as during spon-
taneous AP firing but then wanes after a few “would-be” cycles 
as SR Ca2+ becomes depleted in the absence of regularly occur-
ring APs. Upon removal of the voltage-clamp, spontaneous AP 
firing is restored, and this produces Ca2+ influx for pumping into 
the Ca2+-depleted SR. Beat-to-beat Ca2+-dependent regulation is 
revealed during the transition process, as SR Ca2+ load increases: 
The beat-to-beat increase in spontaneous AP firing rate closely 
follows the concomitant beat-to-beat increase in diastolic LCR 
activity (assessed as the LCR signal mass22).

A more direct type of evidence for beat-to-beat Ca2+ depen-
dent regulation of SANC has been recently provided by acute 
photolysis of the intracellular caged Ca2+ compound.34 In response 
to loading of the caged Ca2+ buffer, the kinetics of Ca2+ removal 
from the cytosol is markedly slowed, the integral of Ca2+ release 
in the form of LCRs becomes substantially reduced, and LCRs 
become uncoupled from AP generation, which becomes mark-
edly slowed and then dysrhythmic. When Ca2+ is acutely released 
from the caged compound by flash photolysis, intracellular Ca2+ 
dynamics are acutely restored, and rhythmic APs resume imme-
diately at a normal rate. Thus, when Ca2+ is photo-released, a small 
increase in Ca2+ acutely affects SANC function: The initial effect of 
the flashes markedly accelerates DD and acutely reduces sponta-
neous cycle length and synchronous LCRs. After a few rhythmic 
cycles, however, these effects of the flash wane as interference 
with Ca2+ dynamics by the caged buffer is reestablished.

Another important piece of evidence for the beat-to-beat 
Ca2+-dependent regulation of SANC function is provided by 
two-dimensional (2D)-camera measurements of the whole-cell 
ensemble of LCRs simultaneously with perforated-patch AP 
recordings.32 These experiments demonstrate that the beat-to-
beat variations in average LCR period (measured each cycle) of 
the whole-cell LCR ensemble predict variations in AP cycle 
length.

Basal Levels of cAMP and Protein  
Phosphorylation by PKA and CaMKII Drive  
the Coupled-Clock System

SANC have a high constitutive level of activation of adenylyl 
cyclases (ACs) that results in a high level of basal cAMP23 and 
PKA-dependent protein phosphorylation. Although SANC, like 
ventricular myocytes, express high levels of Ca2+-inhibited AC 
types 5 and 6, the discoveries of Ca2+-activated AC types (i.e., AC1 
and AC8), in rabbit and guinea pig SANC35,36 and localization of 
the basal Ca2+-activated AC activity within lipid raft microdo-
mains36 link Ca2+ to localized cAMP production (see Figure 25-1). 
Ca2+ binds to calmodulin to activate AC, leading to a high basal 
level of cAMP-mediated, PKA-dependent phosphorylation of 
surface membrane and intracellular proteins involved in cell Ca2+ 
balance and SR Ca2+ cycling23,36 (see Figure 25-1).

Confocal imaging of immunolabeled proteins demonstrates 
that active CaMKII is highly localized beneath the surface mem-
brane.11 Thus, a geographical association has been noted between 
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the system’s ability to function as a clock (i.e., despite substantial 
transient cell Ca2+ changes during each AP cycle, the steady state 
average cell Ca2+ balance and levels of phosphorylation of M- and 
Ca2+-clock proteins remain stable), so that all events recur during 
each cycle in the same sequence and magnitude, ensuring a stable 
AP cycle length.

Autonomic Receptor Modulation of the 
Coupled-Clock System

Nature imparts flexibility to the coupled clock of the cardiac 
pacemaker to vary its AP firing rate over a wide physiological 
range (i.e., from 60 to 240 bpm in humans) via variation in 
GPCR signaling (see Figure 25-1, green and red shapes) that links 
both adrenergic and cholinergic receptors to the very same nodes 
of the coupled-clock system (see Figure 25-1, purple labels) that 
regulate the basal state LCR period4: Stimulation of sympathetic 
β-ARs in SANC, via Gs activation, increases the spontaneous AP 
firing rate via effects on the proteins of both clocks. It is well 
established that β-AR stimulation can modulate ion channels of 
the M-clock,1 specifically, IK and ICaL (via PKA-dependent phos-
phorylation) and If (via direct effects of cAMP; see Figure 25-1). 
However, β-AR stimulation, via changes in cAMP/PKA-depen-
dent phosphorylation due to AC activation and phosphatase inhi-
bition, can also alter SR Ca2+ efflux via RyR, as well as Ca2+ 
sequestration via SERCA.14,20,41 Thus, β-AR stimulation modu-
lates cAMP and protein phosphorylation levels of both clocks, 
simultaneously increases Ca2+ within the system via more fre-
quent and larger ICaL activation, and accelerates refilling of SR 

reduce the high constitutive AC activity in SANC.31 Such a 
system of a high rate of cAMP production by Ca2+-activated ACs 
is balanced to a high rate of cAMP degradation by phosphodies-
terase to still maintain high basal levels of cAMP and, hence, basal 
phosphorylation of the signaling proteins of both clocks. Basal 
activation of phosphoprotein phosphatases in SANC42 is another 
mechanism that limits PKA- and CaMKII-dependent phosphor-
ylation. The net result of basal activation of phosphodiesterase 
and phosphoprotein phosphatases is that the basal LCR period 
and the AP cycle length are maintained near the midpoint of their 
functional ranges (see Figure 25-3A,B).

Other restraining mechanisms of the system limit Ca2+ influx 
and hence cell Ca2+ load, for example, calmodulin-mediated 
LCCh inactivation, which limits Ca2+ influx via LCCh during 
each AP. It is interesting to note that membrane ion channels and 
transporters regulate Ca2+ balance of the coupled system not only 
directly, by impacting on Ca2+ influx/efflux of LCCh/NCX, but 
also indirectly, for example, by IK activation, which repolarizes 
AP, thereby limiting Ca2+ influx of LCCh and simultaneously 
increasing Ca2+ efflux via voltage-dependent activation of the 
NCX forward mode. Even If activation regulates cell Ca2+ balance, 
by limiting the MDP, thereby limiting voltage-dependent Ca2+ 
efflux via NCX.

Thus, the robustness of the coupled-clock system is imparted 
by its numerous functional redundancies and by dual regulation 
of SR Ca2+cycling and membrane ion current generators by a 
common set of factors (coupling factors or nodes [see Figure 
25-1, purple labels]) kept in check by phosphodiesterase and phos-
phatase activities, voltage-dependent negative feedback on ion 
fluxes, and calmodulin-dependent modulation of LCCh. These 
complex interactions (depicted in Figure 25-1) are the essence of 

Figure 25-4.  A, Schematic illustration of the concept of how the rate of SR Ca2+ refilling and the Ca2+ release threshold determine the LCR period, as well as the timing of 
the LCR-induced DD.4 B, A new numerical of the SANC model5 predicts the wide range of pacemaker rate modulation via variations in SR Ca2+ pumping rate (1 to 30 mM/s), 
mimicking various degrees of PKA-dependent phospholamban phosphorylation. 
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ICaL activation that further decelerates refilling of SR with Ca2+ 
to generate weaker LCRs with longer LCR periods,44,45 decreas-
ing and delaying INCX activation and decelerating DD. Thus, the 
feed-forward mechanism of the AP firing rate reduction rein-
forces the initial effect of ChR stimulation on cell Ca2+ balance, 
which likely extends the regulation range and confers robustness 
to the ChR-mediated bradycardic effect.

The ideas of the Ca2+-clock and the coupled-clock system have 
served as the basis for a novel type of robust and flexible biologi-
cal pacemakers.46-48 One way to actually mimic the clock coupling 
that naturally occurs in SANC is to express Ca2+-activated AC 
type 1 or 835,36 to activate proteins of both clocks via cAMP and 
cAMP-activated PKA-dependent phosphorylation.47,49 Another 
interesting approach is to reactivate within ventricular myocytes 
the genetic program of the SAN.48

Mitochondrial Function in SANC

Rabbit SANC specifically had been referred to as “empty” cells 
with sparse and scattered myofilaments and mitochondrial densi-
ties compared with atrial and ventricular cells. These conclusions, 
however, were based on rough-cut sections of the SAN visualized 
by electron microscopy requiring a thin tissue slice, in which 
mitochondria can be damaged, and on the fact that artifacts can 
be created, in part as the result of different cut angles, which can 
change the tissue morphology, giving rise to the impression of 
“empty” space. Mitochondrial density visualized in isolated intact 
rabbit SANC by specific mitochondrial labeling revealed the 
presence of abundant mitochondria and mitochondrial density in 
SANC that is similar to that in atrial and ventricular myocytes50; 
hence, mitochondria are an important part of the coupled-clock 
system (Figure 25-5).

with Ca2+ to generate stronger LCRs with shorter LCR 
periods23,40,41 that herald stronger INCX, thus accelerating DD.43 
CaMKII-dependent phosphorylation of phospholamban and 
RyR also increases in response to β-AR stimulation (likely as the 
result of changes in cell Ca2+ dynamics and concomitant calmod-
ulin activation, effected primarily by PKA activation). Thus, 
CaMKII-dependent phosphorylation likely has an important role 
as a Ca2+-calmodulin–dependent amplifier of the initial effect of 
β-AR stimulation.

ChR act as a physiological “break” on the heart rate. ChR 
signaling activates Gi protein that couples to several downstream 
targets: (1) Gi-βγ activation of IKACh (see Table 25-1; see review1 
for details), and (2) a Gi-αs–coupled reduction in AC activity that 
limits cAMP/protein kinase A (PKA)-dependent phosphoryla-
tion. The lack of effect of pertussis toxin (PTX), which prevents 
Gi activation, on basal AP firing rate indicates an absence of any 
significant basal Gi activity that relates to AP firing. In isolated, 
single rabbit SANC, the threshold for a cholinergic agonist, car-
bachol, to reduce the AP firing rate is ≈10 nM, and half maximal 
inhibition is achieved at 100 nM. IKACh activation becomes appar-
ent at higher concentrations of carbachol (>30 nM).44 A reduc-
tion in AP firing rate in response to carbachol concentrations 
between 10 and 30 nM theoretically can be explained by a reduc-
tion in If via reduced cAMP, but stimulation remains intact in 
If-deficient mice. Alternative powerful, cAMP-dependent mecha-
nisms include a concurrent reduction in PKA-dependent phos-
phorylation of Ca2+ cycling proteins (e.g., phospholamban, 
RyR)44,45 and likely the M-clock (e.g., LCCh and IK channels). 
Thus, in contrast to β-AR stimulation, ChR stimulation decreases 
the Ca2+ balance of the system, which leads to a reduction in AP 
firing rate. It is important to note that the transition to a new 
steady state of the reduced AP firing rate is a feed-forward 
process. Specifically, during this transition, each spontaneous 
cycle is affected by prior cycles featuring less frequent and smaller 

Figure 25-5.  Illustration of the interplay of AC- and cAMP/PKA-dependent signaling to the myofilaments, SR Ca2+-cycling proteins, ion channels, and basal state ATP demand 
and supply in SANC. 
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is limited), glycolysis may have an important role in ATP produc-
tion in SANC.

In ventricular myocytes, mitochondrial Ca2+ flux plays a fun-
damental role in buffering cytosolic Ca2+ and modulates the SR 
Ca2+ load in both normal and pathological conditions. Similar to 
ventricular myocytes, mitochondrial-SR Ca2+ crosstalk is present 
within SANC, and mitochondrial Ca2+ flux in SANC affects the 
SR Ca2+ load, thus indirectly affecting SR Ca2+ release.56An 
increase in mitochondrial Ca2+ attained by inhibition of mito-
chondrial NCX decreases the SR Ca2+ load and reduces the 
ensemble LCR Ca2+ signal. In contrast, a reduction in mitochon-
drial Ca2+ by inhibition of mitochondrial uniporter increases the 
SR Ca2+ load and increases the ensemble LCR Ca2+ signal. Basal 
coupled-clock system automaticity is modulated by changes in 
Ca2+ cycling into and out of mitochondria in SANC, impacting 
on cytosolic Ca2+, SR Ca2+ loading, and, indirectly, SR Ca2+ 
release characteristics. Changes in the spontaneous AP cycle 
length in response to changes in mitochondrial Ca2+ are predicted 
by concurrent changes in the periodicity of the spontaneous 
rhythmic LCR Ca2+ signal. Because basal Ca2+ is also linked to 
cAMP-PKA signaling within SANC that regulates ATP supply/
demand matching, mitochondrial Ca2+-cytosolic Ca2+ crosstalk 
indirectly links to ATP supply and demand.

An Additional Level of Complexity of  
Heart Pacemaker Function Arises Within  
the SAN Tissue

SAN tissue is a highly heterogeneous structure that is character-
ized by complex cell-to-cell interactions and extremely robust 
impulse generation. It has been well established that electrical 
activity of each beat is initiated within the SAN central area, 
which contains mostly small SANC, and that the shape of the 
membrane potential impulses varies between the SAN center and 
periphery.

In the final analysis, a requirement for the supremacy of the 
central SAN area in initiating the SAN impulse is that the mutu-
ally entrained rate of its cells, determined by the net balance of 
intrinsic mechanisms and their modulation by extrinsic factors, 
exceeds that of other neighborhoods to which the impulse 
spreads. A phase shift in mutually entrained APs, generated 
within a SAN neighborhood, must occur between neighborhoods 
to account for the often observed shift in the leading pacemaker 
site after interventions to alter intrinsic SANC properties (e.g., 
vagal or sympathetic stimulation [see review4]).
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The respiration or oxygen consumption rate in a physiologi-
cally coupled mitochondrial system reflects the rate of mitochon-
drial adenosine triphosphate (ATP) production. The respiration 
rate of SANC is comparable with that of unloaded, ventricular 
myocytes that are electrically stimulated at 3Hz (i.e., similar to 
spontaneous SANC AP firing rate).50 Therefore, the ability of the 
mitochondria to produce ATP in SANC is comparable with that 
of ventricular myocytes, but “the energy budget” is spent differ-
ently in the two cell types. The AP-initiated cytosolic Ca2+ tran-
sient delivers Ca2+ to the contractile proteins to induce 
myofilament force production and displacement, and myofila-
ments are the major ATP consumers in ventricular myocytes. But 
SANC myofilament density is relatively low compared with that 
of ventricular myocytes.51 In SANC, ATP consumption by spon-
taneous myofilament contraction is lower than in ventricular 
myocytes, and most ATP in SANC is consumed in the synthesis 
of cAMP and Ca2+-cycling maintenance of cell ionic homeostasis 
(see Figure 25-5). Short-term metabolic inhibition by cyanide, 
which inhibits cytochrome oxidase in the mitochondria, reduces 
the intracellular Ca2+ transient amplitude and the AP firing rate 
in primary pacemaker cells.50,52

Cytosolic Ca2+ enters mitochondria via the mitochondrial uni-
porter and is extruded by the mitochondrial NCX (see Figure 
25-5). In ventricular myocytes, changes in mitochondrial Ca2+ 
alter the activity of several mitochondrial enzymes that take part 
in ATP production (see review cf53). In SANC, however, reducing 
Ca2+ influx into the mitochondria does not significantly alter the 
ATP level. These results strongly suggest that mitochondrial Ca2+ 
does not directly regulate ATP supply to demand. In contrast to 
ventricular myocytes, Ca2+ activation of cAMP/PKA signaling in 
SANC has a major role in linking basal ATP utilization and 
mitochondrial ATP production. A gradual reduction in cAMP/
PKA signaling is accompanied by a gradual reduction in ATP and 
a reduction in AP firing rate, suggesting that the Ca2+-activated 
cAMP/PKA signaling cascade that drives spontaneous AP firing 
of SANC, as has been described, is a unique core feed-forward 
system that not only drives basal ATP consumption but also 
regulates ATP production. cAMP/PKA signaling can effect ATP 
production by phosphorylation of several mitochondrial proteins 
(e.g., voltage-dependent anion carrier [VDAC]) and complexes I 
through V (see review54). An increase in phosphorylation of these 
complexes in the electron transport chain by cAMP/PKA 
enhances the flux of protons and drives them to complex V to 
increase the rate of ATP production. Phosphorylation of VDAC 
can also increase the delivery rate of ATP from the mitochondria 
to the cytosol. Therefore, a decrease in basal cAMP/PKA signal-
ing in SANC appears to signal to mitochondria that ATP produc-
tion should be reduced.

ATP can be produced in the cytosol by glycolysis. In SANC, 
inhibition of glycolysis does not affect the basal spontaneous AP 
firing rate.50,55 Moreover, inhibition of glycolysis in SANC does 
not affect either ATP level or O2 consumption; therefore under 
basal conditions, glycolysis is not the major mechanism to 
produce ATP in SANC. However, during high demand, or 
hypoxic conditions (i.e., when the amount of oxygen to the cell 
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The Normal Cardiac Pacemaker

The mammalian sinoatrial node was identified structurally in 
1907 by Keith and Flack,5 and its function as the primary source 
of the cardiac impulse was demonstrated electrophysiologically 
by Lewis et al in 1910.6 These investigators recognized that they 
were dealing with a heterogeneous structure that appeared to 
serve as the dominant site of origin of the normal heartbeat. Yet 
the mechanisms determining sinoatrial node function remained 
a mystery for decades. One school of thought held that the 
node—and indeed the entire cardiac conduction system—
consisted of specialized neural fibers, with a neural impulse ini-
tiating the heartbeat.7 That sinus rhythm persisted after cardiac 
denervation8 argued against central neural origin, although a role 
for local neuronal activity as the cause of the heartbeat was a 
continuing belief.7

The modern era of molecular biophysics has determined the 
why and the wherefore of the origin of cardiac impulses, although 
the origin of the sinoatrial node cells themselves remains a subject 
of active investigation.9 As is shown in Figure 26-1, A, multiple 
currents contribute to the sinoatrial node action potential.10-13 
That the resting membrane potentials of normal sinoatrial node 
cells are more depolarized than those of most other cardiac myo-
cytes is the result of a small inward rectifier current, IK1. Action 
potentials initiated at these voltages have calcium rather than 
sodium as the inward charge carrier. The result is a slowly propa-
gating impulse similar to that in the normal AV node, the AV 
valves, and the coronary sinus.

As sinoatrial node cells repolarize to their maximum diastolic 
potentials, their hyperpolarization permits the opening of HCN 
(for Hyperpolarization-activated Cyclic Nucleotide gated) 
channels, through which an inward sodium current, referred to 
as If, flows and begins to depolarize the membrane (Figure 
26-1, A, B).10-12 A major contributor to pacemaker activity is the 
calcium clock mechanism, which depends on calcium cycling 
between intracellular uptake and release sites, as well as calcium 
entry via L- and T-type Ca channels.13,14 This affects the activity 
of the Na/Ca exchanger, which directly modulates phase 4 depo-
larization.13,14 All this activity occurs against the backdrop of 
outward (repolarizing) potassium current, such that any increase 
in inward current and/or decrease in outward current will increase 
the slope of phase 4 depolarization and the pacemaker rate.

The sympathetic and parasympathetic nervous systems are  
the principal modulators of phase 4 depolarization. Their  
respective neurohumors, norepinephrine and acetylcholine, act 
via β-adrenergic or muscarinic receptor-G protein-linked path-
ways to increase (β-adrenergic) or decrease (muscarinic) cyclic 
adenosine monophosphate (cAMP) synthesis (see Figure 26-1, B). 
Cyclic AMP binding to a site near the carboxy terminus of the 
HCN channel shifts channel activation positively, resulting in an 
increase in phase 4 depolarization.12

Whereas all the currents described contribute to phase 4 
depolarization and to pacemaker rate, the initiator of the process 
appears to be If.10,11 That all pacemaker activity is not attributable 
to If has been demonstrated in experiments using If-blocking 
drugs. In both experimental models and the clinic, the result is 
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The Natural Pacemaker

The natural pacemaker of the heart, the sinoatrial node (the true 
“biological pacemaker”), is a complex structure whose anatomy 
facilitates the transmission of impulses to the rest of the heart 
while protecting it from excitation by impulses arising elsewhere. 
Its unique ion channel complement initiates impulses rhythmi-
cally throughout the life cycle, while its autonomic neural supply 
ensures ready adjustment to physiological demands for altering 
heart rate.

Like any biological system, the sinoatrial node is affected by 
aging and pathology in ways that can lead to dysfunction. For 
much of human history, this dysfunction, expressed as sinoatrial 
arrest or block or atrioventricular (AV) block, was accompanied 
by syncope, a marginal quality of life, and—over varying time 
spans—death.1,2 The major therapy until the mid-20th century 
was a stopgap: ephedrine or sublingual isoproterenol, adminis-
tered every 2 hours.

In the 1960s, electronic pacing became available as devices 
that could be implanted transvenously and with little risk.3,4 Early 
units were relatively massive—rather like hockey pucks in 
appearance—but they were lifesaving. Technology improved  
and the size of units diminished over the second half of the  
20th century; improvement and innovation continue in the 
current era.

However, electronic pacing is not perfect: Although it restores 
individuals to their lives, their families, and their society, it is not 
the seamlessly functioning structure exemplified by the sinoatrial 
node. And this has led investigators to explore gene and cell 
therapies that replace or mimic the sinoatrial node as possible 
alternatives to electronic pacing. The intent is to replace the 
function of the sinoatrial node, albeit not its structure.

Seen in this light, cardiac pacemaking appears to be coming 
full circle—from biological to electronic and back to biological—
but success is not yet within our grasp. To provide a perspective 
and a view of the future, we will first discuss the mechanisms 
underlying and the pathologies influencing sinoatrial node func-
tion and the rationale for developing biological pacemakers. We 
will then consider strategies for building biological pacemakers 
and successes and failures to date. We will finish with a discussion 
of challenges for the future.

These studies were supported by USPHS-NHLBI grant HL-28958.
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Pathologies Influencing Normal Pacemaker 
Function and a Brief History of Therapies

In 1827 and 1846, respectively, Adams1 and Stokes2 noted the 
clinical characteristics of an event that had likely afflicted mankind 
for centuries: They described patients who became pale, whose 
pulse became slow or was absent, and who then collapsed. We 
now recognize that the pathology was a high-degree heart block. 
In the 20th century, the availability of synthetic catecholamines 
and later of β-agonists afforded one form of treatment: sublingual 
isoproterenol every 2 hours.17 Although this therapy increased 
the rate of idioventricular pacemakers to a more physiological 
range in many patients, it also could and did cause ventricular 
tachycardia. Moreover, this stopgap therapy could not ensure any 
long-term survival.

The answer to this dilemma faced by patients and physicians 
was the electronic pacemaker. Discovery of this device is traced 
to the 1889 report of McWilliam, who described a means of 
delivering shocks at about 60 to 70 times per minute to a patient 
in whom the heartbeat had failed.18 In 1928, Lidwell and Booth 
used an electrical power source attached to a needle plunged into 

significant slowing of sinus rate but not termination of  
the rhythm.15,16 Indeed, the inability to suppress sinus node 
function using any one blocker highlights the redundancy within 
the system such that it continues to function even under 
challenge.

The HCN channels that initiate pacemaker function have 6 
transmembrane-spanning domains, are ubiquitous in the heart, 
and are found elsewhere in the body as well (see Figure 26-1, B). 
Four channel isoforms, HCN1-4, are present, with 4 and 1 in the 
sinoatrial node, 2 in much of the conducting system and the 
myocardium, and 3 largely in neural tissues.12 Each has differing 
activation and deactivation kinetics and differing cAMP sensitiv-
ity. The critical aspects of these channels with regard to pace-
maker activity include their activation on hyperpolarization and 
their modulation by autonomic neurohumors.

To summarize, the primary biological pacemaker is structur-
ally and functionally complex. In settings of disordered sinoatrial 
node impulse initiation or propagation that interfere with normal 
cardiac function, one has the choice of attempting to remake or 
repair the sinoatrial node—a difficult and as yet impossible task—
or to reproduce aspects of its function. The overall goals are to 
restore the quality of life and to prolong life itself.

Figure 26-1.  A, The sinoatrial node action potential and the currents contributing to impulse generation. B, The HCN channel. See text for discussion. 

(Reproduced and modified with permission from DiFrancesco D, Camm AJ: Heart rate lowering by specific and selective lf current inhibition with ivabradine: A new therapeutic 
perspective in cardiovascular disease. Drugs 64:1757–1765, 2004; and Biel M, Schneider A, Wahl C: Cardiac HCN channels: Structure, function, and modulation. Trends Cardiovasc 
Med 12:202–216, 2002.)
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the phasing out of electronic pacing. Therefore, biological pacing 
represents a disruptive technology.

Strategies, Successes, and Failures  
in Building Biological Pacemakers

In the late 1980s, biological pacing was a pipe dream occasionally 
discussed around coffee tables among investigators working on 
mechanisms of impulse initiation. These discussions were likely 
stimulated by Dario DiFrancesco’s discovery of the pacemaker 
current If,10,11 and usually began with statements like, “Wouldn’t 
it be wonderful if we could put pacemaker currents into diseased 
sinus nodes or ventricles and create a site of normal impulse 
initiation?” Surely, this was the stuff of science fiction, but as 
we’ve learned time and again, science fiction often explores desir-
able outcomes before the needed technology has been developed; 
the works of Jules Verne are a prime example.

By the late 1990s, advances in genetic manipulation and stem 
cell science brought the concept of biological pacing to the realm 
of the possible, as we and others ventured to state in lectures and 
in print rather than simply at the coffee table. Several templates 
for exploration of biological pacing are suggested by Figure 26-1. 
For example, β-adrenergic stimulation can modulate If to increase 
pacemaker rate, and an initial strategy for biological pacing was 
to overexpress β2-adrenergic receptors in murine, then pig, 
hearts.28,29 Injecting a naked plasmid while incorporating the β2 
receptor into pig atria led to increased basal rate and catechol-
amine response. Although overexpressing β-adrenergic receptors 
augmented sinus node function and increased the rate of normal 
rhythm, the following concerns arose: (1) In a diseased heart in 
which the sinus node is not functioning well and/or AV block is 
present, β-receptor overexpression can be arrhythmogenic; 
(2) upregulating β receptors implies that pacemaker cells already 
in the heart will respond normally to increased catecholaminergic 
effect—which may or may not be the case; and (3) transfection 
using naked plasmids has marginal success in the heart in situ.

Hence, although early studies provided proof of concept for 
biological pacing, the strategy was not one that could be advanced. 
Subsequent strategies have depended on the manipulation of ion 
channels delivered via viral vectors or stem cell platforms, or on 
the properties of channels resident in stem cells or other cell 
types, to perform biological pacing.

Viral Vector-Based Delivery of Constructs

As can be seen in Figure 26-1, A, the initial ion channel-based 
approach reported transfection of guinea pig ventricles with an 
adenoviral vector incorporating a dominant negative Kir2.1 con-
struct to reduce the repolarizing current, IK1.30 As is shown on 
electrocardiogram (ECG) in the intact heart and with microelec-
trode and ion current recordings, an ectopic ventricular rhythm 
was expressed that was associated with phase 4 depolarization and 
reduced IK1 in myocytes. A shortcoming was that reducing repo-
larizing current increases action potential duration, and a subse-
quent publication showed that the repolarization characteristics 
of Anderson’s syndrome were created by this approach to biologi-
cal pacing,31 such that its continued development was 
undesirable.

Our group has worked primarily with means to modify and 
magnify the pacemaker current, If, as originally reported by 
DiFrancesco.10,11 We first demonstrated in neonatal rat myocytes 
in cell culture that using an adenoviral vector to overexpress the 
HCN2 channel isoform resulted in a robust and rapid pacemaker 
that far exceeded in rate and stability the rhythm normally 
recorded in non-transfected cultures.32,33 For this reason, we 

the heart to revive “a stillborn infant.”19 The term cardiac pace-
maker is attributed to Hyman, who used a hand-cranked device 
to generate electrical shocks in 1932.20 However, the modern era 
in pacing commenced in the early 1950s, when Hopps21 in 
Canada and then Zoll22 in the United States reported devices that 
delivered transcutaneous shocks. Pacing via shocks delivered 
through an intramyocardial needle in the setting of postsurgical 
complete heart block was reported by Weirich et al in 195723—
the same year in which Bakken fabricated the first portable exter-
nal pacemaker.24

Initially, pacemaker implantation in the human heart required 
a thoracotomy for intramyocardial electrode placement.4 The 
first report of temporary transvenous approaches was published 
by Furman and Schwedel in 1959.3 The early 1960s then saw the 
rapid adoption of transvenous pacing with implanted units. Early 
pacemakers had no sensing function, paced at a fixed rate, and, 
although internally implanted, were cumbersome and required 
frequent power pack changes because of their use of mercury 
batteries. Moreover, their failure to sense often led to competi-
tion between implanted and idioventricular pacemakers and, in 
far too many instances, arrhythmogenesis. But the 1960s and the 
1970s saw rapid improvement in batteries, electrodes, and soft-
ware, such that pacemakers could be placed in a demand mode, 
sensing spontaneously occurring heartbeats and re-setting 
appropriately.4,24,25

Advances continued through the 20th century and into the 
current decade, bringing AV sequential pacing that synchronized 
the sequence of atrial and ventricular activation in patients having 
normal sinus node function and AV block; exploration of the 
epicardial veins of the heart as sites for biventricular pacing to 
improve cardiac output; and the evolution of cardioverter-
defibrillators that could sense, shock, and then pace if needed, for 
those patients who had potentially lethal tachyarrhythmias.

Innovation continues through the present time. For example, 
units are being tested that vary heart rate according to the body’s 
physiological needs,26 and leadless electrodes are being developed 
that hold the promise of stimulating the heart without incorpo-
rating a catheter.27 So the history of electronic pacing has been 
meteoric, and its future is bright.

Rationale for Developing Biological Pacemakers

Given the previous description of electronic pacemakers, why 
bother with biological pacing—or indeed with any other 
approach? Simply because the electronic pacemaker, although a 
wonderful treatment, is a panacea, not a cure. Table 26-1 sum-
marizes the reasons why biological pacemakers are being inves-
tigated to normalize cardiac rhythm in a way that more nearly 
approximates the physiological state when compared with elec-
tronic pacemakers. If biological pacing succeeds, the two tech-
nologies would likely be used in tandem for some time to 
maximize patient safety. But the eventual goal would be to see 

Table 26-1. Limitations of Cardiac Pacemakers

• Not responsive to the autonomic nervous system—to the demands 
of exercise and emotion

• Require monitoring and maintenance, including at times battery 
and/or electrode replacement

• Not optimal for pediatric patients
• Problems with infection, interference from other devices
• Often cannot implant at sites that optimize contraction in 

individual patients
• Palliate but do not cure
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For the 2 weeks during which stable HCN2 expression 
occurred, about 70% of beats originated from the injection site. 
Basal rates averaged 50 to 60 beats/minute (bpm).36 The remain-
ing 30% of beats were provided by the demand electronic pace-
maker, set at an escape rate of 45 bpm. A control group of 
saline-injected animals with electronic pacemakers, also set at 
45 bpm, had 90% of beats electrically stimulated, with the 
remainder arising from various idioventricular sites. Finally, the 
biological pacemaker manifested an approximate 50% rate 
increase in response to catecholamine injection. Taking this 
together with our earlier report,34 we concluded that both vagal 
and sympathetic (or at least β-adrenergic) modulation of biologi-
cal pacing was possible.

Optimizing Pacemaker Gene Constructs

Attempts are ongoing to replicate or improve on the function of 
HCN2 using designer-based K channel genes,37 mutant or chi-
meric HCN channels,36,38,39 and combinations of two channels. 
We first studied a mutant HCN2 (E324A) that showed some 
enhanced catecholamine responsiveness, but only modest 
improvement over wild type HCN2.36 We then designed a 
chimera, HCN212, whose transmembrane portion included the 
pore of HCN1 (which has more positive activation than HCN2) 
and the amino- and carboxy-termini (the latter incorporating the 
cAMP-binding site) of HCN2.39 We hypothesized that this 

adopted the strategy of using HCN genes to build biological 
pacemakers and centered the approach on HCN2.34 An addi-
tional attraction of working with HCN channels was that their 
inward current flows only during diastole; hence, although we 
were increasing an inward current, this would not prolong action 
potential duration, thereby avoiding the problem that had 
afflicted IK1 downregulation.

Our initial in vivo study involved injecting adenoviral HCN2 
and green fluorescent protein (GFP) constructs into canine left 
atria, and several days later using vagal stimulation to suppress 
sinus rhythm.34 The result consisted of escape beats originating 
from the implant site. Cells disaggregated from this site showed 
If (actually IHCN2) about 100 times greater in magnitude than that 
in native atrial myocytes. Additional vagal stimulation terminated 
firing of this pacemaker locus, consistent with parasympathetic 
control.

A follow-up study used a custom-designed electrode catheter 
to locate the left bundle branch system in dogs and to inject the 
same adenoviral-HCN2 complex into the bundle branch.35 When 
the vagi were stimulated to terminate sinus rhythm and induce 
AV block, a rhythm emerged from the injection site. Microelec-
trode studies demonstrated spontaneous and rapid impulse initia-
tion at these bundle branch sites. Subsequently, we found that in 
dogs with radiofrequency-induced complete heart block, a bio-
logical pacemaker inserted into the left bundle branch system 
drove the heart regularly and stably.36 These rhythms were 
mapped to their bundle branch origins (Figure 26-2).

Figure 26-2.  Noncontact mapping of left ventricle (LV) with CARTO system in dog with complete heart block, an electronic right ventricular (RV) apical endocardial pace-
maker, and an HCN2 adenoviral construct administered into the proximal left bundle branch. Panels demonstrate four projections, showing early (red) through late (blue) 
activation. Upper panels  show an  impulse activating LV endocardium at  several  sites  simultaneously,  reflecting arrival of an  impulse  initiated  in  the  left bundle branch 
system. Lower panels show early activation of LV septum via electronic pacemaker. 
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manifest typical pacemaker characteristics, including action 
potentials that show prominent phase 4 depolarization.47 The 
underlying populations of ion channels include a very weak IK1 
and a robust If, which together would tend to generate depolar-
ization during phase 4.48 Unlike in a sinoatrial node, however, the 
major contributor of inward current is reportedly sodium, rather 
than L-type Ca current.48

Clusters of these cells in culture have been shown to originate 
and propagate spontaneous rhythms, and, when implanted into 
the ventricles of pigs in complete heart block, they have initiated 
stable spontaneous rhythms that persist for up to 3 months.47 
Major issues regarding this approach have been and remain the 
need to use immunosuppression and questions regarding the 
eventual fate of the cells (e.g., Will they persist as pacemaker 
cells? Will they mature into nonbeating ventricular myocytes or 
into other inimical cell types?).

Other attempts to work with cells containing full ion channel 
complements have included the grafting of fetal49 or neonatal50 
pacemaker cells. These research directions have not yet been 
published in sufficient detail to permit objective evaluation of the 
possibilities they offer. An alternative cell therapy approach has 
involved the generation of induced pluripotent stem cells (IPSCs), 
initially from dermal fibroblasts51 and more recently from kera-
tinocytes.52 At the cellular level, good pacemaker function has 
been demonstrated. The advantage of IPSCs is that they permit 
pacemaker cells to be developed that have the full complement 
of pacemaker genes, such as the embryonic stem cell. An advan-
tage over the embryonic stem cell is that IPSCs can be used 
autologously, thereby creating no immune response. Questions 
remain regarding the possibility of tumor development, although 
the oncogenes originally used to create IPSCs no longer need be 
used.53,54 In addition, questions continue regarding whether 
autologous stem cells developed from tissues of aging populations 
(such as most patients requiring pacemakers) will be as robust as 
those from young individuals. Animal studies with biological 
pacemakers developed from IPSCs are awaited.

The second broad approach to cell therapy uses cell types that 
do not have the proper ion channel population to generate pace-
maker function but have other characteristics that make them 
candidates for platform therapy, that is, they can be loaded with a 
gene or genes of interest that result in delivery of a pacemaker 
signal to adjacent cells. Although some work has been reported 
using fibroblasts as platforms and fusing them with ventricular 
myocytes,55 the more completely reported approach to date has 
been our own—using adult human mesenchymal stem cells 
(hMSCs).56-58 Gene chip analysis of hMSCs has shown that they 
have no appreciable signal for the pacemaker genes, HCN1-4, but 
they do have a robust signal for the cardiac connexins, Cx40 and 
Cx43.57 In deciding to work with hMSCs as biological pacemak-
ers, we hypothesized that if we could load them with a pacemaker 
gene, they might couple adequately to myocytes such that the 
depolarizing signal generated by If would be transmitted to adja-
cent myocytes, causing them to depolarize (Figure 26-3).59-61 
Using both dye transfer and current injection experiments in cell 
pairs, we showed that hMSCs could indeed communicate with 
myocytes.57 This prompted us to load them with HCN2 via elec-
troporation (avoiding any viral vector) (Figure 26-4, A-C) and to 
implant them in canine left ventricle.56,58 In an initial study, we 
used vagal stimulation to suppress sinoatrial node impulse initia-
tion and AV conduction. Here, an escape rhythm that pace-
mapped to the injection site was generated by the hMSC-based 
pacemakers (Figure 26-4, D). We also demonstrated connexins at 
interstices between hMSCs and cardiac myocytes (Figure 26-4, E).

In a subsequent study of dogs in complete heart block, hMSCs 
generated pacemaker function for at least 6 weeks when 700,000 
or more cells, approximately 50% of which were loaded with 
HCN2, were implanted at a single left ventricular site.58 Longer-
term follow-up has revealed an issue of major concern, that is, by 

channel would generate faster basal pacemaker rates than HCN2 
while exhibiting greater autonomic responsiveness than HCN1 
alone. However, HCN212 resulted in an overshoot, such that 
ventricular tachycardias having rates in excess of 200 bpm 
occurred. Although this result was unfortunate with regard to 
construct design, it permitted us to test whether If blockade might 
be useful in suppressing arrhythmias generated by biological 
pacemakers. The If blocker ivabradine was highly effective here.39

Another mutant gene was reported by Kashiwakura et al,37 
who used a K channel engineered to carry inward sodium current 
that had many of the properties of If. The shortcoming was the 
absence of a cAMP-binding site, without which there is no auto-
nomic modulation. Although these and other constructs so far 
developed have not offered advantages over the wild type, it is 
anticipated that continued efforts at discovery will lead to robust 
alternatives.

In contrast to this, combinations of two genes have been 
promising. One such approach uses the dominant negative Kir2.1 
construct previously described.40 This was tested in an adenoviral 
vector together with an HCN gene to increase inward current. 
The intent was to decrease hyperpolarizing current and increase 
inward current simultaneously in a small region of the ventricle. 
This was done successfully in pigs40 and is being explored by 
investigators as a potential treatment in settings where electronic 
pacemakers have become infected, necessitating hardware extrac-
tion from the heart. The concern here is that the adenoviral 
vector, which itself can cause inflammation, may contribute to 
the inflammatory process in the heart. Therefore, it is likely that 
this approach will be tested in a large animal model of endocar-
ditis before the therapy is advanced.

Another approach uses HCN2 together with the gene for the 
skeletal muscle sodium channel, SkM1.41,42 SkM1 not only 
improves propagation of the cardiac impulse at depolarized mem-
brane potentials,43,44 it also moves threshold potential to more 
negative voltages.42 The net result is that impulse initiation 
occurs earlier in phase 4, speeding pacemaker rate. When tested 
in a canine model of complete heart block, the outcome has been 
basal rates of approximately 80 bpm, with responses to catechol-
amine or exercise of up to 140 to 150 bpm. In addition, in this 
setting, there has been no need for the backup electronic pace-
maker to fire.41

A different attempt to improve function uses the Ca2+-stimu-
lated adenylyl cyclase AC1 gene expressed alone or in combina-
tion with HCN2.45,46 Basal beating rates were excessively 
high—around 140 bpm with HCN2/AC1, and only in the 50 to 
65-bpm range with AC1 alone. Escape times in both groups were 
within the 1- to 2-second range following overdrive pacing, and 
the percent of electronic beats was in the 2% to 7% range. 
Instantaneous and long-term heart rate variability and circadian 
rhythm on 24-hour recordings showed greater sensitivity to para-
sympathetic modulation in animals injected with AC1 and a high 
degree of sympathetic modulation in those injected with HCN2/
AC1. In vitro and in vivo data suggested that enhancement not 
only of If but of other, Ca-based pacemaker mechanisms occurs 
with AC1, and this is a matter of concern.46 But given the robust 
autonomic response to this intervention, its continued explora-
tion is warranted, although better control of basal rates will be 
required.

Cell Therapies

Two differing philosophies have provided the framework for 
using cell therapies in biological pacing. The first uses cells that 
have a normal complement of ion channel genes to develop a 
biological pacemaker. The most advanced therapy reported uses 
human embryonic stem cells that have been “forced” along a 
cardiogenic lineage.47 Within this lineage a subset of cells 
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Figure 26-3.  Initiation of spontaneous rhythms by wild type pacemaker cells and 
by genetically engineered stem cell pacemakers. A, In a native pacemaker cell (or 
in  a  myocyte  engineered  to  incorporate  pacemaker  current  via  gene  transfer), 
action potentials (inset) are initiated via inward current flowing through transmem-
brane HCN channels. These open when the membrane repolarizes to its maximum 
diastolic  potential  and  close  when  the  membrane  has  depolarized  during  the 
action potential. Current flowing via gap junctions to adjacent myocytes results in 
their excitation and the propagation of impulses through the conducting system. 
B, A stem cell has been engineered to incorporate HCN channels in its membrane. 
These channels can open, and current can flow through them  (inset) only when 
the membrane is hyperpolarized; such hyperpolarization can be delivered only  if 
an adjacent myocyte  is  tightly coupled to the stem cell via gap  junctions.  In the 
presence  of  such  coupling  and  opening  of  the  HCN  channels  to  induce  local 
current flow, the adjacent myocyte will be excited and will initiate an action poten-
tial  that  then  propagates  through  the  conducting  system.  Depolarization  of  the 
action potential will result in closing of the HCN channels until the next repolariza-
tion  restores  a  high  negative  membrane  potential.  In  summary,  wild  type  and 
genetically engineered pacemaker cells incorporate in each cell all the machinery 
needed to  initiate and propagate action potentials.  In contrast,  in  the stem cell–
myocyte pairing, two cells together work as a single functional unit whose opera-
tion  is  critically  dependent  on  the  gap  junctions  that  form  between  the  two 
disparate cell types. 

(Reproduced with permission from Rosen MR, Brink PR, Cohen IS, et al: Genes, stem 
cells and biological pacemakers. Cardiovasc Res 64:12–23, 2004.)
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8 to 10 weeks, most of the hMSCs have migrated from the site 
of administration. For this reason, attempts are now being made 
to encapsulate them in nanofabrics that will maintain them at the 
site of administration while still permitting gap junction forma-
tion and transmission of signals across the fabric.

Critical questions regarding these—and other—stem cells 
involve not only the possibility of evolution into inimical or inef-
fective cell types, but also the possibility of rejection or apopto-
sis.60,61 In a 6-week trial of hMSCs xenotransplanted into canine 
hearts, no rejection was reported (Figure 26-5).58 This finding is 
consistent with the hypothesis that hMSCs are immunopro-
tected, most likely by one of several humoral factors that they 
release.62-66 However, we have seen robust rejection of occasional 
lots of hMSCs by canine hearts, and this is not unexpected with 
xenotransplantation. As for the eventual human application of 
hMSCs, studies of their allogeneic administration to human sub-
jects for myocardial repair have reported no rejection response, 
but a high degree of cell loss,62,63 mirroring our own experience 
in the dog. Clearly, issues remain regarding how to best bring 
this therapy to human patients.

Challenges

Some of the challenges we will discuss are unique to biological 
pacing; others hold for a variety of other approaches to gene and 
cell therapy. A major challenge is to identify the optimal con-
struct as the groups working in this area continue attempts at 
optimizing mutants and chimeras. HCN2 alone manifests prop-
erties that likely are adequate for first-generation biological 
pacing. However, it might be preferable to have a construct that 
maintains basal rates in the 60 to 70-bpm range and reaches peaks 
of 120 to 140 bpm on catecholamine stimulation, as has been 
reported for the HCN2/SkM1 combination.41,42

Although we have demonstrated that vagal and β-adrenergic 
responsiveness is a characteristic of HCN2-based biological 
pacemakers, further understanding of autonomic control is 
required. Use of HCN2 in both viral and hMSC constructs has 
shown that vagal control depends on the site at which the pace-
maker is implanted,67 that is, in vagally innervated regions, Poin-
caré plots of heart rate variability are consistent with 
vago-sympathetic input. In contrast, on the lateral free wall of 
the left ventricle, where little to no vagal innervation has been 
noted, no evidence of vagal input has been found, and only sym-
pathetic responsiveness is seen.

Preclinical and clinical testing of biological pacing is also a 
major challenge. At the preclinical level, questions that  
arise relate largely to safety, efficacy, and duration of action. 
Another challenge involves effective utilization of the relation-
ship between biological and electronic pacing. When and if  
biological pacing is ready for clinical trials, it cannot simply be 
administered to human subjects in need of support of their  
ventricular rate. Rather, it will have to be used together with 
electronic pacemakers, because these represent the current  
state of the art. For this reason, we have tested integration of 
biological and electronic pacemakers in tandem operation.36 We 
found that tandem biological-electronic pacemaker therapy man-
ifests (1) a seamless interface between biological and electronic 
components, maintaining heart rate greater than 45 bpm;  
(2) conservation of total electronic beats delivered (which should 
prolong battery life); (3) the possibility of using the memory 
function of the electronic pacemaker to track the function of the 
biological component, and (4) a more physiological and catechol-
amine responsive heart rate than is provided by electronic pace-
makers alone.

The need to reclaim normal cardiac activation in the setting 
of normal sinus rhythm and complete heart block has led inves-
tigators to engineer bypass tracts such that sinus impulses can 
gain access to the ventricles. This design would facilitate AV 
conduction and would potentially rival the function of AV 
sequential electronic pacing. However, this work is still in its 
infancy as it relates to biological pacemaking. Through one inno-
vative approach, rat skeletal myoblasts were placed in an artificial 
matrix and were inserted into the AV groove of rats whose adja-
cent atrium and ventricle had been denuded of epicardium. AV 
conduction and survival of transplanted cells were then docu-
mented.68 Replication of results and data regarding long-term 
success of this approach are awaited.

What do we and others need to show to allow biological 
pacing to move into clinical testing? We need to report results 
from long-term trials of viral or stem cell constructs that show 
no toxicity while demonstrating reliable effect. The hallmark for 
comparison is the electronic pacemaker. Trials should show that 
regardless of whether a viral vector or a cell platform delivery 
system or a pacemaker cell is used, it provides function that sup-
ports life with an adequate basal rate and adequate responses to 
autonomic input. This activity must emanate uniquely from the 
site implanted, with no evidence of wandering of constructs or 
cells to other sites in the heart that might compete.
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We have worked with quantum dots as a tracking method 
(Figure 26-6).69 These nanoparticles offer the advantages of 
passive loading into cells, inability to pass through gap junctions, 
uptake and removal by the reticuloendothelial system if host cells 
die, and a strong emission signal that can be readily detected. 
Although they are readily identified in tissue sections, tracing the 
fate of cells loaded with quantum dots using standard imaging 
techniques in vivo remains a major challenge.

Another issue important to large animal research and to future 
applicability to human subjects is construct delivery. Although 
catheters are available to deliver viral vectors in specific settings, 
the ideal flexible catheter with electrode recording capability at 
its tip and a bore large enough to prevent inflicting damage on 
stem cells has not been reported.

Viral vectors remain a problem in the following sense: Adeno-
viral vectors express only episomally and are of use largely for 
proof of concept, or transient gene delivery. Adeno-associated 
virus provides more long-term expression, but episomal versus 
genomic expression remains an issue, and the adeno-associated 
virus cannot carry large constructs like SkM1. Lentivirus, which 

Satisfying these demands is no mean feat: It requires that we 
follow the beat-by-beat function of the heart for 6- to 12-month 
periods while concurrently ensuring that viral vectors are not 
causing untoward effects on the heart or on other tissues, and 
that cells—whether hMSCs or embryonic stem cell (ESC)-
derived or other—are not being destroyed and are not being 
transformed into forms that are malignant, or if nonmalignant, 
then nonfunctional.

A variety of methods are available for tracking cells (Table 
26-2). Ideally, tracking should use markers that stay with the cell 
forever and cannot pass from cell to cell, and whose signal can 
be read from the body surface via imaging techniques. To date, 
no method has been adequate. Variations on magnetic resonance 
imaging (MRI) have been used most frequently in in vivo studies 
to track iron or ferritin particles loaded into stem cells. The 
shortcoming is that if a cell or cells die, these particles can be 
taken up by or can reside in other cells and/or can reside extracel-
lularly. Upon being read on MRI, they may be correctly identi-
fied as a persistent signal, thus giving rise to a false-positive 
conclusion of the continued presence of stem cells.

Figure 26-4.  Example  of  loading  human  mesenchymal  stem  cell  (hMSC)  with  a  gene  of  interest,  studying  it  biophysically,  and  determining  its  effect  on  the  heart. 
A, Pacemaker current, If, is not seen in a non-electroporated hMSC. B, Functional expression of If in hMSC transfected with the mHCN2 gene. C, Fit by the Boltzmann equa-
tion to the normalized tail currents of If gives a midpoint of −91.8 ± 0.9 mV and a slope of 8.8 ± 0.5 mV (n=9). If is fully activated around −140 mV with an activation threshold 
of −60 mV. Inset shows representative tail currents used for activation curves. Voltage protocol: Hold at −30 mV, hyperpolarize × 1.5 s to −40 to −160 mV in 10-mV incre-
ments,  followed by 1.5 s voltage step to +20 mV. D, Pacemaker  function  in canine heart  in situ. Top to bottom, Electrocardiogram (ECG)  leads  I,  II,  III, AVR, AVL, and AVF. 
Left, Pacing from hMSC injection site showing ECG configuration. Middle, Spontaneous rhythm pace-maps to site of injection, suggesting that it is initiated at the injection 
site; Right, Last two beats of overdrive pacing (black bar) at 80 bpm followed by escape rhythm. Escape time = 1.3 sec. E, Immunostaining for cardiac connexin (Cx)43 in a 
region of interface between an injection site and myocardium. DAPI staining reveals nuclei. Purple arrows are intercalated discs; white arrows show Cx43 staining between 
hMSCs; red arrows show Cx43 staining between hMSCs and myocytes. (Modified with permission from Potapova I, Plotnikov A, Lu Z, et al: Human mesenchymal stem cell 
as a gene delivery system to create cardiac pacemakers. Circ Res 94:841–959, 2004.)
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Figure 26-5.  Human mesenchymal  stem cells  (hMSCs) 6 weeks after  left ventricular  (LV) anterior wall  intramyocardial  injection. Hematoxylin and eosin  (H&E)  identifies 
basophilic cells  (upper left)  that are CD44 positive  (upper right) and GFP positive  (peroxidase stain, middle left). hMSCs do not display  labeling/binding of dog-IGG to their 
surface (middle right)—evidence against humoral rejection. CD3-positive T lymphocytes are rarely noted in association with clusters of hMSCs (lower left)—evidence against 
cellular rejection. Staining is negative for activated CASPASE 3 (lower right)—evidence against apoptosis. (Original magnification, ×400.) 

(Reproduced with permission from Plotnikov AP, Shlapakova I, Szaboks MJ, et al: Xenografted adult human mesenchymal stem cells provide a platform for sustained biological 
pacemaker function in canine heart. Circulation 116:706–713, 2007.)
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Table 26-2. Methods of Cell Tracking

Agent Limitations

Reporter Proteins

LacZ/b-gal Require secondary detection

GFP Unstable, may be weaker than 
autofluorescence

Ex Vivo Staining

FISH Expensive, false-positives

Surface markers Lost/unexpressed over time; require 
secondary detection

Inorganic

Radiometals Toxicity, uniformity of loading

Fluorescent microspheres Significant aggregation, unstable 
signal

Nanoparticles (i.e., quantum 
dots)

New technology, many unknowns

FISH, Fluorescent in situ hybridization; GFP, green fluorescent protein.

leads to genomic incorporation, would appear to be the vector of 
choice for long-term maintenance of an effect, although safety 
issues remain a concern. And although lentivirus readily supports 
gene expression in cell culture, achieving consistent expression 
in vivo has been a challenge.

Cell systems must be optimized and their persistence docu-
mented. Autologous cells elicit no immune response when 
re-administered to the donor. However, they would make bio-
logical pacing into a designer therapy whose expense and 

assurance of quality control from patient to patient would be 
nightmarish in comparison with electronic pacing. It has been 
shown that hMSCs can be administered allogeneically to human 
subjects with no adverse reactions, although long-term persis-
tence remains an issue.61 These cells may ultimately offer a 
readily standardized cell type, but more research is needed to test 
this hypothesis. Human ESCs have required the use of immuno-
suppression in experiments to date.47 Whether this will be the 
case in human experimentation remains to be seen, but a lifetime 
of electronic pacing appears far preferable to a lifetime of 
immunosuppression.

The choice of promoter and the regulation of nucleic acids 
are additional issues. To date, many of us have worked with a 
cytomegalovirus (CMV) promoter. However, temporal changes 
in the expression of promoters may be noted,70 such that CMV 
may not be the best long-term choice. Moreover, because of 
safety concerns, the idea of a cardiac-specific (and maybe even a 
cardiac region–specific) promoter would be of importance. This 
would seem especially relevant with regard to viral delivery.

Duration of effect and robustness of expression will be influ-
enced by processes that regulate protein expression. The discov-
ery that microRNA may reduce expression and/or that alterations 
in protein degradation may alter expression of proteins can have 
an impact on RNA/DNA expression, DNA regulatory sequences, 
and modulation of expression. All of these possibilities will con-
tinue to be explored over the coming years.

One issue on which some progress has been made is the design 
of preclinical and clinical trials of biological pacemakers. One 
could not envisage a standard phase 1 trial in which healthy 
volunteers are sought. Rather, a reasonable trial design in human 
subjects would enroll patients in chronic atrial fibrillation and 
with complete heart block or significant bradycardia, in whom 
demand ventricular pacing is needed. The canine equivalent of 
this trial would include animals in ablation-induced complete 
heart block. Either setting would incorporate implantation of a 
right ventricular apical endocardial demand pacemaker, as well 
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Figure 26-6.  Quantum dots (QD) are used to identify single human mesenchymal stem cells (hMSCs) after injection into the rat heart and are further used to reconstruct 
the three-dimensional (3D) distribution of all delivered cells. Rat hearts were injected with QD-hMSCs. Fixed, frozen sections were cut transversely (plane shown in B, inset) 
at 10 µm and were mounted onto glass slides. Sections were imaged for QD fluorescence emission (655 nm) with phase overlay for visualization of tissue borders. QD-hMSCs 
can be visualized at (A) low power, and (A, inset) high power (Hoechst 33342 dye used to stain nuclei blue). In (A, inset), endogenous nuclei can be seen adjacent to the 
delivered cells in the mid-myocardium (arrowheads). Serial low-power images were registered with respect to one another, and (B) binary masks were generated, where 
white pixels depict QD-positive zones in the images. The vertical line in (B, inset) represents the z-axis, which has a zero value at the apex of the heart. The binary masks 
for all QD-positive sections of the heart were compiled and were used to generate the 3D reconstruction of delivered cells in the tissue. QD-hMSCs remaining in the tissue 
adhesive on the epicardial surface (not within the cardiac syncytium) were excluded from the reconstruction. (C) QD-hMSC reconstruction in an animal that was terminated 
1 hour after injection. (D) Reconstruction from an animal euthanized 1 day after injection, with orientation noted in the inset. Our reconstructions in (C) and (D) do not 
account for all of the approximately 100,000 hMSCs delivered through the needle. Some of these cells undoubtedly leaked out of the needle track, and others may not 
have survived the injection protocol. Views of both reconstructions—(C) and (D)—are oriented for optimal static visualization (and have different scales and are situated 
at different positions along the z-axis, depending on the distance of the injection site from the apex of the heart). (E) One day after injection into the heart, the pattern of 
QD-hMSCs is well organized and appears to mimic the endogenous myocardial orientation (dotted white line highlights myofibril alignment). Complete representations 
of the spatial localization of QD-hMSCs in the heart permit further quantitative analyses. (F) One parameter that can be computed is the distance of individual cells from 
the centroid of the total cell mass. The plots show the percentage of cells at a distance less than or equal to x for both 1-hour and 1-day rats. At both time points, most of 
the cells are within 1.5 mm of the centroid.

500 µm, inset = 20 µm Scale bar on B, inset Scale bar on a = 1 cm Scale bar on e = 500 µm 

(Reproduced with permission from Rosen AB, Kelly DJ, Schuldt AJ, et al: Finding fluorescent needles in the cardiac haystack: Tracking human mesenchymal stem cells labeled 
with quantum dots for quantitative in vivo 3-D fluorescence analysis. Stem Cells 25:2128–2138, 2007.)
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as implantation of the biological pacemaker. The latter would be 
introduced at a site that optimizes cardiac output, such as the 
high interventricular septum. The trial would proceed in such a 
way that the electronic pacemaker would provide a safety net 
should temporary or permanent failure of the biological occur. 
In addition, the electronic pacemaker can be used to track and 
record the function of the biological. The biological unit, in turn, 
would likely conserve battery power in the electronic unit—our 
work to date has shown that tandem biological-electronic opera-
tion sees the electronic unit firing only 30% of the time, which 
would indeed prolong the life of the battery.36 In addition, the 
biological component would be the heart’s primary pacemaker, 
would allow autonomic responsiveness, and would provide 
cardiac activation and output characteristics superior to those 
provided by the electronic unit. As reviewed previously, proof of 
concept experiments of tandem pacing have been promising and 

have shown no competition between biological and electronic 
units.36

Conclusions

Modern media mania expects this morning’s ideas to be this 
afternoon’s cures. But it would be irresponsible to try to make 
biological pacing fit this mold. Because electronic pacing pro-
vides the luxury of a competent backstop, biological pacing 
should be optimized and adequately tested before human experi-
mentation begins. The advantage of this cautious approach is that 
the difficult questions that must be asked and the difficult experi-
ments that must be done not only should help to advance our 
knowledge in this field but likely will find beneficial application 
in a variety of areas of gene and cell therapy.
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and are continuously internalized from the plaque center along 
microfilaments.7 Proteins, such as ZO-1 and CAR, are taking part 
in these processes and are involved in interactions with other 
proteins of the intercellular junction and plaque size control.9 
The total of these behaviors indicates that gap junctions repre-
sent a highly dynamic, regulated, and interactive system and 
explains why changes in composition and function can contribute 
importantly to disease phenotypes. 

Myocardial Connexins Cx43, Cx40, and Cx45

Cx43, Cx40, and Cx45 are the three major connexins of the 
myocardium.10-12 A fourth connexin, Cx32.1, has been described 
in murine nodal tissues.13 Cx43 is the dominating connexin in 
ventricular myocardium, Cx40 dominates in the ventricular con-
duction system, and Cx45 is present in the atrioventricular and 
sinoatrial nodes and in lower amounts in atrial and ventricular 
myocardium.

Atrial tissue shows a wide spectrum of electrical propagation 
velocities (0.2 to 1.6 m/s).14 This raises the question to what 
extent Cx43 and Cx40, which are both abundantly expressed and 
colocalize in intercalated discs (the ratio of Cx40:Cx43 expression 
is larger in the right than the left atrium15), contribute to this 
variability. In human atria, an important factor in determining 
propagation is the ratio of Cx40:Cx43 expression, with Cx40 
dominance decreasing and a Cx43 dominance increasing local 
velocity.16 A similar behavior was observed in vitro in atrial 
strands cultured from myocytes with genetic Cx43 and Cx40 
ablation.17 In contrast, measurements of macroscopic excitation 
in murine atria with Cx40 ablation in vivo yielded slowed or 
unchanged propagation.17 It cannot be excluded that macroscopic 
measurements in whole atria with genetic Cx40 ablation are 
affected by malformations.18 Colocalization of Cx43 and Cx40 
raises the question of whether these connexins form separate gap 
junctions or whether mixed Cx40/Cx43 gap junction channels 
exist in the real atrial myocardium. This question is especially 
interesting regarding their effect on propagation, because  
mixed Cx40/Cx3 channels could have an electrical conductance 
different from pure homomeric or homotypic Cx43 or Cx40 
channels.2,19 In heterologous expression systems, controversial 
results about the function of mixed Cx40/Cx3 channels have been 
reported.2,19-20

Cx45 is a dominating connexin in early stages of cardiac devel-
opment and in the atrioventricular and sinoatrial nodes. In atrial 
and ventricular tissue from human, rat, and murine hearts, Cx45 
has been detected in small amounts,15,17,21-22 where it is likely to 
form mixed channels with Cx43 and/or Cx40. Heteromeric  
connexins have been described in heterologous expression 
systems, if Cx45 was coexpressed with Cx43 or Cx40.2 Germline 
ablation of Cx43 in murine ventricular pairs produces a greater 
than 90% reduction in cell-to-cell coupling with persistence of 
Cx45 expression.22 This finding indicates that Cx45 contributes 
little to electrical coupling; however, a regulatory role has been 
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Cardiac Intercellular Communication  
by Gap Junctions

The existence of low-resistance pathways between cardiac cells 
was postulated from experimental assessment of electronic inter-
actions (cable analysis) between cardiac Purkinje fibers before the 
existence of gap junction channels was known.1 During the sub-
sequent decades ion channels between cardiac cells were identi-
fied, formed from two connexon hemichannels, each being 
composed of six connexin molecules. The main connexins of the 
myocardium—Cx43, Cx40, and Cx45—have been defined in 
terms of genetic code, amino acid sequence, and molecular func-
tion. The introduction of the whole-cell dual voltage clamp tech-
nique made it possible to measure directly the intercellular 
electric conductance and single channel conductance between a 
pair of cells obtained from enzymatic disaggregation of cardiac 
tissue or after neoformation in cultured cells. Later, transfection 
techniques made it possible to study the biophysical properties 
of specific cardiac connexins in heterologous expression systems 
and to define the properties of pure or mixed connexons and 
connexins (heteromeric vs. homomeric connexons and homolo-
gous vs. heterologous connexin channels) in terms of biophysical 
and diffusive properties.2-5

Similar to ion channels, the electrical behavior of gap junc-
tions channels is sensitive to the electrical field across the channel 
and to variations of the intercellular milieu (Ca2+, pH, Mg2+, 
ATP).6 Gap junction channels have a high turnover rate with a 
half-time of only a few hours.7 Trafficking of connexins to the 
membrane along microtubular highways requires the presence of 
proteins specifically linking the microtubular ends to the scaffold 
of mechanical junctions.8 The hemichannels (connexons) are 
transported by the microtubules to the periphery of the gap junc-
tion plaques, shift to the center of the plaques in a short time, 

27 Intercellular Communication and 
Impulse Propagation

André G. Kléber
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Several distinct features specifically related to cellular uncoupling 
can be derived from this figure. First, changes in cell-to-cell 
coupling close to the normal level of coupling produce relatively 
small changes in propagation velocity. Second, cell-to-cell uncou-
pling can produce extremely slow propagation (on the order of 
1 cm/s) if the conductance between cells is reduced more than 
100-fold. This behavior also predicts preservation of propaga-
tion, albeit slow, even at extreme levels of uncoupling. This pre-
diction made from theoretical studies has been verified in 
experimental work using engineered strands of neonatal rat ven-
tricular myocytes either exposed to an uncoupling agent or using 
cells with germline ablation of connexin43 (Cx43).22,28 The expla-
nation for this behavior, which is typical for cell-to-cell uncou-
pling and contrasts to the behavior during block of depolarizing 
ion currents (INa, IL,Ca),27-28 is given by the biphasic behavior of 
the margin of safety of propagation (see Figure 27-1). The bipha-
sic time course of SF is determined by two processes with oppos-
ing effects. First, the axial currents flowing into a given cell from 
excited tissue upstream decreases because of an increase in the 
resistance between the cells. This decrease (so-called source effect) 
causes the membrane capacitance of a given cell to charge more 
slowly and to reach the excitation threshold later than normal, 
and therefore, propagation to slow. Second, the excitatory electri-
cal charge flowing downstream, because of the increased intercel-
lular resistance between the downstream cells, is distributed over 
fewer cells and is therefore conserved at the site of excitation 
within the wavefront (decrease of so-called sink effect). In other 
words, cell-to-cell uncoupling protects the excitatory current 
from downstream dissipation and therefore makes propagation 
safer (increase of SF). Only at extreme levels of uncoupling does 
failure occur and propagation eventually gets blocked. The bio-
physical principle of source-sink interaction is not only valid for 
states of cell-to-cell uncoupling; it is a general rule independent 
of scale and holds also for propagation in the presence of discon-
tinuities in tissue structure (e.g., infarct scars26). Importantly, slow 
propagation is only preserved if sites of increased coupling resis-
tance are closely spaced and produce an effective decrease in the 
electrotonic sink. If this effect is absent, such as at the transition 
between tissue of decreased to normal coupling, propagation 
block is observed.29 This likely explains some observations made 
in experimental models of heterogeneous connexin expression,30 
which is discussed as follows.

Effect of Heterogeneous Expression  
of Connexins on Propagation

Heterogeneous expression of connexins, leading to heteroge-
neous propagation and arrhythmogenesis, has been implicated in 
the genesis of atrial fibrillation and ventricular arrhythmias.31 
However, in only two studies has a direct association between the 
incidence of ventricular arrhythmias in heart failure patients with 
heterogeneous connexin expression been demonstrated.32-33 
Interestingly, Cx43 immunofluorescence measured in specimens 
from such patients with ventricular arrhythmias showed a heter-
ogenous pattern with scattered absence of Cx43 signals. Similarly, 
in a mouse model of conditional cardiac Cx43 ablation, it has been 
shown that the occurrence of ventricular arrhythmias and sudden 
cardiac death is associated with a marked heterogeneity in con-
nexin expression and a decrease in macroscopic propagation 
velocity less than 50% of normal (Figure 27-2).34 Recent work 
using cell engineering techniques made an attempt to quantita-
tively study electrical cell-to-cell coupling and propagation in 
tissue with reproducible degrees of connexin heterogeneity.35 
Heterogeneity was produced in engineered cell pairs and strands 
from defined mixtures of wild type (WT) neonatal ventricular 
myocytes expressing a green fluorescent protein (GFP) tag 

attributed to Cx45 in cardiac failure, in which Cx45 is upregu-
lated together with a decrease in Cx43 and a reduction in gap 
junction size.23 This could indicate that Cx45 is involved in regu-
lation of gap junction size, as also suggested from coexpression 
of Cx43 with Cx45 in a rat liver epithelial cell line.24 Recently, it 
has been shown that genetic deletion of the Coxsackie-adenovirus 
receptor (CAR) is associated with marked reduction or deletion 
of Cx45. Conditional ablation of CAR increased cell-to-cell dye 
diffusion between ventricular cells, further suggesting that Cx45 
is a significant modulator of ventricular cell-to-cell 
communication.25

Role of Gap Junctions in Electrical Impulse 
Transfer and Propagation

The role of gap junction channels in cardiac propagation as one 
of the key elements is well acknowledged. Early experimental and 
theoretical studies examined the effect of a decrease in gap junc-
tion conductance on propagation velocity in a general way by 
implicating or inducing a uniform change of intercellular electri-
cal conductance in the tissue.26 The effect of a uniform decrease 
in intercellular electrical conductance is best understood by con-
sidering the principle of conduction safety. The formalism 
describing conduction safety (SF) states that27:

SF I dt I dt i dt A QmA C A OUT A M= +( ) ( ) >⋅ ⋅ ⋅∫ ∫ ∫ ; | 0

In simple terms, the numerator of this equation equals the electri-
cal charge produced by a given cell in the propagating wavefront, 
and it consists of the sum of electrical charges needed to produce 
the action potential (capacitive component, ∫AIC ⋅ dt) and the 
charge flowing to excite the cells downstream (axial component, 
∫AIout ⋅ dt). The denominator corresponds to the electrical charge 
(∫AIm ⋅ dt) exciting this same cell, which in turn is produced by 
the excited cells upstream of the propagating front. From this 
formalism, it follows that propagation becomes decremental and 
eventually gets blocked, when SF decreases less than 1, or when 
more electrical charge is needed to excite a given cell than this 
same cell can produce by its machinery of excitation.27 The theo-
retical dependence of propagation velocity on cell-to-cell cou-
pling and the associated change in SF is illustrated in Figure 27-1. 

Figure 27-1.  Dependence  of  safety  and  velocity  of  propagation  on  intercellular 
coupling. Note logarithmic scale on abscissa. 

(From Shaw RM, Rudy Y: Ionic mechanisms of propagation in cardiac tissue. Roles of 
the sodium and l-type calcium currents during reduced excitability and decreased 
gap junction coupling. Circ Res 81:727–741, 1997.)
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Figure 27-2.  Mouse model of heterogeneous Cx43 expression with delayed conditional Cx43 knock out (O-CKO). Top, Kaplan-Meier survival curve showing onset of sudden 
death  at  approximately  30–40  days.  Bottom,  Cx43  immunofluorescence  signals  in  ventricle  between  25  and  45  days  after  birth  in  control  (A–C), and  O-CKO  mice 
(D–F). Inhomogeneity of Cx43 expression by comparison of three different regions of interests (G–I). 

(From Danik SB, Liu F, Zhang J, et al: Modulation of cardiac gap junction expression and arrhythmic susceptibility. Circ Res 95:1035–1041, 2004.)
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(WT-GFP) and Cx43–/– ventricular myocytes (Figure 27-3). 
Immunofluorescence analysis showed coexistence of Cx43 and 
Cx45 at the cell interface in the WT/WT pairs. In contrast, no 
Cx45 or Cx43 signals were observed in mixed WT/CX43–/– pairs, 
and no Cx45 signals in pairs consisting of Cx43–/– cells. In the 
same pairs, intercellular electrical conductance (gj) decreased 
markedly to less than 90% of WT in the mixed pairs (WT/
Cx43–/–) and Cx43–/–/Cx43–/– pairs. However, all three cell inter-
faces showed consistent electrical coupling. For the mixed cell 
pairs, the dependence of gj on the transjunctional voltage, Vj, was 

typical of pairs with Cx45 expression in one cell and WT Cx43/
Cx45 expression in the other.36-37 The absence of a Cx43 signal in 
the presence of reduced persistent electrical coupling indicated 
that the electrical conductance is a more sensitive indicator of the 
level of cell-to-cell coupling than immunofluorescence, and it 
confirmed recent measurements correlating electrical conduc-
tance to gap junction size as assessed by immunofluorescence.38 
The experimental model of engineered cell strands consisting of 
controlled mixtures of WT-GFP and Cx43–/– cells was used to 
measure the effect of Cx43 inhomogeneity on propagation 
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Figure 27-3.  Cell-to-cell coupling at the interface between GPF-tagged Cx43+/+  (wild type [WT]) and Cx43–/– (knockout [KO]) neonatal rat ventricular myocytes. Left, Top 
and side view of WT/WT cell pair (A, B); WT/KO cell pair (C, D) and KO/KO cell pair (E, F). Cx43 immunofluorescence is in orange; Cx45 immunofluorescence is in white. 
Note superimposition of Cx43 and Cx45 immunofluorescence at the cell-to-cell interface in A and B and the absence of immunofluorescence in C–F. Right, Intercellular 
conductance between the pairs is illustrated on the left. Note that a small, finite electrical conductance is present in WT/KO and KO/KO cells, despite the absence of Cx43 
and Cx45 immunofluorescence signals. 

(From Beauchamp P, Desplantez T, McCain ML et al: Electrical coupling and propagation in engineered ventricular myocardium with heterogeneous expression of connexin43. 
Circ Res 110;1445–1453, 2012.)
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velocity (Figure 27-4).35 The change in macroscopic propagation 
velocity along engineered strands revealed a relatively preserved 
velocity in mixtures containing ≥50% WT-GFP cells, and a 
marked decrease in cell mixtures with ≤50% WT-GFP cells. The 
explanation for preserved propagation at a relatively fast level, 
even in the presence of 50% of cells devoid of Cx43 expression, is 
illustrated in Figure 27-5, which depicts the pattern of cell-to-cell 
propagation recorded at high spatial and temporal resolution. 
Both the sequence of activation times and the shapes of the action 
potential upstrokes reveal a mixed type of propagation, with fast 
continuous conduction26 meandering through the clusters with 
normal Cx43 expression, and delayed activation of Cx43–/– cells 
showing a prolonged foot potential before the rapid action poten-
tial upstroke, characteristic of discontinuous conduction.26 
Although local propagation delays at cell borders can be as long 
as several milliseconds, they are too short to produce microentry 
in markedly uncoupled tissue.22,28,35 Restriction of Cx43 ablation 
to small cell clusters and eventual excitation of all cells probably 
explains why optical recordings of macroscopic velocities in  
the mouse model with conditional Cx43 ablation show relatively 
smooth isochronal activation.39 Furthermore, the observation 
that Cx43 immunosignals are absent from the interface between 
Cx43-expressing and nonexpressing cells suggests that the assess-
ment of the degree of Cx43 ablation (proportion of Cx43–/– 
cell) is overestimated if calculated from the percent loss of 
Cx43–/– immunosignal.

In contrast to mouse models of microscopic connexin inho-
mogeneity (conditional Cx43 ablation or mixed Cx43+/+/Cx43–/– 
engineered strands35,39) macroscopic connexin inhomogeneity 
was produced by injecting Cx43–/– embryonic stem cells into 

Cx43+/+ host blastocysts.30 The hearts of these surviving chimeric 
mice, characterized by a “patchy” or mosaic-like regional ablation 
of Cx43 with macroscopic interfaces, were highly arrhythmo-
genic, and showed an irregular epicardial activation pattern with 
decreased contractility.30 Comparison with the other mouse 
models therefore suggests that not only the average degree of 
Cx43 ablation but also the scale of heterogeneity determine the 
effects on electrical and contractile behavior. A biophysical expla-
nation for irregular electrical activation with macroscopic, 
mosaic-like Cx43 ablation was given by theoretical work, which 
simulated propagation at an interface between two large-strand 
segments with different degrees of cell-to-cell coupling.29 In such 
a case, propagation from a segment of low intercellular coupling 
to a segment of normal intracellular coupling encounters a large 
downstream sink at the transition. As a consequence, there is a 
large local decrease of safety factor and a conduction delay, which 
is nearly one order of magnitude larger than the delay observed 
with uniform cell-to-cell uncoupling. This increased delay, which 
most likely accounts for the highly irregular propagation patterns 
and the increased arrhythmogenicity in mice with mosaic-
chimeric Cx43 ablation, is due to the absence of the protective 
effect of low resistance coupling downstream.

Interaction of Cell-to-Cell Coupling, Tissue 
Architecture, and Ion Currents

The morphology of atrial and ventricular tissues is highly discon-
tinuous at several levels. Ventricular tissue is organized in layers, 
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source (strand), which emerges into a large sink (bulk). As a 
consequence, unidirectional block occurs at the transition, if the 
source is too small (narrow strand diameter) to excite the large 
sink (see Figure 27-6, B). In contrast, propagation from the bulk 
to the strand is safe. In such a situation, the degree of cell-to-cell 
coupling acts as a modulator of propagation and a decrease in 
cell-to-cell coupling can restore unidirectional block to bidirec-
tional propagation. The exact mechanism is illustrated in Figure 
27-6, A, in which the strand segment and the bulk are simulated 
by a network of excitable cells interconnected by longitudinal and 
transverse resistors, mimicking cell-to-cell coupling.48 Reduction 
of cell-to-cell coupling reduces the loss of local electrotonic 
current into the sink at the transition site and restores propaga-
tion. This explanation becomes evident from the fact that only 
the increase of lateral elements of cell-to-cell coupling contrib-
utes to the decrease of the sink effect and restoration of propaga-
tion.48 In the extreme hypothetical case, when the longitudinal 
resistors are left unchanged and the transverse resistors are made 
infinite, propagation into the lateral sink is no more possible and 
propagation gets linear—that is, the source-sink mismatch is 
eliminated. These examples make it clear that there is no essential 
difference in biophysical mechanisms between source-to-sink 
mismatch at a transition of linear strand segments with different 
degrees of cell-to-cell coupling and a transition of a small to a 
large tissue structure.29 Repetitive alternations of sink and sources 
due to tissue structure, such as branching tissue fibers (scars), can 
cause a decrease of the downstream sink, a high margin of safety 
for propagation and slow propagation of approximately 1 cm/s.49 
The propagation behavior at macroscopic alternations is similar 
to the situation of uniform cell-to-cell uncoupling illustrated in 
Figure 27-1, and it underlines the prior statement that the rules 
of source-to-sink mismatch apply to both the cellular and network 
scales.26

In normal linear propagation, Na inward current, which pro-
duces the upstroke of the cardiac action potential, drives propaga-
tion by contributing the major portion of charge flowing 
downstream. The L-type Ca2+ current, which is activated later 
and more slowly, does not contribute significantly to propagation 
(<1% to 2%) in the normal condition.27 Because a decrease in 
cell-to-cell coupling resistance is associated with a delay at the 
cell border, the action potential of the driven cells is created with 
delay with respect to the driver cell. This delay can become so 
long that the upstroke of the driven cell falls into the late upstroke 
or early plateau phase of the driver cell. As a consequence, the 
L-type Ca2+ current becomes a main charge carrier for propaga-
tion in uncoupled tissue.29

This discussion illustrates that the three main functional ele-
ments determining cardiac propagation—the action potential, 
the degree of cell-to-cell coupling, and the cellular network 
structure—show a high degree of interdependence at sites of 
source-to-sink mismatch. Therefore, effects of changes in these 
determinants (i.e., in disease) should be considered within the 
context of a whole complex system. Interestingly, interacting ion 
currents, cell-to-cell coupling, and structural determinants of 
heart tissue do not only affect cardiac propagation via biophysical 
interaction; they also form a highly interactive system at the level 
of molecular expression in the cell, as discussed in the preceding 
paragraph.

Ephaptic Impulse Transmission:  
Potential Alternative Mechanism  
of Electrical Impulse Transfer

The observation that cardiac tissue consists of individual cells, 
and functions at the same time as a syncytium, raised the question 
of how the electrical impulse would be transferred between cells. 

which rotate with respect to their longitudinal axis of 
anisotropy.40-42 Atrial and subendocardial ventricular tissues are 
trabeculated,43 and age or disease can cause additional microfi-
brosis.44,45 There is a common consequence of these structural 
discontinuities for impulse propagation, as recognized early on 
by the seminal work of M.E. Spach,26,46 namely that propagating 
waves encounter sites of structural and electrical mismatch. In 
the context of this chapter, it is important to mention that local 
changes in cell-to-cell coupling can have a marked influence on 
propagation at such sites. Figure 27-6, A, illustrates a simple 
engineered tissue structure, “archetypical” for source-sink mis-
match, and consisting of a cardiac strand connected and forming 
a transition to a large area (bulk).47 In such structures, propaga-
tion from the strand to the large area is determined by a small 

Figure 27-4.  Macroscopic impulse propagation in engineered strands with mixed 
Cx43  expression.  Top,  Cell  culture  consisting  of  wild  type  (WT)  GFP  (50%)  and 
knockout (KO) cells (50%) at low magnification. Propagation velocity is measured 
from the conduction time and the distance between two regions of interest (quad-
rangles)  by  multisite  high-resolution  optical  mapping  of  membrane  potential. 
Bottom, Dependence of macroscopic velocity on the proportions of WT-GPF and 
KO cells in the strand. Note the rapid decrease in velocity, if the relative amount of 
WT-GFP cells is less than 50%. 

(From Beauchamp P, Desplantez T, McCain ML et al: Electrical coupling and propaga-
tion in engineered ventricular myocardium with heterogeneous expression of con-
nexin43. Circ Res 110;1445–1453, 2012.)
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Figure 27-5.  Microscopic impulse propagation in engineered strands with mixed Cx43 (50% of cells) expression. The center shows a strand segment measuring 100 µm 
wide, with wild type (WT)-GFP cells emitting green native fluorescence. A, Action potentials with smooth upstrokes illustrating rapid sequential activation (velocity, 32 cm/s) 
of the WT-GFP cells, starting from the filled white circle. B, Activation of two KO cell areas, with a region (blue) preceding the activation of the WT-GFP cells and a region 
(red) with markedly delayed activation. The bar in the middle of B corresponds to the activation window of the WT-GFP cell cluster. Note that the “foot” of the action potentials 
in the KO cell is typical for discontinuous activation. Although activation was microscopically highly irregular, no local propagation blocks were observed. 

(From Beauchamp P, Desplantez T, McCain ML et al: Electrical coupling and propagation in engineered ventricular myocardium with heterogeneous expression of connexin43. 
Circ Res 110;1445–1453, 2012.)
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transmission between cells implicates that the flow of inward Na+ 
current during depolarization creates an electrical field across the 
cleft and radial resistances with respect to the extracellular space. 
This transient intracleft potential is negative regarding the extra-
cellular reference and thus acts to depolarize the membrane 
potential of the downstream cell. In turn, this depolarization 
leads to local activation of juxtaposed Na+ channels located in the 
cleft-membrane of the downstream cell. In essence, two variables 
affecting ephaptic impulse transmission are of interest: the cleft 
width and the fraction of total Na+-channels located in the inter-
calated disc. Two models have been used thus far (one- and 
three-dimensional54,55), both of which agree with respect to the 
main results. Figure 27-7, B, illustrates the complex dependence 
of propagation velocity on cleft width at different degrees of 
resistive cell-to-cell coupling via gap junctions and with the 
assumption that all Na+ channels are clustered at the cell junction. 
At normal to moderate degrees of cell-to-cell uncoupling decreas-
ing the cleft width decreases propagation velocity significantly. 
This effect occurs because a negative cleft potential will decrease 
the driving force for Na+ ions. Moreover, if appropriately 
modeled, [Na+] will decrease in the intercellular cleft because of 
the high diffusion barrier between the cleft and the normal extra-
cellular space during inward Na+ current flow.55 At high degrees 
of cell-to-cell uncoupling, decreasing cleft width below a certain 
threshold increases propagation velocity. This effect is due to the 
negative electrical field accumulating in the cleft (the field effect), 
which depolarizes the membrane of the juxtaposed cell to thresh-
old for activation of Na+ channels. Importantly, cell-to-cell trans-
fer of the electrical impulse without any resistive coupling is 
theoretically possible only if 100% of all Na+ channels are clus-
tered in the cleft, a postulate that seems unlikely in the light of 
recent findings of molecular compartmentation of Na+ channels 
into an intercalated disc and a surface pool (see next section).56 If 
approximately 50% of Na channels are located at the intercalated 
disc, field effect transmission could support slow impulse propa-
gation at high degrees of cell-to-cell uncoupling.54 However, 
impulse transmission in absence of residual resistive coupling is 
not possible. Currently, it seems difficult to estimate the impor-
tance and contribution of ephaptic transmission in experimental 
settings. Although impulse transmission is maintained at low 
degrees of gap junction coupling,22,35 total inhibition of resistive 
coupling by means of a gap junction channel blocker produces 
rapid propagation block.22

Remodeling of Gap Junctions: Only a Part of 
Remodeling of the Whole Intercalated Disc?

Most experimental and theoretical studies involving the effect of 
changes in intercellular electrical coupling, because of connexin 
remodeling or effects of drugs and metabolites on the conduc-
tance of gap junction channels, regarded these changes as being 
independent of changes in other proteins of the cardiac interca-
lated disc, including proteins linking the cytoskeleton of neigh-
boring cells (microfilament and intermediate filament system) 
and ion channels. However, recent work indicates that proteins 
of the intercalated disc involved in intercellular mechanical and 
electrical functions share common regulatory mechanisms. These 
mechanisms appear to be complex and have as yet only partially 
been elucidated.57-58 A first indication of a relationship between 
regulation of proteins of desmosomal or adherence junctions and 
connexins was suggested from the observation that patients with 
inherited arrhythmogenic right ventricular cardiomyopathy show 
a decrease in immunofluorescence signals for plakoglobin and 
Cx43 in the intercalated discs.59 This observation is independent 
of the mutated protein (desmoglein, desmoplakin, plakophylin-2, 
plakoglobin) and therefore suggests that plakoglobin (γ-catenin) 

Already in the 1960s two opposite hypotheses prevailed and 
became a matter of friendly controversy among investigators.50 
The first hypothesis postulated low-resistance pathways between 
cardiac cells, based on measurements of passive electrical proper-
ties, the diffusion constant for K+, and the observation that a full 
electrical resistive local circuit was necessary for propagation to 
occur, implicating resistive connections between cardiac cells.51 
The second hypothesis stated that electrical impulse transfer 
would be possible without direct electrical connections between 
cardiac cells.52 These two hypotheses, which from today’s point 
of view could represent complementary rather than opposite 
mechanisms, have attracted new attention with the observation 
that propagation in cardiac ventricular tissue with conditional 
Cx43 ablation was maintained at approximately 50% of a normal 
level, despite an approximately 90% reduction of Cx43 immuno-
fluorescence signal.39,53 The opportunities to perform theoretical 
modeling of the cardiac cell junction offered the possibility to 
selectively assess the role of the two postulated hypotheses using 
settings of critical biophysical parameters within a wide range.54,55 
Impulse transmission involving ephaptic transmission at a cardiac 
cell border is schematically illustrated in Figure 27-7, A. In con-
trast to models, which represent the cell junction by a simple 
resistor, the cleft model of a cardiac cell junction contains an 
excitable element that faces the cell junction, a high intercellular 
cleft resistance, and a radial resistance connecting the cleft to  
the normal extracellular space. In the model, the high cleft resis-
tance is varied by changing the cleft width. Inward sodium 
current flowing during depolarization through the Na+ channels 
in the cleft is forced to flow through the narrow intercellular  
cleft toward the extracellular space. Field effect or ephaptic 

Figure 27-6.  Effect  of  change  in  cell-to-cell  coupling  at  a  site  of  source-to-sink 
mismatch because of a discontinuity in the geometry of the cellular network. Top, 
Schematic presentation of an abrupt transition in tissue geometry with the longi-
tudinal  cell-to-cell  coupling  resistors  shown  in  black  and  the  transverse  resistors 
shown in red. The excitable cell elements (not shown) reside in the notches con-
necting the resistors. Bottom, Source-to-sink mismatch in a culture of neonatal rat 
ventricular myocytes (produced by patterned growth) with a small strand (50 µm 
wide)  emerging  into  a  large  bulk  (left).  During  normal  perfusion  (middle left)  the 
excitation wave  (red)  is blocked at  the entrance of  the bulk, which remains  in  its 
resting state (blue). Application of an uncoupling agent (arachidonic acid) reduces 
the  source-to-sink  mismatch  and  establishes  bidirectional  conduction  (middle 
right). Restoration of normal coupling reestablishes the unidirectional block (right). 
The experiment in the lower panel demonstrates that moderate cell-to-cell uncou-
pling can favor electrical propagation at a site of current-to-load mismatch. 

(From Rohr S, Kucera JP, Fast VG, Kléber AG: Paradoxical improvement of impulse 
conduction in cardiac tissue by partial cellular uncoupling. Science 275:841–844, 
1997.)
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complexes (dystrophin-syntrophin vs. SAP97). Whereas some 
controversies exist whether these pools all contain active chan-
nels65 and the observed decrease in INa is due to changes in 
inactivation kinetics rather a decrease in Nav1.5 expression,64 
these observations suggest that modification of connexins in the 
intercalated disc might have an effect on expression or function 
of Na+ channels in the intercalated disc. Indeed, such a relation-
ship was recently observed in both ventricular and atrial tissues.32,66 
In the ventricle, tamoxifen-induced ablation of Cx43 was associ-
ated with local absence of Nav1.5 immunosignal, and silencing 
of Cx43 led to a marked decrease of inward Na current.32 A 
similar finding was obtained in cell cultures of neonatal mouse 
atrial myocytes, where ablation of Cx43 showed an approximately 
50% decrease of INa—that is, a decrease similar to the ablation 
of the intercalated disc pool of Nav1.5.66 The observation that, 
at least in some conditions, remodeling of connexins can be 
associated with a decrease in Na channels, makes it difficult to 
correlate changes in Cx expression directly to changes in propa-
gation velocity, without information about concomitant changes 
in Nav1.5. Some studies involving marked electrical uncoupling 

might have a pivotal role in the determination of the disease 
phenotype. Although the mechanism of associated modulation of 
Cx43 has not yet been clarified, earlier and recent work suggests 
that the presence of an intact fascia adherens and desmosomal 
apparatus is a prerequisite for gap junction formation. Thus, 
neoformation of gap junctions in cultured adult rat cardiomyo-
cytes is preceded by the formation of adherens junctions in a 
spatiotemporally defined manner.60-62 This observation is prob-
ably explained by the finding that delivery of connexin hemichan-
nels trafficking along microtubules63 to the periphery of the gap 
junction plaques7 requires tethering of microtubules to β-catenin, 
via the microtubule plus end-tracking protein EB1 and the inter-
mediate glue protein p150.8 The high probability that mechani-
cal, gap junction, and ion channel proteins are at least partially 
regulated in common is also supported by the observation that 
silencing of plakophilin-2 is associated with an approximately 
50% decrease in flow of Na inward current.64 Nav1.5 channels 
in adult rat ventricular myocytes reside within two different 
membrane compartments: the intercalated disc and the surface 
membrane. Each of these pools has different anchoring 

Figure 27-7.  Ephaptic impulse transmission. A, Schematic presentation of the electrical circuitry between two cells (green) used in the model. The classical electrical circuitry 
usually used to represent a cell is drawn in black and consists of myoplasmic (myo) resistors and excitable elements (LRd) in parallel with a membrane capacitor. The cells 
are  linked by a resistor  (blue),  representing electrical coupling by gap junctions. For simulation of ephaptic transmission excitable elements are added to each cell  (red), 
which face the intercellular cleft and are connected to the extracellular space by a cleft and a radial resistor (red). B, Dependence of propagation velocity on cleft width at 
different degrees of gap junction coupling. In the presence of normal gap junction coupling, the field effect caused by current flow through the Na+ channels facing the 
cleft produces propagation slowing. At a large degree of cell-to-cell uncoupling (0.3% to 5%), propagation is markedly slowed or blocked at a cleft width greater than 40 
to 50 µm. At a smaller width, propagation resumes because of ephaptic transmission. This dependence occurs if 100% of the Na channels reside in the intercellular cleft. 

(From Kucera JP, Rohr S, Rudy Y: Localization of sodium channels in intercalated disks modulates cardiac conduction. Circ Res 91:1176–1182, 2002.)

A

B

Cell 1 Cell 2

LR
d

LR
d

Rcleft

R
ra

di
al

Rgap

Rmyo Rmyo Rmyo RmyoRmyoRmyoRmyo

LRdLRd LRd LRd

10 100 1000 Non-cleft
model

0.3%
1%

3%
5%

10%

30%

50%

100%

Cleft width [µm]

G
ap

 ju
nc

tio
na

l c
ou

pl
in

g 
(%

 o
f n

or
m

al
)

C
on

du
ct

io
n 

ve
lo

ci
ty

 [c
m

/s
]

0

10

20

30

40

50

60



INTERCELLULAR COMMUNICATION AND IMPULSE PROPAGATION 273

27 
of myocyte strands with genetic ablation or drug inhibition of 
gap junction channel conductance have shown that a marked 
decrease in gap junction coupling is necessary to observe signifi-
cant changes in propagation velocity22,28 in accordance with theo-
retical experiments.27 However, other studies have suggested that 
relatively moderate changes in local Cx expression lead to a 
measurable decrease in propagation velocity.67 Therefore, the 
possibility needs to be considered that Na+ channel expression, 
which might vary according to experimental and pathologic con-
ditions, might accompany changes in connexin expression and 
associated changes in propagation velocity. An additional poten-
tial complexity related to the finding that compartmentation has 
also been observed for the inward rectifier channel Kir2.1,68 
which is a determinant of the late phase of repolarization of the 
action potential and largely determines the resting electrical con-
ductance, a further determinant of excitability and propagation.14 
Both Nav1.5 and Kir2.1 appear to be associated with SAP97  
in the intercalated disc.68 Thus, a correlation of connexin remod-
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28 
profoundly complex structure. The successful optical imaging of 
the AV junction (AVJ) in the human heart has provided important 
insights into its electrophysiology. Three-dimensional histologic 
and immunofluorescence reconstructions of the AVJ, as well as 
molecular biological studies looking into gene and protein 
expression, have helped to demonstrate the significant structural 
and molecular heterogeneity of the AVJ. This chapter reviews the 
current state of knowledge of AVJ structure and function with 
specific reference to these recent discoveries in the human heart.

Anatomy and Molecular Characteristics  
of the Mammalian Atrioventricular Node

Anatomy of the Triangle of Koch and 
Atrioventricular Junction Structures

The cardiac pacemaking and conduction system comprises spe-
cialized cells composed of pacemaker cells that generate electrical 
impulses as well as a His-Purkinje system that rapidly conducts 
the electrical impulses to enable properly timed synchronous 
myocardial contraction. The electrical impulse generated from 
the sinoatrial node (SAN), embedded at the junction of superior 
vena cava and the right atrium, exits the SAN via sinoatrial exit 
pathways, and travels through the right atrium via the crista 
terminalis and atrial septum to reach the compact AVN located 
at the apex of the triangle of Koch. As shown in Figure 28-1, A, 
the triangle of Koch is defined as the area enclosed by the septal 
leaflet of the tricuspid valve, the ostium of coronary sinus, and 
the tendon of Todaro. The apex point of the triangle of Koch is 
formed by the membranous portion of the ventricular septum, 
which is another anatomic landmark for the AVN.5 Cells of the 
compact AVN at the apex of the triangle of Koch are small and 
spindle shaped, with no clear cellular orientation. In contrast, 
atrial myocardial cells are large, densely packed, and oriented 
parallel with one another. Two distinct cell populations exist 
between cells of the atrial myocardium and those of the compact 
AVN: (1) transitional cells with intermediate features between the 
atrial myocytes and spindle-shaped compact AVN, and (2) cells 
of one or two inferior nodal extension(s), which are regarded as 
extension(s) of the compact AVN. These two cell types have 
traditionally been regarded as being responsible for the two atrial 
electrical inputs into the compact AVN; transitional cells have 
been thought to compose the “fast pathway,”6,7 whereas cells of 
inferior nodal extensions constitute the “slow pathway.”8,9

Transitional Cells

The transitional cells extend anteriorly from the anterior limbus 
of fossa ovalis, located just above the noncoronary cusp of the 
aortic valve, and cover the middle and anterior part of the triangle 
of Koch after crossing the tendon of Todaro, before connecting 
to the proximal portion of the compact AVN. Such a distribution 
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The atrioventricular node (AVN) is a critical component of the 
cardiac conduction system, primarily responsible for the conduc-
tion of electrical impulses from the atria to the ventricles, and 
has a secondary function as an escape pacemaker. Since its dis-
covery by Tawara a little more than a century ago, many impor-
tant advances have been made in terms of understanding the 
complex structure and function of the AV node, as well as its role 
in cardiac physiology and pathophysiology. In 1906, Tawara first 
discovered the spindle-shaped compact network of small cells, 
which he called a knoten (node).1 Subsequently, Mines provided 
the first clear and elegant description of reentry involving the 
AVN in 1916.2 More than half a century later, Moe et al. described 
the existence of dual-pathway AV nodal physiology and demon-
strated the slow and fast pathways with AV nodal reentrant tachy-
cardia (AVNRT) in the dog,3 and Janse et al.4 subsequently 
confirmed the same in the rabbit.

Despite a long history of research, many aspects of AV nodal 
physiology remain unclear, and some controversies surrounding 
its nature remain unresolved. Over the past decade, important 
strides have been made to enhance our understanding of this 
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potential in the ablation of AVNRT. The site where the double 
potential consists of a low-frequency deflection (nodal compo-
nent) followed by high-frequency deflection (atrial component), 
as described by Jackman and colleagues,19 corresponds approxi-
mately to the distal part of the INE beneath the orifice of the 
coronary sinus.20 The double potential of high-frequency fol-
lowed low-frequency deflections described by Haissaguerre 
et al.21 may be generated by the two populations of cells in the 
middle and anterior parts of the triangle of Koch.20

There are important species differences in the anatomy of the 
AVJ. In contrast to rabbits, which have only one INE, humans 
typically have two INEs,4,8 which are referred to as the rightward 
and leftward extensions. As shown in a study of the anatomy of 
the human AVJ, there is significant anatomic variability in 
human.8 The majority of humans have two INEs (13 of 21 
hearts), some have only the rightward INE (7 of 21 hearts), and, 
rarely, others have only the leftward INE.8 The leftward INE in 
humans extends from the compact AVN and lies more superiorly 
to and is usually shorter than the rightward extension (see Figure 
28-1, B).8 Interestingly, three-dimensional reconstruction of the 
human AVJ shows age-related changes of the INEs and the 
compact AVN (see Figure 28-1, C). Compared with the left 
extension, the length of the right extension increases with age, 
accompanied by a widening of transitional cell zone.22 Evidence 
of age-related change of INEs may explain the high incidence of 
AVNRT within an older aged population compared with children 
(i.e., >10 years of age compared with <5 years of age). The right-
ward INE in humans has been regarded to constitute the slow 
pathway, yet the existence of the leftward extension should also 
be noted, because it is associated with the atypical left variant of 
AVNRT.23

of transitional cells enables the electrical impulse to spread inside 
the triangle of Koch without conduction block by the tendon of 
Todaro.10-12 The area of transitional cells distributed at the right 
anterior interatrial septum just outside the tendon of Todaro and 
behind the bundle of His corresponds approximately to the fast 
pathway site that was targeted during early attempts to cure 
AVNRT using radiofrequency ablation.6,13 Transitional cells have 
also been observed in the left atrial septum,14 supporting clinical 
observations of earliest atrial activation at that site during retro-
grade fast pathway conduction. Although transitional cells have 
traditionally been considered to constitute the “fast pathway,” 
experimental observations do not confirm fast conduction veloc-
ity in this pathway.15-17 A shorter conduction delay in this pathway 
is primarily caused by anatomically shorter distance compared 
with the “slow pathway.”

Inferior Nodal Extension

The inferior nodal extension (INE) lies parallel to the superior 
portion of the tricuspid annulus within the triangle of Koch, 
extends towards the coronary sinus, and then merges with the 
compact AVN (see Figure 28-1, B). The distal portion of the INE 
contacts atrial myocytes directly. In the middle of the triangle of 
Koch, loosely packed transitional cells and the INE converge, 
and transitional cells overlie the INE at the anterior part of the 
triangle of the Koch.14,18 The anatomic relationship between the 
transitional cells and the INE within the triangle of Koch may 
explain the two different types of double potentials observed on 
intracardiac electrograms while targeting the slow pathway 

Figure 28-1.  Triangle of Koch and AVJ  three-dimensional model of  the human heart. A, Schematic of  the  triangle of Koch and AVJ structures. The AV nodal portion  is 
composed of the compact AV node (CN) and the lower nodal bundle (LNB). The right inferior nodal extension (RE) extends proximally from the lower nodal bundle and 
the  left  inferior nodal extension (LE) extends from the compact AV node. B, Three-dimensional anatomic reconstruction of the AVJ and histologic sections through the 
bundle of His,  the compact AV node, and extensions  (RE and LE). C, Three-dimensional  reconstruction of  the AVJ, conduction system. AVJ, Atrioventricular  junction; TA, 
tricuspid annulus; IAS, interatrial septum; VS, ventricular septum; FP, fast pathway; SP, slow pathway; CN, compact AV node; CS, coronary sinus; CFB, central fibrous body; TT, 
tendon of Todaro; A-P, anterior–posterior; S-I, superior–inferior. 

(A, Reproduced with permission from Kurian T, Ambrosi C, Hucker W, et al: Anatomy and electrophysiology of the human AV node. Pacing Clin Electrophysiol 33:754–762, 2010. 
B, Reproduced with permission from Fedorov VV, Ambrosi CM, Kostecki G, et al: Anatomic localization and autonomic modulation of atrioventricular junctional rhythm in failing 
human hearts. Circ Arrhythm Electrophysiol 4:515–525, 2011. C, Reproduced with permission from Hucker WJ, McCain ML, Laughner JI, et al: Connexin 43 expression delineates 
two discrete pathways in the human atrioventricular junction. Anat Rec [Hoboken] 291:204–215, 2008.)
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known to change from an oval shape to a spindle shape as age 
increases (see Figure 28-1, C).22

Molecular Characteristics of the Compact 
Atrioventricular Node and Bundle of His

Both the compact AVN and His bundle express high quantities 
of connexin40 mRNA and protein, which are gap junction pro-
teins that form large conductance channels, whereas Cx43 is 
scantly expressed in the compact AVN and expressed at an inter-
mediate level in the lower nodal bundle/His bundle (Figure 
28-2).24,28 mRNA levels for Nav1.5, the cardiac sodium channel 
protein, and a determinant of conduction velocity are scant in the 
compact AVN (Figure 28-3, A) compared with their high expres-
sion levels in the His bundle.24 The abundant expression of con-
nexin proteins and Nav1.5 mRNA in His bundle enables the 
electrical wave to pass rapidly through the His bundle.

Functional Heterogeneity of the 
Atrioventricular Junction: Atrionodal Cells, 
Nodal Cells, and Nodo-His Cells

As described in the previous section, the AVJ is composed of 
numerous components, with different cell types that possess dif-
ferent cell morphologies and varying expression of sarcolemmal 
ion channels and cardiac connexins. The effect of this variability 
of cell types is the marked functional heterogeneity within the 
AVJ. Characteristics of the action potential for the different cells 
in the AVJ have previously been demonstrated in the rabbit heart 
through the combined study of microelectrodes and histology.30 
Significant heterogeneity of action potential morphology in the 
rabbit AVJ was found,31-33 and three main types of cells have been 
described: atrionodal (AN), nodal (N), and nodo-His (NH) cells, 
according to the morphology of the action potential (see Figure 
28-3, B). Compared with characteristic atrial myocardial cells, N 
cells in the compact AVN have less negative resting potentials, 
smaller amplitudes, and slower upstrokes, and they possess pace-
maker activity. AN cells have intermediate features between the 
atrial cells and the N cells—that is, more negative resting mem-
brane, steeper action potential upstroke, and large amplitude 
compared with the N cells. NH cells also show intermediate elec-
trophysiologic characteristics between N cells and the His bundle 
cells. These cells also have more negative resting potentials and 
steeper action potential upstrokes compared with N cells. 
Attempts have been made to correlate the functional characteris-
tics to the various cell populations within the AVJ with specific 
molecular and morphological characteristics, and it appears that 
AN cells are the transitional cells, N cells are in the compact AVN, 
and NH cells are in the lower nodal bundle. To date, these obser-
vations of variability of action potential morphology in animal 
models remain unconfirmed in the human AVJ.

Dual-Pathway Electrophysiology  
of the Atrioventricular Node:  
Slow and Fast Pathways

It has been demonstrated both in experimental studies3 and in 
the clinical setting that there are often two conduction pathways 
through the AVJ, known as the “fast pathway” and the “slow 
pathway,” which reference the conduction delay with which these 
pathways conduct an electrical impulse. It has been thought that 
conduction longitudinally along the anterior interatrial septum 

Molecular Characteristics of Transitional Cells 
and Inferior Nodal Extension Cells

Histologically, the transitional cells and cells of the INE are rela-
tively small and dispersed among connective tissues, and although 
these two populations of cells share some similar features, there 
are important molecular and electrophysiologic differences 
between these cells. It has recently been demonstrated in human 
tissue that the transitional cells and the INE cells both express 
the intermediate levels of Tbx3, a transcription factor that regu-
lates the development of the cardiac conduction system com-
pared with the compact AVN.14,24 However, in rabbit, transitional 
cells stain negative for neurofilament, and INE cells are 
neurofilament positive, suggesting that these two cell populations 
have different embryologic origins.14,16 An important electro-
physiologic difference is that, compared with atrial cells, transi-
tional cells express connexin43 (Cx43), an important cardiac gap 
junction protein, at the intermediate level, whereas the cells of 
the compact AVN and the leftward INE scantly express Cx43. 
However, detailed histologic and molecular discrimination 
between the rightward and the leftward INE in the human AVJ 
is currently lacking.

Another important difference is that pacemaker activity is 
observed in INE cells but not in transitional cells in rabbit 
studies.25 This is supported by gene expression data from humans 
showing that messenger RNA (mRNA) levels for HCN4, respon-
sible for the hyperpolarization-activated “funny” (If) current, and 
Cav1.3, an alternative L-type calcium-channel isoform, are 
highly abundant in the INE, whereas expression of SCN5A, the 
gene encoding for the cardiac sodium channel protein Nav 1.5, 
is low.24 In contrast, the expression of HCN4 and Cav1.3 is lower 
in transitional cells, and the expression of SCN5A is high.24 The 
INE cells have slower Ca2+-dependent action potential upstrokes, 
like the nodal cells, whereas transitional cells have fast sodium 
current–dependent upstrokes. This may account for relatively 
slow conduction across the INE. These differences in gene 
expression may explain why sodium-channel blocking Class IA 
and IC antiarrhythmic drugs are effective in blocking the fast 
pathway, whereas L-type calcium-channel blockers such as vera-
pamil are effective in blocking the slow pathway.26 The presence 
of nodal-like cells in the INE could also explain the occurrence 
of junctional rhythms during radiofrequency application at the 
inferior triangle of Koch.27

Anatomy of the Compact Atrioventricular 
Node and the Bundle of His

The AVN and the His bundle are demarcated by the central 
fibrous body, as initially described by Tawara.1 Morphologically18 
and based on Cx43 expression,28,29 the AVN can be subdivided into 
the lower nodal bundle and the compact AVN. The compact node 
is the superior portion of the AVN connected to transitional tissue 
and the INEs, which was previously referred to as the “open 
node” by earlier investigators.18 The lower nodal bundle indicates 
the inferior portion that is in some cases enveloped by connective 
tissue, which was previously referred to as the “closed node.” Cells 
of the lower nodal bundle are longer and arranged more parallel 
to each other than in the compact AVN and possess an intermedi-
ate functional phenotype between that of the compact AVN and 
the His bundle. Some investigators have recently described the 
lower nodal bundle as the penetrating bundle of His because it is 
enclosed by connective tissue.5 The lower nodal bundle has been 
shown to connect to the rightward INE, whereas the leftward 
INE and the compact AVN are a continuous structure (see Figure 
28-1, C).28 Regarding age-related change, the compact AVN is 
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Figure 28-2.  Connexin43 (Cx43) expression of the AVJ. A, Masson’s trichrome stain of the AV node. The outlined area surrounding the AV node corresponds to immuno-
histochemistry shown in B and C. B, Immunohistochemistry of the AV node showing α-actinin in red, vimentin in blue, and Cx43 in green. C, Cx43 expression in the AV 
node. D-G, Higher magnification of Cx43, vimentin, and α-actinin expression in various areas of the AV node region. 

(Reproduced with permission from Hucker WJ, McCain ML, Laughner JI, et al: Connexin 43 expression delineates two discrete pathways in the human atrioventricular junction. 
Anat Rec [Hoboken] 291:204–215, 2008.)
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represents the fast pathway (anterior input) because earliest ret-
rograde atrial activation is observed at the anterior interatrial 
septum or near the bundle of His during right ventricular pacing 
and during slow-fast AVNRT.13 Transverse conduction along the 
triangle of Koch has been thought to represent the slow pathway 
(posterior input) because the inferior triangle of Koch is often 
the site of successful slow pathway ablation to eliminate typical 
AVNRT.19

However, attempting to correlate these functional pathways 
to specific cell types and to clearly identify them on histology has 
proved to be challenging. Optical coherence tomography of 
intact rabbit AVJ has demonstrated a great degree of variability 
of cell orientation at different depths.29 Because the transitional 
cells were found at the anterior interatrial septum, it has been 
thought that the transitional cells are responsible for the fast 
pathway. Similarly, the INE cells found within the triangle of 
Koch have been thought to represent the slow pathway. In reality, 
transitional cells are widely distributed across the triangle of 
Koch and coexist with the INEs within the triangle of Koch and 
are not located exclusively at the anterior interatrial septum. 
Similarly, correlation of the functional slow pathway to specific 
cells or histology may be difficult because the posterior inputs to 
the INE exhibit profound functional complexity, and the triangle 
of Koch includes not only INE but also transitional cells covering 
INE and the lower nodal bundle beneath INE.14,28 Such complex 
distributions of different cell types surrounding the AVJ may give 
rise to the conceptual confusion of what constitutes the slow and 
the fast pathways.

Histologically, two inputs (atrial cells and transitional cells), the 
INEs and the compact AVN, and two His compartments (the 
lower nodal bundle and His bundle, respectively) exist in  
the human heart. As described before, the transitional cells in the 

anterior septum and INE are thought to be the fast and slow path-
ways, respectively. Clinically, there are two distinct sites of earliest 
retrograde atrial activation (the anterior septum near His and near 
the ostium of coronary sinus) during AVNRT or ventricular 
pacing, which has contributed to the concept that the input 
through the anterior atrial septum represents the fast pathway and 
the input through the inferior triangle of Koch represents the slow 
pathway. Functionally, the traditional terminology of the slow 
pathway (posterior input) and the fast pathway (anterior input) 
may not necessarily reflect differences in conduction velocity. 
Visualization of electrical propagation by optical mapping has 
revealed that the wavefront during sinus rhythm or electrical 
stimulation at the right atrium propagates broadly toward the 
AVN rather than proceeding via two electrically distinguishable, 
isolated pathways.12,15,17 This finding suggests that, at least during 
AVNRT, the atrial myocardium/transitional cells enveloping the 
areas of slow conduction, in which the entry or exit sites are the 
anterior interatrial septum or the inferior triangle of Koch, may 
play the role of true fast pathway.16 Furthermore, it should be 
noted that because techniques of visualizing electrical propagation 
have developed and improved, they may be better considered as 
different distances of electrical activation pathways.

His Bundle Activation: Longitudinal 
Dissociation of Atrioventricular  
Junctional Conduction

Previous rabbit and human AVN studies have demonstrated that 
the fast pathway and the slow pathway differentially activate the 
His bundle.29,34 Fast pathway activation has been shown to engage 
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pathway activation because the rightward INE connects directly 
to the lower nodal bundle that lies beneath the compact AVN. 
Therefore, there is the possibility that activation of the slow 
pathway can bypass the compact AVN and proceed directly to 
the lower nodal bundle and His bundle. Further evidence comes 
from optical mapping studies in human hearts, where two differ-
ent amplitudes of the bipolar His electrogram are seen depending 
on whether the slow pathway or the fast pathway is activated, 
indicating that the His is differentially activated by these two 
pathways.17 Figure 28-4, B-D, shows reentrant echo beats using 
two dissociated pathways for antegrade conduction and retro-
grade conduction. These experimental findings suggest that there 

the superior portion of the His bundle, whereas slow pathway 
activation engages the inferior portion of the His bundle, sug-
gesting the possible existence of functional longitudinal dissocia-
tion of conduction through the AVJ. Furthermore, it has been 
shown that the time interval between pacing and His activation 
by direct pacing of the slow pathway is shorter than by fast 
pathway activation involving transitional cells in animal studies, 
and it was in reverse relationship to the distance from His.29 Some 
investigators postulate that, although conduction through the 
slow pathway is slower than that of the fast pathway, as supported 
by the gene expression profiles described before,35 direct pacing 
of the slow pathway may activate the His bundle earlier than fast 

Figure 28-3.  Action potentials and immunofluorescence labeling of ion channels. 
A, Immunofluorescence labeling of HCN4, Nav1.5, and Cav3.1 of human atrioven-
tricular (AV) node and working myocardium. HCN4 (top; green signal) is expressed 
at the compact AV node (primarily within the cell membrane) but is less expressed 
in the ventricular muscle. Nav1.5 (middle; red signal) is expressed in the atrial muscle 
(primarily within the cell membrane) but is less expressed at the compact AV node. 
Cav3.1  (bottom; green signal)  is  expressed  at  the  compact  AV  node  but  is  less 
expressed in the atrial muscle. Scale bars in each panel are shown in the bottom 
right corner. B, Action potential recordings from atrial, atrionodal, nodal, nodo-His, 
and His cells at the rabbit AV junction. 

(A, Reproduced with permission from Greener ID, Monfredi O, Inada S, et al: Molecular 
architecture of the human specialised atrioventricular conduction axis. J Mol Cell 
Cardiol 50:642–651, 2011. B, Reproduced with permission from De Carvalho AP, De 
Almeida DF: Spread of activity through the atrioventricular node. Circ Res 8:801–809, 
1960.)
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(A-D, Reproduced with permission from Fedorov VV, Ambrosi CM, Kostecki G, et al: 
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rhythm in failing human hearts. Circ Arrhythm Electrophysiol 4:515–525, 2011.  
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observation may explain why a phenomenon known as the “AH 
jump,” defined as the abrupt prolongation of the atrial-His (AH) 
interval as a result of the large difference in conduction delay 
between the two pathways, is not common (<10% of the 
population).

Rate-dependent decreases in excitability have been observed 
in transitional cells located at the anterior interatrial septum.6,41 
Microelectrode experimental studies in animal models demon-
strated that as cycle length was decreased, the transitional cells 
in the anterior interatrial septum proximal to the AVN had less 
negative resting membrane potentials and reduced action poten-
tial amplitude and upstroke compared with those of transitional 
cells distal to the AVN.6,41 Thus, the anterior interatrial septum 
(anterior input) has significantly steeper conduction velocity res-
titution compared with the posterior input.41 These differences 
in rate-dependent excitability and conduction velocity restitution 
between the anterior and posterior inputs cause conduction to 
delay or block in the “fast pathway” at short cycle lengths, 
enabling conduction across the slow pathway to reach the AVN 
and thereby allowing AVNRT to initiate. These experimental 
observations may explain how AVNRT can be initiated without 
an abrupt conduction delay during continuous rapid pacing.

Retrograde VA Conduction

Retrograde VA conduction refers to conduction from the ven-
tricles to the atria through the AVJ. Retrograde VA conduction 
is not common during ventricular pacing in the electrophysiology 
laboratory and is also infrequently seen during ventricular 
arrhythmias such as premature ventricular beats, ventricular 
tachycardia, and accelerated idioventricular rhythm. One signifi-
cant difference between retrograde AV conduction and antegrade 
AV conduction is that the retrograde electrical impulse poten-
tially encounters significant source-sink mismatch42 when it exits 
the insulated His bundle and compact AVN and encounters the 

may be two functionally dissociated axes of the AV conduction 
system: (1) the fast pathway: transitional cells–(leftward INE)—
the compact AVN-His bundle; (2) the slow pathway: the atrial 
cells/transitional cells–rightward INE—the lower nodal bundle–
His bundle.24,29,36-39 Intra-His Wenckebach block may be a clinical 
manifestation of longitudinal dissociation of AV nodal conduc-
tion (see Figure 28-4, E). It should be noted that interactions 
between two functionally dissociated axes may exist and these two 
axes may not be completely electrically isolated because of their 
anatomic proximity. The presence of two longitudinal axes of AV 
conduction gives rise to potential clinical strategies to modulate 
ventricular rate in atrial fibrillation.40

Antegrade and Retrograde Conduction 
Properties of the Atrioventricular Junction

Antegrade Atrioventricular Conduction

Antegrade AV conduction describes the propagation of electrical 
impulse from the atria to the ventricles through the AVJ. Experi-
mental optical imaging studies, which can generate thousands of 
simultaneous recordings, have helped to improve our under-
standing of AV conduction. Recently, the successful optical 
mapping of human AVJs has allowed, for the first time, the visu-
alization of the electrical activation patterns through the “slow” 
and “fast” pathways during atrial pacing (Figure 28-5).39 Com-
pared with the rapid electrical conduction over atrial tissue  
(up to 117 cm/s), conduction was significantly slower  
across both the slow and fast pathways, and the action potential 
upstrokes in both pathways were slower than that of atrial tissue 
(see Figure 28-5, B). Conduction is slower in transitional cells, 
thought to constitute the “fast pathway,” than in atrial myocar-
dium because they express lower levels of Cx43 and Nav1.5, 
which are responsible for the action potential upstroke.24,35 This 

Figure 28-5.  Optical mapping of atrioventricular junction during atrial pacing. A, Optical action potentials (OAPs) and their derivatives recorded from sites 1 to 5, as shown 
in B and C, during atrial pacing at 60 beats/min (cycle length = 1000 ms). Red dots on OAP upstrokes correspond to dV/dt peaks. B, Atrial, atrioventricular node, and His 
bundle activation maps superimposed on the optical field of view (30 × 30 mm2). C, dV/dtmax maps corresponding to the atrial, atrionodal, and His activation from B. The 
black line demarcates the tricuspid valve annulus (TA). FP, fast pathway; SP, slow pathway; IAS, interatrial septum; IVS, intraventricular septum. 

(Reproduced with permission from Fedorov VV, Ambrosi CM, Kostecki G, et al: Anatomic localization and autonomic modulation of atrioventricular junctional rhythm in failing 
human hearts. Circ Arrhythm Electrophysiol 4:515–525, 2011.)
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at which this occurs is referred to as the “Wenckebach 
periodicity.”

Hoffman and Cranefield43 explained the mechanism of slow 
AV nodal conduction using a decremental conduction hypothesis 
or the “decremental driving force hypothesis.” In this hypothesis, 
decremental conduction is a result of increased rates causing 
reduced excitability and a reduction in action potential upstroke 
velocity and amplitude. However, this hypothesis does not ade-
quately explain the Wenckebach phenomenon. A different 
hypothesis regarding the AVN properties was put forward by 
Rosenblueth, who postulated that a step-delay in conduction at 
a particular location in the AVN could explain the appearance of 
Wenckebach cycles at fast atrial rates, also referred to as the 
“constant driving force hypothesis.”44 It was postulated that 
during rapid constant continuous stimuli, incomplete recovery 
from excitation by the previous beat creates a conduction  
delay for the next beat, and thus progressively accumulating step-
delays ultimately result in block, providing time for full recovery 
of excitation. A theoretical study demonstrated that a reduction 
in intercellular conductance (such as that seen in the AV node) 
could produce a step delay in conduction, reduce conduction 
velocity, and paradoxically increase the safety factor of conduc-
tion.45 In a microelectrode experiment of single AV nodal cell of 
rabbit,46 Wenckebach periodicity was found to be associated with 
a gradual loss of diastolic potential, resulting in progressive 
impairment of cellular recovery from beat to beat, and thereby 
progressive conduction slowing because of postrepolarization 
refractoriness.

Although most theoretical and experimental studies have 
implicated the compact AVN as playing a key role in the decre-
mental properties of the AV conduction and the Wenckebach 
phenomenon, some investigators have demonstrated a role for 
the fast and slow pathways. Transitional cells have also been 

large mass atrial tissue, which increases the likelihood of conduc-
tion block. Block of retrograde conduction through the AVJ has 
been demonstrated in human optical mapping studies,39 where 
electrical impulses originating from the His bundle were seen to 
be delayed at distal sites of the fast pathway and the slow pathway, 
ultimately resulting in exit block (Figure 28-6, A). Interestingly, 
as is shown in Figure 28-6, retrograde conduction of AV junc-
tional ectopic beats originating from the NH region can follow 
different patterns of electrical wave propagation.39 One junctional 
beat originating from the NH region can be seen to be conducted 
preferentially through the fast pathway (see Figure 28-6, A), 
whereas another beat is conducted through the slow pathway, 
prominent with a shift in the electrical wave propagation pattern 
(see Figure 28-6, B). This finding potentially supports the pos-
sibility of two longitudinally dissociated retrograde conduction 
pathways. Similarly, Figure 28-4 shows a junctional beat originat-
ing in the NH region, conducting retrogradely via the fast 
pathway, then turning and reentering anterograde via the slow 
pathway.

Decremental Conduction  
and Wenckebach Periodicity

Decremental conduction is the electrophysiologic phenomenon 
whereby conduction delay is increased when the pacing cycle 
length is progressively shortened. As the cycle length is further 
shortened, a point is reached where, at a constant cycle length, 
conduction across the AVJ slows progressively, culminating in  
a nonconducted impulse, with subsequent restoration of conduc-
tion for the next impulse, known as the “Wenckebach phenom-
enon.” This is another physiologic property and the cycle length 

Figure 28-6.  Optical mapping of atrioventricular junction during intrinsic rhythm under control conditions. A, Optical action potentials (OAPs) from the nodal-His region 
(CN-His), fast and slow conduction pathways (FP and SP), and the transitional cell (TC) region near the coronary sinus (CS) recorded from sites 1 to 4 in (B) during intrinsic 
AVJ rhythm. B, Activation maps of the different tissue layers during FP conduction between atrioventricular node (AVN) (a) and atria (b); exit block from the AVN (c); and 
during SP conduction between AVN (d) and atria (e), and then AVJ again (f). White arrows indicate the wave propagation directions from the different tissue layers. 

(Reproduced with permission from Fedorov VV, Ambrosi CM, Kostecki G, et al: Anatomic localization and autonomic modulation of atrioventricular junctional rhythm in failing 
human hearts. Circ Arrhythm Electrophysiol 4:515–525, 2011.)
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described before, and contributes to the pacemaking activity of 
the His bundle and the NH region. Another molecular mecha-
nism of pacemaking activity of the SAN relates to the “calcium 
clock” hypothesis, whereby sarcoplasmic reticulum calcium 
release and the related activation of sodium-calcium exchanger 
(NCX) current play roles in diastolic depolarization, especially 
during β-adrenergic stimulation.50,51 This mechanism may also 
play a substantial role in the human AVN. In humans, the mRNA 
levels of NCX1 were shown to be elevated in the compact AVN 
compared with the INE.24 This observation may support the 
superior shift of the AVJ pacemaker from the His bundle to 
compact node during β-adrenergic stimulation.

Autonomic Innervation of the 
Atrioventricular Junction

In addition to modifying pacemaker activity, autonomic innerva-
tion of the AVJ can also modulate AVN function and affect the 
effective refractory period.52,53 In the clinical setting, alterations 
of autonomic tone in the AVJ may also be related to initiation of 
AVNRT54 or transient AV block, and may be important in deter-
mining the AVN conduction properties and thus the ventricular 
rate during atrial tachyarrhythmias such as atrial fibrillation. The 
epicardial ganglionated plexus embedded in the atrioventricular 
fat pad located at the junction of both atria and inferior vena cava 
innervates the AVJ, and high-frequency nerve stimulation has 
been shown to slow AVN conduction without altering sinus rate, 
leading to a slowing of ventricular rate, or transient complete 
heart block.55-57 Autonomic nerve stimulation at the ganglionated 
plexus innervating the AVJ was also shown to shorten the local 
effective refractory period of the atrial tissue of the AVJ.55 
Attempts have also recently been made to understand the func-
tional complexity and the distribution of the autonomic innerva-
tion of the AVJ. Studies in rabbits have demonstrated that the 
inferior nodal extension expresses higher levels of parasympa-
thetic innervation, and the His bundle was innervated with both 
sympathetic and parasympathetic neurons, in contrast to the 
sparsely innervated compact AVN region.58 Despite a lack in 
understanding of autonomic innervation, modulation of AVN 
conduction may be an emerging therapeutic target, because atrial 
fibrillation with rapid rate caused by high AVN conduction may 
lead to fatal hemodynamic instability, especially in heart failure.

Optical Mapping of the Human 
Atrioventricular Junction

For many years, it has been difficult to study the electrophysiol-
ogy of the AVJ in detail because it is a complex and deep struc-
ture, with multiple histologically and electrophysiologically 
distinct cell types and components. Although His bundle–
potential recordings using bipolar electrodes in clinical settings 
had advanced our understanding of the functional properties of 
the AVJ, integrated and simultaneous recording of electrical 
activity of the compact AVN, slow pathway, and fast pathway in 
the intact human heart had remained elusive. However, recent 
advances in optical imaging capabilities, such as the design of 
high-resolution complementary metal-oxide-semiconductor 
cameras and the advent of novel near-infrared potentiometric 
dyes, such as di-4-ANBDQBS, have made possible the simulta-
neous imaging of transmembrane voltage transients in the differ-
ent components of the intact human AVJ.39 Optical mapping 
using di-4-ANBDQBS allows the imaging of electrical activity 
from deeper structures such as the INE, in contrast to traditional 
potentiometric dyes such as di-4-ANEPPS, which only allows for 

shown to exhibit less negative resting membrane potentials, and 
a reduction in AP amplitude and upstroke as cycle lengths were 
decreased, contributing to decremental conduction.41 Some 
studies have also demonstrated the occurrence of 2 : 1 AV block 
in the fast pathway and 3 : 2 Wenckebach block in the slow 
pathway conduction. Recent studies have shown that the decre-
mental conduction and Wenckebach block in the fast and slow 
pathways can also affect the Wenckebach phenomenon of the 
compact AVN.36,37 These experiments showed that electrical 
input from the slow pathway affects the compact AVN, thereby 
slowing the electrical conduction emanating from the fast 
pathway, ultimately creating complex Wenckebach block. This 
suggests a dynamic electrotonic interaction of the longitudinally 
dissociated functional pathways.

Atrioventricular Junctional Pacemaker

In addition to playing a critical role in conducting electrical 
impulses from the atria to the ventricles, cells in the AVJ can also 
play a pacemaking role. Clinically, AV junctional rhythm is com-
monly observed during periods of sinus node pauses, when it 
fulfills the role of an escape pacemaker. Accelerated junctional 
rhythm can also occur during acute illnesses, postoperative 
cardiac surgery, and sympathetic overdrive. The notion that the 
AVJ has a pacemaking function is not new. In fact, when Tawara 
first published his discovery of the AVN, his mentor Ludwig 
Aschoff suggested that the AVN may be the pacemaker of the 
heart.1

The pacemaking function of the AVJ has been clearly demon-
strated in optical mapping studies in animals and in humans. In 
the rabbit, the dominant AV junctional pacemaker was identified 
in the INE, where HCN4 is abundantly expressed, with activa-
tion spreading toward the bundle of His without a significant 
delay.25 Recently, we have demonstrated that the AV junctional 
pacemaker rhythm originates from the NH region or His bundle 
in optical mapping studies on the failing human heart.39 As shown 
in the example of a human AVJ in Figures 28-6 and 28-7, pace-
making activity originates from the NH/His bundle, which is 
electrically isolated from the ventricular myocardium, and then 
spreads retrogradely into the atrium. Diastolic depolarization 
preceded each action potential upstroke in the NH/His region, 
demonstrating the pacemaker function of the proximal NH/His 
bundle. In response to isoproterenol, the AV junctional rate 
increased from 41 bpm to 80 bpm. Interestingly, β-adrenergic 
stimulation also shifted the location of pacemaking activity from 
the proximal His to the AVN, accompanied by the movement of 
the predominant site of diastolic depolarization (see Figure 28-7, 
A and B). Moreover, isoproterenol also altered the preferential 
retrograde conduction pattern of the junctional impulses (see 
Figure 28-7, C). Retrograde atrial activation, which occurs pre-
dominantly via the fast pathway in intact heart, occurred simul-
taneously through both the slow and fast pathways during 
β-adrenergic stimulation. Junctional pacemaker activity was sup-
pressed by acetylcholine. Acetylcholine in a second human heart 
resulted in a shift of preferential conduction toward the slow 
pathway, with no shift of pacemaker site of the NH/His bundle 
(see Figure 28-7, C). These data suggest that modulation of 
adrenergic and cholinergic tone can affect the preferential con-
duction pathway as well as the location of the dominant pace-
maker within the AVJ.

It is currently thought that the voltage-dependent “funny 
current” (If current) and the “calcium clock” are two important 
molecular mechanisms involved in the spontaneous diastolic 
depolarization of pacemaking cells.47-49 HCN4, which encodes 
for the If channel, is expressed abundantly in the His bundle in 
the human heart,24 as well as the compact AVN and INE as 
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Figure 28-7.  Optical mapping of atrioventricular  junction  (AVJ) during autonomic  stimulation.  A, Optical action potentials  (OAPs) and activation maps of  the different 
tissue  layers during spontaneous AVJ  rhythm in control  (upper panel) and after a 10-minute perfusion of  isoproterenol  (Iso)  (lower panel). OAPs were  recorded  from the 
nodo-His (NH) region (1, His-CN, blue), compact node (2, CN, green), and interatrial septum (IAS) (3, atria, red). White ovals show atrial breakthrough sites as recorded by 
optical mapping. B, Summary of anatomic locations of leading pacemaker sites in the human AVJ (left panel). Individual for each heart and average values for AVJ rhythm 
in control and during perfusion of Iso and acetylcholine (Ach; right panel). C, OAPs from sites 1 to 4 during Iso and ACh perfusion (left panel). His-AVN and atrial activation 
maps showing the leading pacemaker remaining in the same location (NH region) but different wave propagation during both Iso and ACh perfusion  (right panel). CM, 
cardiomyopathy. 

(Reproduced with permission from Fedorov VV, Ambrosi CM, Kostecki G, et al: Anatomic localization and autonomic modulation of atrioventricular junctional rhythm in failing 
human hearts. Circ Arrhythm Electrophysiol 4:515–525, 2011.)
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pathways, suggesting the presence of longitudinal dissociation 
(see Figure 28-6), shift of AV junctional pacemaker activity by 
modulation by autonomic tone (see Figure 28-7), and reentry 
within the AVJ structures (see Figure 28-4, A).

Conclusions

The recent advances in optical imaging and molecular biological 
techniques have helped to significantly enhance our understand-
ing of the AVJ. We have learned much about its electrophysiology 
from optical imaging studies of the human AVJ, including its 
dual-pathway physiology, its pacemaker activity, and its response 
to autonomic modulation. Simultaneously, molecular biology 
studies have shed light on the significant heterogeneity of gene 
and protein expression within the different components of the 
AVJ that underlie its functional heterogeneity. In the coming 
decade, improved multiparametric fluorescence imaging, high-
throughput microelectrode recordings, and molecular imaging 
techniques will allow us to probe the AVJ with ever greater detail, 
and as a result, some of the many controversies surrounding the 
complex and heterogeneous structure and function of the AVJ 
that have arisen since its first description by Tawara more than a 
century ago may finally begin to be resolved.

imaging of superficial, subendocardial human AVJ structures 
such as the His bundle and parts of the fast and slow pathways, 
but not the complete AV conduction pathway.17

Using combined optical mapping, microelectrode recordings, 
and surface electrogram recordings, it has been clearly demon-
strated that optical action potentials from the superficial and 
deeper structure can be distinguished in the rabbit heart.59 With 
optical mapping, we were able to map electrical activation in 
human AVJs. As shown in Figure 28-5, action potentials from 
different tissues (i.e., atria, transitional cells, INEs, compact 
AVN, His) with different morphologies could be recorded, allow-
ing detailed activation patterns to be discerned. Interestingly, the 
first derivative traces of optical AP (dV/dt) displayed very similar 
morphologies to that of bipolar electrogram recordings at those 
sites (see Figure 28-5, A). For example, the first derivative of the 
optical signal recorded at the site of the slow pathway has a high-
amplitude deflection followed by a low-amplitude deflection as a 
result of atrial and rightward INE activation, respectively, which 
is similar to that of slow pathway potential in bipolar electrode 
recording.

Using such optical mapping techniques, we have been able to 
demonstrate many of the physiologic properties of the intact 
human AVJ. This includes demonstrating antegrade conduction 
through the slow pathway and the fast pathway (see Figure 28-5), 
two retrograde conduction patterns through two distinct 
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conduction system and the transcriptional networks that govern 
its formation.

Histologic Analysis of the Developing 
Mammalian Cardiac Conduction System

Viragh and Challice3-5 performed meticulous histologic analysis 
of the developing cardiac conduction system in mouse embryos 
between 8 and 12 days after coitus (E8-E12). Conduction cells 
were distinguished from working cardiomyocytes by the follow-
ing characteristics: (1) periodic acid–Schiff (PAS) positive stain-
ing, (2) poorly organized contractile apparatus; (3) enriched 
glycogen content, and (4) reduced number of T-tubules. Using 
these features, the temporal-spatial distribution of conduction 
cells was then tracked during cardiac development.3-5

In the developing mouse embryo, the contractile sequence of 
the heart is established by E9, well before the appearance of the 
sinoatrial node primordium at E11.5 The origin of contraction 
was noted to be in the right sinus horn. Within the dorsolateral 
wall of the sinus horns, loose mesenchymal cells were noted to 
transform into the early sinus musculature, which extends along 
the sinus side of the sinoatrial venous valves. This aggregation of 
early sinus muscle tissue was the presumed site of SAN develop-
ment and corresponded to the site that Wenink termed the “sino-
atrial (SA) ring.”6 The SAN primordium was recognizable at E11 
in the medioanterior wall of the right superior vena cava within 
the early sinus muscle. A left-sided SAN develops simultaneously 
in the medioanterior region of the left common cardinal vein, 
but ultimately resorbs and incorporates into the wall of the left 
atrium.5 In humans, the SAN primordium is a long structure 
located within the subepicardial cleft at the site of invagination 
of the sinus venosus and the right atrium, which forms the right 
venous valve.5

The sinoatrial (SA) and AV conduction system develop simul-
taneously. At E9 to E10, the AV canal (AVC; i.e., AV ring) is a 
well-defined constriction, and the inner cell layer of the AVC 
makes numerous interconnections with the trabecular compart-
ment, which is the source of the His-Purkinje system (HPS).3,4 
At E11, the primordium of the AVN was identified as a PAS+ cell 
cluster in the inner, dorsal AVC. These PAS+ AVC cells were 
contiguous with the crest of the developing interventricular 
septum (primary ring), positioning the AV nodal anlage in direct 
communication with the primordial His bundle and bundle 
branches. During this time, the outer cell layer of the AVC was 
undergoing apoptosis. In the trabecular region, glycogen-rich, 
PAS+ cells were seen immediately subjacent to the endocardium; 
these nascent Purkinje cells formed extensive connections with 
the developing bundle branches.3,4 Therefore, all components of 
the AV conduction system are in contact with each other through-
out cardiogenesis, indicating that an initial framework for the 
mature conduction system is in place in the early heart.

The work by Viragh and Challice3-5 clearly demonstrated that 
conduction system development is inextricably linked to cardio-
genesis. Yet, significant questions remained regarding the cellular 
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The cardiac conduction system (CCS) consists of the slowly 
conducting sinoatrial node (SAN) and atrioventricular node 
(AVN) and the rapidly conducting ventricular conduction system 
(VCS). The SAN is the dominant pacemaker and is situated 
between the superior vena cava and the right atrium. The AVN 
persists as the last point of communication between the atria and 
ventricles and conducts slowly, giving the ventricles adequate 
time to fill during diastole. The VCS, which consists of the His 
bundle, bundle branches, and the Purkinje fiber network, con-
ducts rapidly and coordinates cardiac chamber contraction in the 
interventricular axis. The insulated bundle branches ensure that 
impulse propagation will proceed from an apical-to-basal direc-
tion. This sequence of ventricular activation optimizes blood 
propulsion toward the aorta and pulmonary artery.

The framework of the cardiac conduction system is laid down 
early during heart development. Paff et al.1 noted that the chick 
electrocardiogram (ECG) transforms from a sinusoidal waveform 
to the mature configuration before identifiable components of 
the cardiac conduction system are formed (Figure 29-1).1 They 
also noted that atrioventricular (AV) block was achievable with 
digitalis at the 18-somite stage before a discernible PR interval 
was evident, suggesting that the AV nodal primordium develops 
within the early heart tube (see Figure 29-1, B).1 After the 
18-somite stage, cardiac chamber formation ensues and the ECG 
begins to manifest evidence of fast conduction by the presence 
of high frequency P waves and QRS complexes (see Figure 29-1, 
C and D). The evolution of the chick ECG clearly demonstrates 
that the slow conducting nodal elements are present in the early 
looped heart and that the fast conducting elements are incorpo-
rated during chamber formation. The attainment of a mature 
ECG configuration before structural maturation of the CCS is 
achieved by interposing slowly conducting AV canal myocardium 
between the fast conducting atrial and ventricular chamber myo-
cardium (Figure 29-1, E). The fast-conducting components are 
enriched in high-conductance gap junction proteins, connexin40 
(Cx40), and the α-subunit of the cardiac sodium channel, Nav1.5 
(encoded by Scn5a), whereas the AV canal expresses low-
conductance gap junction proteins, Cx30.2 and Cx45.2 How 
these electrophysiologically distinct regions are specified and 
what defines the boundaries between slow and fast conduction 
have been the focus of intense research over the past 50 years. 
This chapter discusses the developmental origins of the cardiac 
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Models of Cardiac Conduction  
System Development

The prevailing models of conduction system development are the 
ring model,6 the inductive recruitment or in-growth model,7 the 
early specification or outgrowth model,12 and the biphasic model 
(Figure 29-2). The ring hypothesis was based on early observa-
tions that the specialized conduction system formed within four 
constriction points in the D-looped heart (see Figure 29-2, A).6 
Four rings were noted to form from the venous pole to the arte-
rial pole: the SA ring, AV ring, primary (interventricular) ring, 
and ventriculoarterial (VA) ring. These constriction areas are 
created by differential proliferation rates that exist between ring 
myocardial cells and flanking chamber cardiomyocytes. Although 
these areas of constriction exist within the developing heart 
during chamber formation, the ring hypothesis has largely been 
discredited, as there is no evidence to support a preexisting tem-
plate for ring formation within the tubular heart. It is now known 
that the linear heart tube is composed of clonally related myo-
cardial cells from the first heart field.13

Cheng et al.7 put forth the recruitment model or “in-growth 
model” based on several observations noted during chick VCS 
development (see Figure 29-2, B).7 First, the proliferative capac-
ity of developing VCS components was found to be significantly 
lower than working myocytes based on pulse labeling experi-
ments using [3H]-thymidine. Once specified, conduction cells 
appeared to exit the cell cycle and become quiescent. Second, 
lineage tracing studies showed that individually labeled myocyte 
clones gave rise to conduction cells and working myocytes. 
Third, cell birth dating experiments demonstrated that new con-
ductive cells were added to the developing His bundle in lamellar 
fashion, analogous to tree rings. These observations led the 
authors to conclude that the specialized conduction system 
expands through a process of inductive recruitment of neighbor-
ing myocytes.7 However, it was not speculated what constituted 
the early framework upon which new conduction cells were 
added or the nature of the molecular signal used for inductive 
recruitment.

The early specification model, or outgrowth model, states that 
conduction cells expand from a progenitor pool that retains its 
specialized conduction phenotype (see Figure 29-2, C).12,14 The 
conduction gene programming is retained by the expression of 
transcriptional repressors that suppress a working myocardial 
phenotype, which is the default pathway. In support of this 
hypothesis, persistent expression of repressive transcription 
factors (Tbx2, Tbx3, Msx2, and Id2) has been identified within 
primordial conduction regions.12,14,15 Tbx3 is expressed as a con-
tinuous band linking the SAN and AVN, internodal tracts, and 
the proximal ventricular conduction system.12 Heterologous 
expression of Tbx2 or Tbx3 is able to suppress chamber-type 
myocardial genes (Nppa [ANF], Gja1 [Cx43], Gja5 [Cx40]), 
inhibit cardiac chamber formation, and in the case of Tbx3 elicit 
ectopic pacemaker formation.12,14-16 Consistent with these find-
ings, Tbx3 and Cx43 exhibit complementary expression patterns 
in the developing heart.12

Most recently a biphasic model of conduction system develop-
ment has been proposed (Figure 29-2D).9 In this model, once 
conduction cells are recruited from myocardial precursors, they 
retain the capacity to undergo limited rounds of cell division. 
Analysis of labeled myocyte clones revealed two classes of con-
ductive clusters, mixed and unmixed (see Figure 29-2, E). The 
mixed clusters represented single myocyte clones that gave rise 
to both conductive and working myocytes (recruitment). The 
unmixed clones were composed of either working myocytes or 
conduction myocytes, but not both. Conduction-only, unmixed 
clones were identified throughout the central and peripheral 
VCS, indicating that once specified, all components of the 

origins of the conduction system, the mechanism by which the 
pool of conduction cells expands, and the factors that dictate CCS 
specification and patterning.

Cellular Origins of the Cardiac  
Conduction System

The neuronal qualities of the cardiac conduction system led many 
to believe that its cellular origins were from neural crest deriva-
tives. However, lineage-tracing studies in the chick and mouse 
demonstrated that all conductive components of the CCS are 
myocardial in origin.7-9 Using a replication-defective retrovirus 
expressing LacZ, individual myocytes were labeled in developing 
chick hearts before neural crest immigration, and the expression 
of β-galactosidase (β-gal) was traced in daughter cells.7 Single 
myocyte clones gave rise to both conduction cells and working 
cardiomyocytes. Labeling of neural crest cells, however, failed to 
show any incorporation into the CCS.7,8 Similar findings were 
reported in the murine heart using retrospective clonal analysis, 
where individual myocyte progenitor clones gave rise to conduc-
tion and nonconduction cells.9 Similar to the chick, lineage-
tracing studies in mice have failed to identify a direct contribution 
of neural crest cells to the specialized conduction system.10,11

Figure 29-1.  Schematic of chick heart development with corresponding electro-
cardiograms at the somite stage. A, 11. B, 18. C and D, 20. E, 33.1 
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Molecular Markers of the Cardiac  
Conduction System

Visualization of the developing CCS has been greatly enhanced 
by the development of conduction system reporter mice (Figure 
29-3). Each reporter mouse delineates different components of 
the CCS at various developmental time points using LacZ or 

conduction system are capable of approximately four to five 
rounds of cell division. Based on these findings, the authors 
concluded that mammalian VCS development appears to use 
both in-growth and outgrowth modes of expansion.9 However, 
these findings are not incompatible with the early specification/
outgrowth model, because mixed clusters might represent con-
duction cells that have lost Tbx2/Tbx3 expression and have 
defaulted to the chamber pathway.

Figure 29-2.  Models of cardiac conduction system development. A, Ring model. Prespecification of conduction system components within the linear heart tube. B, Induc-
tive recruitment or ingrowth model. Undefined inductive signals recruit proliferating cardiomyocytes to a conduction lineage, then cease to proliferate (red arrow). C, Early 
specification or outgrowth model. Tbx3+ CCS cells expand from primitive myocardium that retains a conduction phenotype. Loss of Tbx3 (or Tbx2) expression results in a 
phenotypic change from a CCS cell to a working cardiomyocyte, the default pathway (red arrow). D, The biphasic model incorporates both the ingrowth and outgrowth 
models. E, Retrospective clonal analysis of LacZ-labeled, cardiomyocyte clones (blue nuclei). Mixed clusters of conduction and working cardiomyocytes are consistent with 
a common myocardial progenitor. Unmixed clusters of CCS-only cells demonstrate the potential for limited rounds of cell proliferation. 

(From Miquerol L, Beyer S, Kelly RG: Establishment of the mouse ventricular conduction system. Cardiovasc Res 91:232–242, 2011.)
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with Holt-Oram syndrome manifest variable degrees of CCS 
dysfunction, including sinus bradycardia and AV block, even in 
the absence of overt structural heart disease.22 Analysis of Tbx5 
transgenic mice demonstrated an exquisitely sensitive, dose-
dependent correlation of Tbx5 expression level with severity of 
congenital heart defects and conduction disease.34

Interestingly, the temporal-spatial expression of Tbx5 corre-
lates well with developmental timing of conduction system  
components.35 At E8.5, Tbx5 expression is enriched in a posterior-
anterior axis, with highest levels of expression in the atria and 
sinus venosus, the site of SA node specification. During chamber 
formation, Tbx5 expression is graded in a left-right axis with 
highest levels in the left ventricle, particularly in the AV canal, 
ventricular conduction system and the trabecular myocardium 
(the site of Purkinje fiber development). Tbx5 expression is scant 
in the right ventricle except in the developing AV bundle, right 
bundle branch, and trabecular region.35

Both the dose–phenotype correlation and the temporospatial 
expression pattern of Tbx5 implicate it as a master regulator of 
conduction system development. However, the broad expression 
pattern of Tbx5 beyond the borders of the CCS, and the ability 
of Tbx5 with its binding partners, Nkx2-5 and Gata4, to elicit 
chamber myocardial gene programming suggests that it functions 
with CCS-restricted cofactors to elicit conduction specifica-
tion.26,28 Numerous regulatory feedback loops have been identi-
fied in CCS components that enhance the conduction phenotype 
while simultaneously repressing chamber-specific gene program-
ming (see Figure 29-4). These conduction-restricted cofactors 
will be discussed in their regional context.

The Sinoatrial Node

The mammalian sinoatrial node is a large comma-shaped struc-
ture with its head region located at the junction between the right 
superior vena cava and the right atrium, and the tail region situ-
ated along the crista terminalis. These regions represent distinct 
cellular lineages, as evidenced by their unique expression profiles. 
The SAN head, which constitutes up to 75% of SAN volume, 
develops from sinus venosus (SV) myocardium and retains the 
SV signature, Shox2+;Tbx3+;Tbx18+;Nkx2-5−.36,37 In contrast, 
working atrial myocytes derive from second heart field mesoder-
mal progenitors and express Nkx2-5+;Shox2−;Tbx3−;Tbx18−. The 
SAN tail domain has an expression profile in between that of  
the head region and the atrial myocardium, expressing 
Shox2+;Tbx3+;Tbx18−;Nkx2-5weakly +. Lineage tracing studies have 
shown that the SAN tail originates from SV myocardium, but 
loses Tbx18 expression during development.37

Proper SAN development is dependent on the appropriate 
expression of Tbx5, Shox2, Tbx18, and Tbx3 (see Figure 29-4, 
B). Tbx5 expression in the sinus venosus is a critical regulator of 
the SAN signature through its actions on the transcriptional 
repressor, Tbx3, and the homeobox transcription factor, 
Shox2.34,38 Homozygous Tbx5del/del mice die embryonically at 
E10.5 because of severe hypoplasia of the sinoatrial region and 
of the primitive LV.27 Microarray analysis of Tbx5 heterozygous 
hearts, identified Tbx3 and Shox2 as significantly downregulated 
targets, and both factors showed reduced expression in the sino-
atrial region.34,38

As stated earlier, Tbx3 is expressed throughout the developing 
and mature CCS (except the Purkinje network) and represses 
chamber-specific programming. Like Tbx5, Tbx3 displays criti-
cal dose dependency for proper differentiation and homeostatic 
maintenance of the conduction system.39 Analysis of Tbx3 mutant 
mice revealed a dose-dependent SAN phenotype with variable 
degrees of sinus node dysfunction and inappropriate expression 
of chamber-specific genes (Cx43, Cx40, Nppa, Scn5a) within the 
SAN region. Although the overall structure of the SAN is normal, 

green fluorescent protein (GFP) expression. The CCS-LacZ and 
minK-LacZ mouse lines are representative examples of well-
established markers of the specialized conduction system.17-19 
The CCS-LacZ mouse was created serendipitously through a 
complex genomic rearrangement involving the MC4/engrailed-2-
LacZ cassette (see Figure 29-3, A).18 CCS-LacZ reporter expres-
sion can first be detected at E8.5 in the SAN primordium within 
the venous pole. At subsequent stages, β-gal expression is detected 
in the developing and mature AVN and His-Purkinje system. All 
CCS reporter lines have some degree of cardiac expression 
outside of the conduction system. In the adult CCS-LacZ heart, 
significant β-gal expression is seen within the right atrium.18

The minK-LacZ reporter mouse was created by replacing the 
minK gene with a nuclear-targeted LacZ cassette.17 Early in 
development, β-gal expression was noted in the SA ring, AV ring, 
interventricular ring, and the VA ring. Subsequently, β-gal 
expression was confined to the AVN and the proximal conduction 
system, as well as in the venous valves, AV ring, and VA valves.17,19

The Cx40-eGFP reporter mouse has become a widely used 
tool to characterize normal and abnormal patterning of the 
mature His-Purkinje system (see Figure 29-3, C).20 Developmen-
tally, Cx40 expression is not restricted to the VCS, with signifi-
cant expression in the trabecular myocardium. In addition, Cx40 
is not expressed in the distal AVN or His bundle before E14.5. 
In the mature heart, Cx40 is enriched in atrial myocardium and 
in coronary endothelial cells.20

Contactin-2 (Cntn-2) was recently identified as a CCS-
enriched factor using differential gene profiling of adult mouse 
Purkinje fibers versus working myocytes (see Figure 29-3, B).21 
Cntn-2 is a cell adhesion molecule that has a role in neuronal 
patterning and ion channel clustering. Both Cntn2-LacZ 
knock-in mice and Cntn2-EGFP BAC transgenic reporter mice 
delineated the entire cardiac conduction system in postnatal 
hearts. Currently, a functional role for Cntn-2 in the CCS has 
not been identified.21

Transcription Factor Regulatory Networks

A rich hierarchy of gene networks dictates the specification and 
patterning of conduction components (Figure 29-4). Unifying all 
these networks is the balance struck between prochamber myo-
cardial programming versus antichamber programming. As men-
tioned previously, the T-box transcription factors dictate much 
of this equilibrium, tilting the scales toward or away from a con-
duction lineage. The T-box factors can function as transcrip-
tional activators or repressors and are known to be critical 
regulators of cardiac specification and differentiation.22 Seven 
TBX family members are expressed in the developing heart, four 
of which (TBX1, TBX5, TBX20, TBX3) have been linked to 
human congenital heart disease.23-25 The major cardiac transcrip-
tional activators, Tbx5 and Tbx20, act through Nkx2-5 and 
Gata4 to drive prochamber myocardial gene expression, such as 
Nppa (ANF) and Gja5 (Cx40).26-28 The transcriptional repressors 
Tbx2, Tbx3, and Tbx18 compete with Tbx5 for Nkx2-5 binding 
to suppress chamber-specific gene expression, thus maintaining 
a conduction gene profile.12,14,15,29,30

The delicate balance between Tbx activators and repressors 
and the expression of cofactors dictates the rich conduction 
system phenotypes seen in the mature CCS. Sitting on top of the 
CCS specification hierarchy is Tbx5, a critical determinant of 
many elements of the slow and fast conduction system.31-33 Muta-
tions in Tbx5 result in Holt-Oram syndrome, an autosomal 
dominant condition characterized by preaxial radial ray limb 
deformities and cardiac septation defects.22 The septal defects are 
typically ostium secundum atrial septal defects, muscular ven-
tricular septal defects, and atrioventricular canal defects. Patients 
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expression, thereby preventing atrial myocardialization of the 
SAN region.41

The left-sided sinoatrial node (L-SAN) forms in parallel with 
right-sided SAN (R-SAN), but regresses during development and 
incorporates into the left atrium.5 Abnormal persistence of 
L-SAN remnants has been implicated as a source for left atrial 
arrhythmic triggers.42 The homeodomain transcription factor 
Pitx2c, which regulates left-right asymmetry, directly regulates 
L-SAN resorption.43 Mice deficient in Pitx2c invariably develop 
a persistent L-SAN, which shares an identical gene expression 
profile with the R-SAN.16 Therefore, L-SAN specification is 
dependent on Shox2 signaling. Pitx2c directly represses Shox2 
expression in the developing sinus venous myocardium and in the 
adult left atrium, leading to L-SAN regression.42 Genome-wide 
association studies (GWAS) have identified a region near PITX2 
as a key susceptibility locus for atrial fibrillation.44 Interestingly, 
Pitx2c haploinsufficiency increased the propensity for atrial 
arrhythmias, corroborating the GWAS data.42

The importance of Tbx18 in SAN formation was identified 
in knockout mice, which revealed a marked reduction in the 
volume of the SAN head, because of either failure to expand the 

SAN volume was reduced by approximately 45% to 60%, 
although this phenotype has not been consistently seen in all 
Tbx3 mutants when adjusted for weight.16,29,37,39 Ectopic overex-
pression of Tbx3 in atrial myocardium results in inappropriate 
suppression of chamber genes and upregulation of the SAN gene 
profile.29 These data suggest that Tbx3 is not essential for SAN 
formation, but is important for establishing and maintaining 
proper pacemaker gene programming.

Shox2 is essential for formation of the sinoatrial valves and 
development of the sinoatrial node.40 Mice deficient in Shox2 are 
embryonic lethal because of severe bradycardia in the setting of 
SAN hypoplasia.40,41 Evaluation of the Shox2−/− SAN region 
revealed reduced levels of Tbx3 and the pacemaker channel, 
HCN4, indicating a failure of differentiation.41 Downregulation 
of Tbx3 resulted in ectopic expression of chamber myocardial 
genes (Nppa, Cx43, Cx40) within the SAN. Furthermore, Nkx2-5, 
which is normally absent in SAN myocardium, was expressed 
ectopically in the SAN region.40 Luciferase reporter assays 
revealed that Shox2 negatively regulates expression of Nkx2-5,  
a known inhibitor of Tbx3 and Hcn4 expression.16 Thus, 
Shox2 promotes SAN development by repressing Nkx2-5 

Figure 29-4.  Transcription factor regulatory networks. A, Schematic of the cardiac conduction system. B, Right sinoatrial node (head and tail domains), atrial myocardium, 
and left sinoatrial node (stippled circle). C, Atrioventricular canal/node region flanked by atrial and ventricular myocardium. D, His bundle and bundle branches and ventricular 
myocardium. E, Purkinje fiber. 
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conduction time, as measured by prolonged Atrio-His (A-H) 
intervals during invasive EP testing.33

Nkx2-5, a member of the homeodomain family, plays a central 
role in cardiac development. Loss of the Nkx2-5 homolog, 
tinman, in the fruit fly results in failure of cardiogenesis.51 Mice 
deficient in Nkx2-5 die in utero at E9 to E10 because of arrested 
cardiac development in the linear heart tube stage. The hearts of 
these mice undergo partial looping morphogenesis, lack endocar-
dial cushions and trabeculae, and have underdeveloped AV 
canals.52 Nkx2-5 null embryos lacked minK-LacZ reporter stain-
ing in the region of AVN primordium.53 Nkx2-5+/neo mice exhib-
ited an overall reduction in the size of the VCS from the AVN 
to the distal Purkinje network. Histologic evaluation of the 
Nkx2-5+/neo AVN revealed that compact nodal cells (N region, 
Cx40−/Cx45+) are markedly reduced whereas the nodo-His (NH) 
region (Cx40+/Cx45+) remains intact.53 Consistent with these 
findings, Nkx2-5+/neo mice had prolonged PR intervals on surface 
ECG and displayed abnormal AVN physiology on EP testing.53

Tbx2 and Tbx3 are essential for maintaining the slow conduc-
tion phenotype of the AV canal/AVN.12,14,15 Tbx2 and Tbx3 are 
differentially expressed in the AVC, with Tbx2 being more domi-
nant in the left AVC and Tbx3 being more dominant in the right 
AVC.54 Evaluation of a Tbx3 allelic series demonstrated an exqui-
site dose–phenotype correlation, with diminishing Tbx3 levels 
directly correlating with the severity of AV conduction disease 
and fetal demise.39 AV block was exclusively seen in embryos with 
the lowest Tbx3 gene dosage. Consistent with its known repres-
sive function, Tbx3-deficient embryos showed ectopic expression 
of chamber genes within the SAN, AVC, AV bundle, and bundle 
branches.39,55 Regional deletion of Tbx3 within the AV bundle 
primordium or the AV canal caused AV block. Therefore, Tbx3 
expression is required throughout the multitiered AV conduction 
axis to maintain normal AV conduction. Furthermore, condi-
tional deletion of Tbx3 at an adult time point resulted in AV 
block, indicating that Tbx3 is critical for proper maintenance of 
the AV conduction axis.39

Tbx2 deficiency results in embryonic lethality because of 
defects in AVC differentiation and outflow tract septation.56 Inap-
propriate expression of chamber-type genes was also noted in the 
AVC of Tbx2-deficient hearts, with the left AVC being more 
affected than the right.54,56 Accordingly, Tbx2 deficiency had a 
minimal impact on AVN formation, which is predominantly a 
right-sided structure. However, loss of myocardial Tbx2 resulted 
in structural defects in the left annulus fibrosus resulting in acces-
sory pathway formation and ventricular preexcitation.54 There-
fore, Tbx2 and Tbx3 share nonredundant functions in AVC 
development and maturation, which may be in part due to 
unequal distribution of the T-box proteins. Tbx2 expression 
appears to be critical for maturation of the left annulus fibrosus, 
which is the most common location of accessory pathways in 
humans.

A transcriptional regulatory network involving Bmp2, Foxn4, 
Tbx20, and Notch2/Hey signaling has been identified that regu-
lates the expression of Tbx2 within the AVC. Bmp2 and Foxn4 
function as activators of Tbx2 within the AVC, whereas Tbx20 
and Notch2/Hey signaling are negative regulators of Tbx2 that 
define the boundaries of the AVC. The bone morphogenetic 
factor Bmp2 is enriched in the AVC during development and 
drives the local expression of Tbx2.57 Bmp2 upregulates Tbx2 
promoter activity through a Bmp receptor (Alk3)/Smad depen-
dent pathway.58 Deletion of Bmp2 in the AV canal resulted in loss 
of Tbx2 expression and ectopic expression of chamber genes.57 
Furthermore, AVC-restricted loss of Alk3 led to abnormal 
annulus fibrosus formation, ventricular preexcitation, and struc-
tural and functional defects in the AVN.59,60 A human correlate 
has been identified in a rare familial form of Wolff-Parkinson-
White syndrome associated with a microdeletion involving the 
BMP2 gene.61

mesenchymal precursor pool or failure to differentiate into SAN 
cells.37 The tail region, however, was unaffected.37 Despite this 
reduction in SAN volume, sinus node function was reportedly 
normal owing to residual SAN tail tissue.37 Tbx3 and Tbx18 
double heterozygous embryos demonstrated normal SAN devel-
opment, indicating a lack of interaction on a genetic level. In 
addition, Tbx3 deficiency had no effect on Tbx18 and Shox2 
levels, suggesting that Tbx3 functions downstream to these 
factors.45

Similar to Tbx3, heterologous expression of Tbx18 leads to 
transcriptional repression of Cx43.45 In summary, Shox2 and 
Tbx18 are critical regulators of SAN formation, whereas Tbx3 
together with Tbx18 maintain the appropriate pacemaker signa-
ture, assuring optimal function.

Atrioventricular Canal and Atrioventricular Node

The mammalian AVN is a complex, heterogeneous structure that 
serves as the only conduction pathway between the atria and 
ventricles. Histologic and electrophysiologic (EP) evaluation of 
the AVN revealed three distinct layers, from subendocardial to 
deep layers, termed atrionodal (AN), compact nodal (N), and nodo-
His (NH).46 The compact or true nodal region has characteristic 
nodal action potentials, such as slow upstroke of phase 0, lower 
peak amplitudes, and diastolic depolarization of phase 4. The AN 
and NH transition regions exhibit hybrid action potential mor-
phologies intermediate to nodal cells and atrial myocytes or His 
bundle, respectively.47 These transition zones serve a similar 
purpose as in SAN cells, to insulate core nodal cells from the 
hyperpolarizing influence of working myocytes. The AN and 
NH regions are enriched in Scn5a (Nav1.5), Cx40, and Cx43, 
whereas the N region has low levels of Nav1.5 and high levels of 
Cx45/30.2 resulting in the different action potential morpholo-
gies and conduction velocities (CV).46

Lineage tracing studies and differential gene expression analy-
sis indicate that the compact AVN (N) derives from AV canal 
myocardium, whereas the lower nodal cells (NH) are ventricular 
in origin.48,49 In the adult heart, remnants of the AVC persist as 
rings of myocardial tissue that possess distinct electrophysiologi-
cal layers, mirroring that seen in the AVN.50 These results lend 
support to the histologic observations that the AVN derives from 
dorsal AV canal cells.3,4

During development, the AVC can be distinguished from 
flanking atrial and ventricular myocardium by the enrichment of 
Tbx2, Tbx3, and Bmp2 (see Figure 29-4, C). This transcriptional 
signature maintains the slow conduction properties (Cx45+;
Cx30.2+) and low proliferative capacity of the AVC. As the 
embryonic heart matures, the outer cell layer of the AVC under-
goes apoptosis. Paracrine signals from AVC myocytes induce 
epicardial cells to undergo epithelial-to-mesenchymal transfor-
mation and invade the AV junction to create the annulus fibrosus. 
This process electrically isolates the atrium and ventricle, except 
at the dorsal wall of the AVC where the lower AV nodal transi-
tional cells penetrate the fibrous insulation. Defective gene 
dosing of Tbx2, Tbx3, and Bmp2 leads to developmental abnor-
malities of the AVC, which can manifest as AV block or as ven-
tricular pre-excitation (i.e., Wolff-Parkinson-White) because of 
defective annulus fibrosus formation.

The AVC is established in part by the expression of Tbx5 and 
Nkx2-5, whereas Notch signaling delimits the AVC to its con-
fined region within the developing heart. Tbx5 is enriched in the 
AVC during development and drives the local expression of Tbx3 
and Cx30.2.31,34 Mice haploinsufficient for Tbx5 exhibit sinus 
node dysfunction, P wave widening, and first- and second-degree 
AV block.27,33 Significant maturation defects were noted in the 
AVC and AVN of Tbx5+/− mice.33 The immature configuration 
of the AV canal resulted in significant slowing of AV nodal  
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interval prolongation.53,68,69 Ventricular-restricted, Nkx2-5 
knockout mice display progressive AV conduction disease, 
advancing to complete heart block by 6 months to 1 year. Histo-
logic analysis revealed a diminutive AVN and an atrophic His-
Purkinje system that worsened with age.53,68,70,71 These mice 
accurately phenocopy the progressive postnatal AV conduction 
disease seen in patients with NKX2-5 mutations.68 The pheno-
typic manifestations of Nkx2-5 haploinsufficiency are highly 
pleotropic in man and mouse models, which suggests that Nkx2-5 
is subject to upstream regulatory control by genetic modifiers. 
One such modifier is prospero-related homeobox protein 1 
(Prox-1), which functions in concert with HDAC3 to regulate 
Nkx2-5 expression.72 Combined haploinsufficiency of Nkx2-
5cre/+;Prox1loxP/+ rescued the Nkx2-5cre/+ conduction phenotype on 
a structural and functional level. Compound heterozygotes 
rescued the hypoplastic phenotype of the AVN and significantly 
restored cellularity of the His-Purkinje system, resulting in nor-
malization of ECG parameters.72 In light of these findings, Prox1 
appears to function as an upstream regulator of Nkx2-5 gene 
dosage, which ensures accurate gene expression within the ven-
tricular conduction system.

Mice haploinsufficient for Tbx5 exhibited patterning and 
maturation defects of the ventricular conduction system. The His 
bundle and left bundle branches remained immature in all 
Tbx5del/+ mice, and many of the mice had absent right bundle 
branches. The expression of Tbx5-responsive genes, Nppa and 
Cx40, were significantly downregulated.33 Nkx2-5 and Tbx5 
coordinately drive the expression of Nppa, Cx40, and inhibitor of 
differentiation 2 (Id2) within the proximal VCS.32 Id2 is believed 
to function as an inhibitor of muscle differentiation allowing 
specification towards a conduction lineage.32 Id2 null mice dis-
played structural and functional VCS abnormalities similar to 
those seen in Tbx+/− mice, suggesting that they function within 
the same transcriptional regulatory network. Indeed, combined 
haploinsufficiency of Tbx5+/−;Id2+/− resulted in developmental 
failure of the His bundle and bundle branches.68 Therefore, 
Nkx2-5, Tbx5, and Id2 function as a ventricular conduction 
system transcriptional unit that imparts fast conduction proper-
ties while also inhibiting myocardial gene programming.

Tbx5 is essential for maintaining the fast conduction proper-
ties of the ventricular conduction system. Using a VCS-specific, 
tamoxifen-inducible Cre driver (minKCreERT2), Tbx5 was 
knocked out of the adult mouse AVN and HPS, resulting  
in sudden death as early as 5 weeks after Cre induction.73 
Tbx5minKCreERT2 VCS conduction was severely slowed, leading to 
spontaneous arrhythmias, including Mobitz type II AV block and 
ventricular tachycardia. Selective ablation of Tbx5 in the VCS 
resulted in a corresponding loss of Gja5 (Cx40) and Scn5a expres-
sion.73,74 SCN5a mutations have been identified in patients with 
progressive cardiac conduction disease that can exist alone or as 
overlap syndromes with Brugada or LQT3.75 Inherited progres-
sive cardiac conduction disease is associated with a high risk of 
complete AV block and Stoke-Adams syncope.75-77

GWAS focused on CCS parameters have identified several 
loci (TBX5, TBX3, NKX2-5, SCN10A, and SCN5A) that modu-
late PR and QRS duration in the general population.78-82 Given 
the importance of Tbx5 and Tbx3 in CCS specification and func-
tion, the Scn5a locus was screened for Tbx-responsive elements. 
A Tbx-responsive enhancer was identified approximately 15 kb 
downstream of Scn5a and mirrored Scn5a expression in the 
AV bundle and bundle branches.74 Using another approach, the 
genome-wide occupancy profile of Tbx3 was performed using 
chromatin immunoprecipitation-massive parallel sequencing 
(ChIP-Seq) analysis.83 Two Tbx3/Tbx5 responsive enhancers 
were located within the Scn5a/Scn10a locus. The orthologous 
human fragments had expression patterns similar to their  
mouse counterparts within the developing ventricular conduc-
tion system, providing evidence that these enhancers were 

Foxn4, an upstream regulator of tbx2b, was recently identified 
from a zebrafish mutagenesis screen.62 Foxn4 mutants displayed 
structural and functional defects in the AV canal. Several AV 
canal restricted genes were mislocated, including bmp4 and 
endocardial notch1b, and tbx2b was completely absent from the 
AVC. Highly conserved Foxn4 and Tbx5 binding sites were iden-
tified in the tbx2b promoter, and tbx2b expression in the AVC 
proved highly sensitive to mutagenesis of the Foxn4 or Tbx5 
binding sites.62

In the chick heart, Notch2, Hey1, and Hey2 signaling delimits 
the AV canal myocardium. Hey1 (expressed in atrium and ven-
tricle) and Hey2 (expressed in ventricle only) are expressed in 
complementary fashion to Bmp2 in the looped heart.63 Notch2 
acts directly through Hey1 to suppress Bmp2, whereas Hey2 
suppresses Bmp2 in a Notch-independent manner.63 Mouse and 
zebrafish hearts deficient in Hey2 displayed abnormally expanded 
AVC regions that were enriched in Bmp2/bmp4, respectively.63 
Tbx2 expression in the AVC is also delimited by atrial and ven-
tricular chamber expression of Tbx20. Observations of Tbx20 
knockout embryos showed precocious upregulation and ectopic 
expression of Tbx2 throughout the cardiac crescent and early 
heart tube. In vitro reporter assays demonstrated that Tbx20 
inhibits Tbx2 promoter activity through its actions on the Alk3/
Smad signaling pathway.57

Notch signaling in endocardial cells is critical for the forma-
tion of slow conducting AVC myocytes in zebrafish and trabecu-
lar myocardium in mice.64,65 Notch2 signaling in chamber 
myocytes restricts Tbx2 expression within the AVC.63 Whether 
Notch signaling has a role within developing conduction cells 
was explored using loss-of-function and gain-of-function Notch 
mutants overexpressed under the control Mlc2vCre/+.66 The domi-
nant negative Notch mutant, DNMAML, driven by Mlc2vCre/+ 
displayed reduced AV nodal volumes owing to loss of Cx30.2-
expressing cells. Mlc2vCre/+/DNMAML had shortened PR and 
AH intervals on EP testing, consistent with loss of slow AV nodal 
conduction.66 Constitutive Notch activation, however, resulted in 
enlarged AVNs and accessory pathway formation because of 
abnormal boundary formation between the AVC and ventricular 
myocardium.66 Subsequent work using gain-of-function Notch 
mutants demonstrated a robust upregulation of conduction 
system markers, such as Cntn-2, Tbx5, and Nkx2-5. Notch acti-
vation also upregulated nodal genes Gjc3 (Cx30.2) and HCN1 
and Purkinje gene Scn5a. Notch activation was able to reprogram 
ventricular myocytes in vivo and newborn ventricular myocytes 
in vitro into a Purkinje-type lineage. These results suggest that 
Notch signaling fate-restricts cardiomyocytes toward a conduc-
tion lineage.67

Proximal Ventricular Conduction System

The proximal ventricular conduction system consists of the His 
bundle and bundle branches. These fast conducting components 
of the CCS derive from ventricular myocardial precursors. For-
mation of the proximal VCS is critically dependent on the coex-
pression of Nkx2-5 and Tbx5, as combined haploinsufficiency of 
these two factors results in developmental failure of the His 
bundle and bundle branches.32 During development, the expres-
sion levels of Nkx2-5 and Tbx5 increase significantly in the proxi-
mal VCS, which drives the expression of a unique set of genes 
that impart fast conduction properties (Cx40+, Nav1.5+) while 
also maintaining phenotypic distinctiveness from working myo-
cytes (Tbx3+, Id2+, Cx43−; see Figure 29-4, D). Both Nkx2-5 and 
Tbx5 have cell-autonomous roles in VCS development and per-
turbation of either factor leads to significant CCS structural and 
functional abnormalities.

Nkx2-5 haploinsufficient mice exhibit marked hypoplasia of 
the ventricular conduction system resulting in PR and QRS 
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PFN derives from the trabecular myocardium likely through a 
process of recruitment; therefore, the complex patterning of the 
PFN directly mirrors the complexity of the trabecular network.8 
Paracrine signals from the overlying endocardium, such as 
endothelin-1 (ET-1) and neuregulin-1 (NRG-1), direct underly-
ing trabecular myocytes towards a conduction path (see Figure 
29-4, E).91 The involvement of ET-1 was discovered in the chick, 
where unlike in mammals, avian Purkinje fibers are found endo-
cardially and periarterially.8 Periarterial Purkinje fibers (PFs) 
develop in a pattern that strictly follows coronary vascular 
anatomy. It was shown subsequently that exposure of cultured 
embryonic myocytes to ET-1 was able to convert these cells to  
a PF lineage.8,91 Exposure of mouse embryonic stem cells to 
ET-1, but not NRG-1, was able to upregulate CCS markers.92 
Retroviral-mediated coexpression of both the endothelin-1 pre-
cursor (preproendothelin-1) and ECE-1 in the chick embryonic 
myocardium induced myocytes to express PF genes in vivo.93

ET-1 is converted to its active form by endothelin-converting 
enzyme (ECE), which is highly expressed in endothelial cells and 
in developing PFs.94 ECE-1 expression is regulated by hemody-
namic load. Conotruncal banding, a model of ventricular pres-
sure overload, resulted in significant upregulation of ECE-1 
expression and concomitant precocious expansion of Cx40+ PFs.95 
As discussed before, the shift in ventricular activation to an 
apex-to base pattern directly correlates with Cx40 expression. 
Banding resulted in an earlier shift in ventricular activation to an 
apex-to-base pattern, whereas pressure unloading delayed this 
process. Therefore, ventricular hemodynamics is a key epigenetic 
factor in the regulation of HPS development.94-96

Neuregulin-1 (Nrg-1) is another endothelial-derived factor 
with a significant role in PF specification. Using an in vitro 
embryonic culture system, the response of developing CCS-LacZ 
hearts to Nrg-1 and ET-1 treatment was studied.97 Nrg-1 induced 
a profound upregulation of LacZ+ cells in the developing heart 
in a time window between E8.5 and E10.5. The increase in LacZ+ 
cells could not be explained by changes in proliferation or apop-
tosis, and suggested that Nrg-1 induced embryonic cardiomyo-
cytes toward a conduction phenotype.97 The marked upregulation 
of CCS-LacZ–positive cells in Nrg-1–treated hearts was associ-
ated with changes in the ventricular activation pattern on optical 
mapping. The effect of ET-1 on CCS-LacZ upregulation, 
however, was more modest.97

The ability of NRG-1 and ET-1 to induce a Purkinje gene 
profile was evaluated in dissociated mouse embryonic ventricular 
myocytes.98 Both Nrg-1 and ET-1 increased the expression of 
Nkx2-5, Gata4, Irx4, Hop, HF-1b, minK, Cx40, and Cx45. 
There was no cumulative effect of coadministration of NRG-1 
and ET-1 on Purkinje gene programming.98 The ability of ET-1 
and NRG-1 to activate Nkx2-5, Gata4, HF-1b, and Hop suggests 
that these secreted factors activate a potent gene regulatory 
network for PF specification.

Nkx2-5 gene dosage is critical for proper maturation of the 
PFN.99 Inappropriately high or low levels of Nkx2-5 can nega-
tively affect proper Purkinje development.99 Consistent with 
other models of Nkx2-5 deficiency, adult Nkx2-5+/−/Cx40eGFP/+ 
mice showed marked reduction in HPS cellularity, despite  
the trabecular region appearing qualitatively normal during 
development.69 Evaluation of the remaining PFs revealed that 
they were of normal size and had normal electrophysiologic 
properties.69 Therefore, the conduction defects seen in 
Nkx2-5+/−/Cx40eGFP/+ hearts appears to be due to HPS patterning 
abnormalities rather than electrophysiological defects at the cel-
lular level.69 The reduction of Purkinje fibers in Nkx2-5+/− hearts 
occurs mainly after birth and is due to either reduced PF recruit-
ment or loss of PF in the postnatal period.69 Based on chimeric 
analysis, postnatal development of the PFN was critically depen-
dent on the dose of Nkx2-5, which behaved in a cell-autonomous 
manner.69

functionally conserved in humans.83 Furthermore, the GWAS 
single nucleotide polymorphism, rs6801957, was positioned in a 
conserved enhancer site in the SCN10A locus. Interestingly, the 
single nucleotide polymorphism itself alters a highly conserved 
residue in the consensus T-box binding site, altering its ability to 
respond to Tbx5 activation and Tbx3 repression.83 These data 
reaffirm the fidelity of GWAS in identifying gene regulatory 
networks that underlie phenotypic variations in humans on a 
population scale.

The maintenance of Cx40 in the proximal VCS is vital for 
proper function of the His bundle and bundle branches. Mice 
deficient in Cx40 exhibit slowed conduction through the His-
Purkinje system and display bundle branch block.84,85 During 
development, Cx40 is expressed in the ventricular trabeculae, the 
site of His-Purkinje formation.3,4,86 Cx40 expression in the ven-
tricular trabeculae dictates the switch in ventricular activation 
from a pattern of activation to the mature apical-to-basal 
sequence.86 The regional localization of Cx40 within the proxi-
mal VCS is dependent on several transcription factors that func-
tion downstream of Nkx2-5 and Tbx5: Hf-1b, Hop, and Irx3.

Hf-1b is a zinc-finger transcription factor with enriched 
expression within the compact myocardial layers and the ven-
tricular conduction system.87 Mice deficient in Hf-1b manifest 
sinus node dysfunction, intermittent AV block, and sudden 
cardiac death due to spontaneous ventricular arrhythmias. 
Hf-1b−/− hearts demonstrated a reduced number of Cx40+ distal 
Purkinje fibers and as well as an abnormal intracellular distribu-
tion of Cx40, suggesting a defect in trafficking. This phenotype 
was seen predominantly in the ventricular apex; apical working 
myocytes were also smaller and had significantly reduced levels 
of Cx43.88 In addition, the coronary arterial structure and func-
tion were also perturbed within the apical region.88 Therefore, 
the defects in Cx40 and Cx43 expression within the ventricular 
apex could be multifactorial and will need further investigation.

Homeodomain-only protein (Hop) is a unique member of the 
homeobox transcription factors that does not directly bind 
DNA.89 It is known to function downstream of Nkx2-5 and 
inhibits serum response factor (SRF)-dependent transcription.68 
Hop is expressed in the cardiac conduction system, with signifi-
cant enrichment beyond the neonatal time period. Hop−/− mice 
have structurally normal hearts and CCS anatomy but manifest 
slowed conduction in the HPS on electrophysiological testing. 
Expression of Cx40 was significantly reduced in the atria and the 
HPS, whereas levels of Cx43 remained normal.89 Therefore, Hop 
is not required for CCS specification and patterning, but it has 
an important role in optimizing fast conduction in the HPS 
through its action on Cx40 expression.

The Iroquois homeobox 3 (Irx3) transcription factor is 
expressed in the VCS and regulates the fast conduction proper-
ties of the His-Purkinje system.90 Irx3 knockout mice exhibit 
prolonged QRS intervals on surface ECG. Bundle branch cells 
deficient in Irx3 had reduced levels of Cx40 and ectopic expres-
sion of Cx43. The direct coupling of His-bundle cells to working 
myocytes presumably resulted in source-sink mismatch, leading 
to charge dissipation and conduction block. Irx3 represses Cx43 
expression by directly binding a putative Irx3 responsive element 
that overlaps with an Nkx2-5 binding site near a conserved T-box 
binding element. The activation of Cx40, on the other hand, is 
through an indirect mechanism.90 Therefore, Hf-1b, Hop, and 
Irx3 function in a nonredundant manner to enhance Cx40 expres-
sion in the VCS, whereas simultaneously Irx3 and Tbx3 repress 
Cx43 expression in specialized conduction cells.

Purkinje Fiber Network

The Purkinje fiber network (PFN) represents the most distal 
aspect of the ventricular conduction system. In mammals, the 
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developmental origins of the CCS has grown dramatically. Every 
fundamental discovery, from the cellular origins of the CCS to the 
transcriptional networks that govern the properties of slow and 
fast conduction, has created a broader and richer understanding of 
the how the heart keeps time. Incorporating newer modalities, 
such as GWAS and ChIP-Seq, will further enhance understanding 
of how these transcription factor networks regulate CCS specifica-
tion on a genome-wide scale. Ultimately, this understanding will 
shape the future therapy of heart rhythm disorders.
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In summary, the genetic programs that dictate the cardiac 
conduction system are fundamentally based on the intricate 
balance between activating and repressing T-box transcription 
factors. Numerous regulatory feedback loops, involving Nkx2-5 
and other homeobox proteins, determine the gene dosage  
of Tbx5, Tbx2/3, and Tbx18 to specify whether a cardiac  
progenitor cell becomes a conduction cell or a working cardio-
myocyte. Conduction cells are then imparted with fast and slow 
conduction properties based on the expression levels of Tbx5 and 
Tbx3, respectively.

Conclusion

Since the first anatomic descriptions of the cardiac conduction 
system in the early twentieth century, knowledge of the 
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the heart wall and gradually attain a fibroblast or smooth muscle 
phenotype. This process is regulated by the spatially and tempo-
rally coordinated expression of different growth factors, includ-
ing platelet-derived growth factor (PDGF), fibroblast growth 
factors (FGFs) and transforming growth factor (TGF) β.6 During 
prenatal growth, the number of fibroblasts in the heart steadily 
increases. Shortly after birth, the proliferative capacity of cardio-
myocytes ceases, while the fibroblast number abruptly increases 
(greater than twofold) for reasons that may be related to the 
postnatal increase in blood pressure (and associated mechanical 
strains in the heart wall), oxygen tension, or both.

Phenotypic Diversity and Lack of Specific Markers

Although there is significant knowledge of the role of cardiac 
fibroblasts in the heart, the molecular properties of these cells 
remain poorly characterized, mainly because of the lack of specific 
and ubiquitous markers of their phenotype.7 The markers cur-
rently used are either expressed in only a fraction of fibroblasts or 
also label other cells (Table 30-1). For example, immunostaining 
for vimentin has been used widely to label cardiac fibroblasts; 
however, this intracellular protein is expressed in other mesoderm-
derived cells, including endothelial and smooth muscle cells. 
Similarly, Thy-1 (CD90), a surface marker that labels cardiac 
fibroblasts and other mesenchymal cells also labels endothelial 
cells. Discoidin domain receptor 2 (DDR2), a membrane collagen-
binding tyrosine kinase receptor, is expressed in a subset of cardiac 
fibroblasts, but is also found in endothelial and smooth muscle 
cells. Fibroblast-specific protein-1 (FSP1, S100A4) is another 
commonly used fibroblast marker that is only sparsely expressed 
in the normal heart, but is significantly upregulated in heart 
disease, where it may also label smooth muscle cells.8 Recently, 
Acharya et al9 reported the generation of transgenic mice 
in which transcription factor Tcf21 (Epicardin/Pod1/Capsulin)  
was selectively expressed in a subset of epicardially derived cardiac 
fibroblasts, but also in a multitude of other tissues.9 In general, the 
best existing methods to identify and isolate cardiac fibroblasts 
rely on the labeling with multiple positive and negative markers, 
such as CD31–/CD90+/DDR2+ for live cell isolation,4 or von Wil-
lebrand factor–/smooth muscle actin (SMA)–/vimentin+/DDR2+ 
for immunolabeling.1,10 Although genetic fate mapping methods 
for in situ labeling of cardiac fibroblasts in mice are extremely 
valuable, they require a careful interpretation that accounts for 
the potential pitfalls of this system.5

Identifying specific molecular markers of cardiac fibroblasts is 
additionally complicated by the diversity of their phenotype as 
contributed by their specific developmental origin (e.g., epicar-
dial vs. endocardial), location in the heart (e.g., atria vs. ventricle, 
left vs. right heart, valves, SA node, atrioventricular groove), 
pathologic state (e.g., infarction, pressure overload), and aging. 
For example, a subset of fibroblastic cells positive for PDGF 
receptor-α and stem cell antigen 1 (Sca-1) was recently identified 
in perivascular interstitial regions of the mouse heart.11 These 
epicardially derived cells, termed cardiac colony-forming-unit fibro-
blasts, can undergo a long-term expansion for approximately 40 
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Cardiac Fibroblasts

Cardiomyocytes in the heart occupy approximately 75% of the 
myocardial volume, but the majority of cells by number are not 
muscular, including fibroblasts, endothelial cells, pericytes, 
smooth muscle cells, macrophages, and mast and dendritic cells. 
Cardiac fibroblasts, the most numerous of these non-muscular 
cells, comprise 30% to 65% of all the cells in the healthy adult 
heart, but only a minor fraction of the total heart volume.1 The 
number of fibroblasts in the heart is not constant, but dynami-
cally changes during development and disease and with aging.2-4 
Traditionally, cardiac fibroblasts have been considered as passive 
cells that primarily maintain the structural and mechanical integ-
rity of the heart through the highly regulated synthesis and deg-
radation of extracellular matrix (ECM) proteins including 
collagens (mainly type I and III) and fibronectin. Recently, 
however, a large body of evidence has emerged suggesting the 
important roles of these connective tissue cells in cardiac devel-
opment, function, and pathology, including cardiac arrhythmias. 
Because cardiac fibroblasts are highly abundant and closely inter-
laced with other cell types in the heart (virtually every cardio-
myocyte touches one or more fibroblasts), they are in a position 
to regulate actively and to modify heart function by direct contact 
with other cells and ECM, as well as through the secretion of 
different cytokines, ECM proteins, and proteases.

Fibroblast Origin

Cardiac fibroblasts are the only cell type in the heart not associ-
ated with the basement membrane. They are recognized as 
single-nucleated, spindle-shaped cells with multiple processes 
and prominent endoplasmic reticulum and Golgi apparatus. 
Fibroblasts reside in the self-secreted extracellular matrix 
arranged in sheets and strands that tightly envelop cardiomyocyte 
fibers.1,2 Their spatial distribution in the healthy heart is mainly 
uniform, with the highest density found in the sinoatrial (SA) 
node and annulus fibrosis, where these cells provide electrical 
insulation to enable successful pacemaking function and coordi-
nated activation of atria and ventricles. Developmentally, cardiac 
fibroblasts are derived from mesenchymal cells of a proepicardial 
organ, which migrate over the heart surface to form the epicar-
dium.2,5 Through epithelial-to-mesenchymal transition, the epi-
cardium gives rise to epicardium-derived cells that migrate into 
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program during hypertrophic cardiomyopathy or heart failure 
may be contributed by analogous phenotypic changes in cardiac 
fibroblasts.

Detailed phenotypic and functional characterization of cardiac 
fibroblasts can be performed in vitro, but these studies must be 
interpreted with caution because of various confounding factors, 
including the possibility that enzymatic or outgrowth cell isola-
tion selects for a particular pool of cardiac fibroblasts and that 
fibroblast phenotype is significantly altered by higher stiffness of 
the cell attachment substrate (several GPa for glass or plastic vs. 
tens of KPa for intact tissue),13 increased oxygen tension (21% 
for ambient air vs. 5% in intact tissue),14 and the lack of neuro-
humoral and inflammatory factors, cyclic stretch, restricted extra-
cellular space, and vasculature. Direct culture of freshly isolated 
fibroblasts within a biomimetic three-dimensional environment 
(e.g., cyclically stretched soft hydrogel) is likely to better preserve 
native cell phenotype compared with the use of standard two-
dimensional culture conditions.15

Cardiac Myofibroblasts

Although cardiac fibroblasts are the most dominant nonmyocyte 
cell type in the healthy heart, cardiac disease or myocyte loss 
owing to myocardial infarction, hypertension, inflammation, and 
other stress signals is associated with the appearance and prolif-
eration of cardiac myofibroblasts to either replace dead myocytes 
with a collagenous scar (replacement fibrosis) or yield interstitial 
or perivascular collagen accumulation (reactive fibrosis). Myofi-
broblasts exhibit a contractile cell phenotype intermediate 
between that of fibroblasts and smooth muscle cells.16,17 Com-
pared with fibroblasts, myofibroblasts are larger cells with 
increased expression of stress fibers that exhibit enhanced prolif-
eration, migration, and secretion of ECM proteins (e.g., collagen 
I, collagen III, fibronectin), ECM degradation enzymes (matrix 
metalloproteinases [MMPs]) and their inhibitors (tissue inhibi-
tors of metalloproteinases [TIMPs]).18 In addition, microfibro-
blasts show both the increased secretion of and responsiveness to 
various cytokines and growth factors (e.g., AngII, TGF-β, PDGF, 
ET-1, tumor necrosis factor [TNF] α, interleukin [IL] 1β).17,18 
Although mainly absent from the normal heart (with the excep-
tion of the heart valves), myofibroblasts are found to participate 
actively in the cardiac wound healing response, where they 
support rapid tissue remodeling and the formation of a fibrous 
scar. The efficient scar formation initially serves to prevent 
harmful dilatation of the heart; however, the long-term persis-
tence and activity of myofibroblasts in the infarct scar or other 
regions of the myocardium can lead to excessive collagen accu-
mulation, stiffening of the heart, pathologic remodeling, and 
eventually cardiac malfunction and failure. This persistence of 
the activated myofibroblasts in the heart after the mature scar is 
formed contrasts wound-healing processes observed in other 
organs where myofibroblasts undergo apoptosis and disappear 
upon scar formation.16

Although myofibroblasts express all the known molecular 
markers used to label cardiac fibroblasts (DDR2, vimentin, Thy1, 
FSP1, periostin), no specific myofibroblast markers have been 
identified (see Table 30-1).16 Compared with fibroblasts, de novo 
myofibroblasts also express or increase the expression of various 
cytoskeletal (α smooth muscle actin [α-SMA], SM22α, myosin 
heavy chain-B, tropomyosin) and cell adhesion (paxillin, tensin, 
fibronectin ED-A) proteins.13,16 Furthermore, myofibroblasts and 
fibroblasts do not express the intermediate filament marker 
desmin, and they lack the expression of mature smooth muscle 
markers, such as smooth muscle myosin heavy chains. Regarding 
their origin in fibrotic disease, myofibroblasts are traditionally 
thought to be derived from the resident (interstitial and adventi-
tial) fibroblasts that proliferate, migrate, and differentiate into a 

passages and differentiate into various cells of mesodermal 
lineage. The potential role of these highly proliferative cells in 
cardiac repair, remodeling, and fibrotic disease remains to be 
explored. Phenotypic diversity was also identified between canine 
ventricular and atrial fibroblasts, with atrial fibroblasts being 
more proliferative in response to a variety of growth stimuli (e.g., 
fetal bovine serum, PDGF, FGF-2, TGF-β1, angiotensin II 
[AngII], endothelin-1 [ET-1]).12 These differences were ampli-
fied in congestive heart failure and eliminated using a PDGF 
receptor blocker, AG1295. Different functional roles were also 
reported for fetal and adult mouse cardiac fibroblasts. Ieda et al4 
have shown that adult fibroblasts promote cardiomyocyte hyper-
trophy, whereas fetal fibroblasts promote embryonic cardiomyo-
cyte proliferation by secreting fibronectin, collagen, and 
heparin-binding endothelial growth factor that activate β1-
integrin signaling in cardiomyocytes.4 This finding suggests the 
possibility that the observed reactivation of the cardiac fetal gene 

Table 30-1. Fibroblast and Myofibroblast Markers

Marker Cellular Overlap

Colla1 Various cells

CD40 Various antigen presenting cells

CD248 (TEM1) Pericytes, endothelial cells

Cadherin-11 Carcinoma and retina epithelial cells

FSP1/S100A4 Smooth muscle cells, invasive 
carcinoma cells

Fibroblast surface antigen 
(FSA)

Monocytes/macrophages

Discoidin domain receptor 2 
(DDR2)

Endothelial cells, smooth muscle 
cells

Fibroblast activation 
protein-1 (FAP1)

Activated melanocytes

Prolyl-4-hydroxylase Endothelial cells, epithelial cells

PDGF receptor-β (PDGFRb) Smooth muscle cells, pericytes

Heat shock protein-47 
(HSP47)

Monocytes/macrophages, various 
collagen-producing cells

Thymus cell antigen-1 
(THY1/CD90)

Leukocytes, endothelial cells, various 
progenitor cells

Vimentin Endothelial cells, smooth muscle 
cells, various cells

Palladin 4Ig* Smooth muscle cells

Periostin* Bone and carcinoma cells

Cofilin* Smooth muscle cells

AngII type 1 receptor (AT1R)* Cardiomyocytes, smooth muscle 
cells

TGF-β receptor* Various cells

Frizzled-2* Smooth muscle cells

α-Smooth muscle actin* Smooth muscle cells

Integrins (αvβ3, α1β1, α2β1, 
α11β1)*

Endothelial cells, various cells

Collagen types I, III, IV, V, VI* Various cells

Lysyl oxidase* Smooth muscle cells

Fibronectin ED-A* Smooth muscle cells

Tenascin C* Smooth muscle cells

* Myofibroblast markers only.



CARDIAC FIBROBLASTS AND ARRHYTHMOGENESIS 299

30 

cell culture attributed to the high stiffness of the attachment sub-
strate or a switch to hyperoxic (ambient air) conditions.13,14 The 
time course and extent of this process strongly depend on the 
particulars of cell isolation and culture conditions, with some 
reports showing ubiquitous α-SMA expression as early as 1 to 2 
days after fibroblast plating,24 whereas others describe little or no 
phenotype switch until passage 2 to 3.10 A contributing factor to 
this variability might be the use of different anti–α-SMA antibod-
ies by different groups. Figure 30-1 shows passage-1 cultured 
ventricular fibroblasts isolated from adult human, neonatal rat, 
and neonatal mouse tissues stained by two commonly used anti–
α-SMA antibodies, a monoclonal mouse antibody from Sigma-
Aldrich and polyclonal rabbit antibody from Abcam (MA, USA). 
The same antibodies were used to stain paraformaldehyde-fixed 
adult mouse ventricular sections. The difference in the specificity 
of the two antibodies is obvious and suggests nonspecific staining 
of fibroblasts by the antibody from Sigma-Aldrich. The extent to 
which cultured fibroblasts and myofibroblasts faithfully represent 
the phenotype and function of their in vivo counterparts from 
healthy or diseased hearts remains unknown and certainly war-
rants further study.

Fibroblast and Myofibroblast 
Electrophysiology

Fibroblast Voltage-sensitive Channels

Cardiac fibroblasts and myofibroblasts lack the required ion 
channels to initiate an action potential (AP) and are thus consid-
ered unexcitable cells. They exhibit a relatively depolarized 
resting membrane potential (RMP) of –50 to –20 mV, a cell 
capacitance from approximately 6 pF for fibroblasts to 60 pF for 
myofibroblasts, and an input resistance at rest of 1 to 10 GΩ.25-27 
Figure 30-2, A1, shows typical current traces elicited in cultured 
human ventricular fibroblasts when membrane voltage in these 
cells was initially held at –40mV and increased by 10-mV incre-
ments from –80 to 30 mV. Lowering the initial holding potential 

myofibroblast phenotype.5 This view is based on in vitro studies 
showing increased fibroblast proliferation, migration, and con-
version to a myofibroblast phenotype in response to a variety of 
cytokines related to cardiac injury and disease (TGF-β, AngII, 
TNF-α, IL-1β, IL-6, ET-1).18 However, the need to form a col-
lagenous scar rapidly to replace dead myocardium (thereby pre-
venting wall rupture or dilatation after injury) would suggest that 
a significant portion of myofibroblasts at the injury site should 
be derived from nonresident or nonfibroblastic cells, rather than 
the activation and long-range migration of remote resident 
cardiac fibroblasts. In line with this reasoning, recent genetic fate 
mapping studies in mice have demonstrated that during acute 
cardiac injury, pressure overload, prolonged ischemia, or chronic 
AngII treatment, myofibroblasts can originate from various non-
fibroblastic sources such as (1) coronary endothelium in which 
endothelial cells after cardiac damage undergo endothelial-to-
mesenchymal transition and migrate from the microvascular bed 
into interstitium to become myofibroblasts,19 (2) epicardial epi-
thelium where epicardium-derived cells formed by an epithelial-
to-mesenchymal transition differentiate (potentially via Notch 
activation) into fibroblasts and myofibroblasts that remain to 
reside in the epicardium,20,21 and (3) circulating bone marrow-
derived cells, such as fibrocytes, that express both markers of 
hematopoietic origin (CD45, CD13, CD34) and ECM proteins 
(collagen I and III) or monocytes that upon recruitment to the 
site of injury or inflammation express both myofibroblast (FSP1, 
α-SMA) and monocytic (CD45, CD11b, CD14) markers.5 In 
several studies, these non–fibroblast-derived myofibroblasts are 
reported to comprise a significant fraction (20% to 75%) of all 
myofibroblasts found in the fibrotic areas.7,19 Although some of 
these cells might not persist in the heart at later stages of the 
disease,22 their exact role in the initial and late adaptive and mal-
adaptive fibrotic sequelae remains to be explored.

The mechanisms of fibroblast-to-myofibroblast conversion 
have been extensively studied in vitro despite the fact that, with 
time in culture, cardiac fibroblasts spontaneously attain a myofi-
broblast phenotype and significantly upregulate α-SMA expres-
sion.23 This spontaneous phenotypic change does not occur in the 
homeostatic milieu of the healthy heart, but is rather an artifact of 

Figure 30-1.  Specificity of myofibroblast labeling with anti–α-smooth muscle actin (α-SMA) antibodies. Cultured passage 2 fibroblasts from adult human (A), neonatal rat 
(B), and neonatal mouse (C) ventricles are shown. D-F, Ventricular tissue sections from healthy 2-month-old mice. Samples were stained for α-SMA using a monoclonal 
mouse antibody from Sigma-Aldrich (A2547, red) and polyclonal rabbit antibody from Abcam (ab5694, green) to label myofibroblasts and smooth muscle cells, filamentous 
actin  (gray  in  E)  and  sarcomeric α-actinin  (gray  in  F)  to  label  cardiomyocytes,  and  4,6-diamino-2-phenylindole  (DAPI;  blue)  to  label  nuclei.  Yellow arrowheads  in  D  and 
E denote nonspecific, nonmyocyte labeling, which is absent in F. Anti–α-SMA images for the two antibodies were acquired using the same exposure time. BV, Blood vessel. 
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(BKCa) as well as a delayed outward rectifier K+ current (IK), which 
is mediated by Kv1.6 channels in rat cells and by Kv1.5 and Kv1.6 
in human cells. Similar slow and rapid delayed rectifier currents 
(IKr and IKs) have been recorded in neonatal rat ventricular fibro-
blasts and are presumably conducted via Kv1.2, Kv1.4, Kv1.5, 
and Kv2.1 channels.27 Cultured adult rat and mouse ventricular 
myofibroblasts express the gene encoding the Kir6.1 channel; in 
mouse cells, the expression of Kir6.1 along with subunits of the 
sulfonylurea receptor-2 (SUR2) channel generates a robust ATP-
sensitive K+ current (IKATP) potentiated by pinacidil.28 Adult 
human and neonatal rat ventricular fibroblasts were also found 
to express a transient outward K+ current (Ito) that in human cells 
is conducted by Kv4.2 and Kv4.3 channels and in rat cells by 
Kv4.2 and Kv1.4. Beside K+ currents, cultured human ventricular 
fibroblasts express TTX-sensitive and TTX-resistant Na+ cur-
rents and swelling-induced Cl– current,29 whereas human atrial 
fibroblasts express voltage-gated H+ currents.27 Interestingly, a 
recent study has demonstrated that differentiation of human 
atrial fibroblasts into myofibroblasts in cell culture is associated 
with the de novo expression of a fast voltage-gated Na+ current 
predominantly carried by the α-subunit of the cardiac Na+ 
channel (Nav1.5).30 The potential relevance of this finding for 
atrial fibrotic disease and arrhythmogenesis is unknown. Endo-
genous expression of a functional Na+-Ca2+ exchanger (NCX1 or 
NCX3 isoform) and L-type Ca2+ channel α-subunit (Cav1.2) has 
been shown to modulate the Ca2+ inflow in cultured fibroblasts 
and potentially contribute to regulation of myofibroblast prolif-
eration, migration, contraction, and collagen secretion.27,31,32 
Importantly, the majority of the ion currents described in the 
studies mentioned here were detected in only a fraction of all  
the fibroblasts or myofibroblasts studied, thereby confirming the 
large phenotypic and functional diversity of these cells.

Fibroblast Mechanosensing and Transient  
Receptor Potential Channels

Both fibroblasts and myofibroblasts have been considered mecha-
nosensitive cells, whereby their patterns of gene expression, pro-
liferation rate, contractile and electrical properties, and sensitivity 
to and secretion of different soluble factors and ECM proteins 
are directly influenced by the mechanical state of their environ-
ment.13 The phenomenon in which cell electrical properties are 
altered in response to a mechanical stimulus is called mechanoelec-
tric feedback. In cardiac fibroblasts, mechanoelectric feedback is 
likely mediated via Ca2+-permeable, stretch-sensitive channels of 
unknown molecular identity that likely belong to a family of 
transient receptor potential (TRP) channels.27,33,34 TRP channels 
are weakly sensitive to changes in membrane voltage and are 
regulated instead by stretch, oxidative stress, osmotic pressure, 
temperature, pH, or membrane receptor activation. The activity 
of these channels sensitizes cardiac fibroblasts to physicochemical 
changes in their environment. Transcripts of several TRP chan-
nels from the canonical (TRPC1,4,6), vanilloid (TRPV2,4), and 
melastatin (TRPM4,7) subfamilies were identified in human 
atrial fibroblasts, and TRMP7 (but not TRPC6 or TRPV2,4) 
currents were also successfully recorded in these cells using 
single-channel and whole-cell patch clamp. Similarly, adult rat 
ventricular fibroblasts were reported to express transcripts of 
TRPC2,3,5,6, TRPV2,4,6, and TRPM4,7 channels, and TRPV4 
and TRPC6 channels were shown to mediate Ca2+ entry into 
these cells. Furthermore, adult rat ventricular (but not human 
atrial) fibroblasts were found to express nonselective cation cur-
rents likely carried by TRPC3 and TRPC6 channels, or their 
heteromers.34 In response to mechanical compression, cardiac 
fibroblasts generate membrane potential depolarizations known 
as mechanically induced potentials that, through capacitive or poten-
tial electrotonic coupling with cardiomyocytes, can modulate 

to –100 mV increased the amplitude of both the steady-state and 
small time-dependent current components (see Figure 30-2, A2). 
Furthermore, the steady-state current-voltage (I-V) relationships 
of different types of fibroblasts and myofibroblasts exhibited 
similar shapes, typical of unexcitable cells, with a moderate 
outward rectification present at higher membrane potentials (see 
Figure 30-2, B). In a recent study, cultured fibroblasts isolated 
from infarcted rat ventricles exhibited a hyperpolarized resting 
potential and increased outward current density compared with 
fibroblasts isolated from healthy ventricles.25

Cardiac fibroblasts and myofibroblasts express a variety of 
voltage-sensitive currents and related ion channel genes and 
proteins.27-29 For example, inward rectifier, Ba2+-sensitive K+ 
current (IK1) controls RMP in freshly isolated adult rat ventricular 
fibroblasts (where it is likely mediated by Kir2.1 channels) and 
cultured commercially available (ScienCell Research Laboratory 
[CA, USA]) human ventricular fibroblasts (in which both Kir2.1 
and Kir2.3 are expressed). Both rat and human adult ventricular 
fibroblasts express Ca2+-activated large conductance K+ channels 

Figure 30-2.  Current-voltage characteristics of various fibroblasts. A1 and A2, Rep-
resentative whole-cell current traces from a human ventricular fibroblast when cell 
membrane  voltage  was  held  at  –40  mV  (A1)  or  –100  mV  (A2)  and  stepped  in 
10-mV  increments  from −80  mV  to  30  mV.  B,  Steady-state  current-voltage  (I-V) 
relationship (mean ± SEM) recorded in neonatal rat ventricular fibroblasts (nRVF; n 
=  5), neonatal  rat ventricular myofibroblasts  (nRVMF; adapted  from Rohr et.  al26), 
human  ventricular  fibroblasts  (HVF;  n  =  4),  neonatal  human  dermal  fibroblasts 
(nHDF; n = 5), human embryonic kidney 293 fibroblasts (HEK 293; n = 3), and mouse 
NIH 3T3 fibroblasts (NIH3T3; n = 25). 
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myofibroblasts respond to mechanical or oxidative stress or 
various inflammatory and profibrotic cytokines (e.g., AngII, 
TGF-β, TNF-α, IL-6, ET-1) by upregulating the secretion of 
ECM proteins (predominantly collagen III and I) and MMPs.16-18 
The resulting degradation of old and excessive production of new 
ECM yields one or more of the following: (1) formation of a large 
collagenous scar, (2) lateral separation of cardiomyocyte bundles 
when collagen is deposited interstitially, (3) both longitudinal and 
lateral separation of cardiomyocytes when lost myocytes are 
replaced with fibrous tissue, or (4) perivascular fibrosis (see 
Figure 30-3). Based on histologic appearance, cardiac tissue 
fibrosis can be classified as compact, interstitial, patchy, and 
diffuse.36 Compact fibrosis is associated with healed infarct scars 
and can act as an anchor for macroscopic reentry. Interstitial 
fibrosis yields lateral separation of cardiomyocytes and, by selec-
tively impeding transverse conduction, can lead to the generation 
of microreentrant circuits. Patchy fibrosis involves partial electri-
cal insulation of groups of cardiomyocytes over relatively long 
distances (>1 mm) yielding the formation of tortuous conduction 
paths, increased vulnerability to block, and consequently, a highly 
arrhythmogenic substrate. Diffuse fibrosis is more disperse than 
patchy fibrosis and relatively nondisruptive to conduction; 
however, when excessive, it can also precipitate functional reentry. 
In fibrotic disease, nonconducting fibrous tissue typically creates 
localized alterations in the source-load ratio of upstream (excited) 
to downstream (unexcited) tissue areas, creating a substrate with 
discontinuous or nonuniform conduction. Fibrotic insulation of 
groups of cardiomyocytes can also facilitate the induction and 
propagation of early afterdepolarizations, such as those that arise 
during oxidative stress in aged myocardium.37 In this case, ectopic 
activity is likely triggered in regions with an intermediate degree 
of fibrosis, because too little fibrosis can prevent early afterdepo-
larization initiation, whereas too much fibrosis can block its 
propagation.

cardiac electrical properties.35 In addition to voltage-gated and 
TRP channels, cardiac fibroblasts and myofibroblasts express a 
variety of membrane-bound receptors and integrins that mediate 
their sensitivity to different chemical and ECM-mediated stimuli 
and potentially support their long-range communication and 
signal integration.

Arrhythmogenic Effects of Myofibroblasts

The described fibroblast-to-myofibroblast phenotype switch 
caused by different pathologic stimuli has a critical role in cardiac 
remodeling, a process that involves changes in the size, structure, 
and function of the heart. Upon the onset of disease, cardiac 
remodeling initially allows the heart to adapt to changes in its 
environment in order to maintain normal cardiac output. 
However, maladaptive cardiac remodeling (i.e., excessive cardiac 
fibrosis) owing to persistent myofibroblast-related activity has 
been implicated as a major risk factor for cardiac death by increas-
ing the susceptibility to cardiac mechanical dysfunction and 
arrhythmias. In general, myofibroblasts can negatively affect 
cardiac electrical function through mechanisms related to their 
altered turnover of ECM proteins (Figure 30-3), secretion of 
specific soluble factors (Figure 30-4), and potential for direct 
contact with adjacent cardiomyocytes (Figure 30-5).

Extracellular Matrix–Mediated Effects on Cardiac 
Electrical Activity

The formation of a fibrotic tissue substrate because of  
cardiac disease (e.g., chronic heart failure, hypertension, cardio-
myopathy, myocardial infarction) or aging occurs when activated 

Figure 30-3.  Patterns of cardiac fibrosis. A, Healthy heart with normal impulse conduction. B, Interstitial fibrosis in which lateral deposition of collagen and myofibroblasts 
mainly  impedes  transverse  but  not  longitudinal  impulse  conduction.  C,  Patchy  fibrosis  where  replacement  of  dead  cardiomyocytes  with  fibrous  tissue  obstructs  both 
longitudinal and transverse  impulse conduction. D, Perivascular fibrosis  in which fibrous tissue around blood vessels  impairs O2 supply and conduction  in surrounding 
myocardium. 
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fibroblast proliferation, activation, and deposition of collagen, as 
well as by directly altering cardiomyocyte electrical activity (see 
Figure 30-4) and survival.17,18,24 The most well-studied profibrotic 
cytokines in the heart are TGF-β1 and AngII. TGF-β signaling is 
activated in response to cardiac injury, hypertrophy, or pressure 
overload, where it plays a central role in the generation of the 
profibrotic response.39,40 TGF-β in the heart is primarily expressed 
by fibroblasts but also by cardiomyocytes. Both cell types express 
TGF-β receptors that represent heteromers of type I and type II 
receptors. Upon TGF-β binding, the type I receptor (also known 
as activin-linked kinase 5) phosphorylates Smad2 and Smad3, 
which then bind to Smad4, and after translocation into the nucleus 
activate downstream pathways, including Ras/MEK/ERK, p38, 
and JNK. TGF-β signaling is inhibited by Smad7. Mice constitu-
tively overexpressing TGF-β1 in cardiomyocytes show atrial but 
not ventricular fibrosis, confirming the higher susceptibility of 
atria to fibrotic disease. Treatment of cultured cardiac fibroblasts 
with TGF-β induces their conversion to α-SMA+ myofibroblasts 
and significantly enhances their ECM deposition through 
increased expression of ECM genes, downregulation of MMPs, 
and upregulation of plasminogen activator inhibitor (PAI)-1 and 
TIMPs.40 TGF-β can also directly alter myocyte electrical activity 
by reducing inward rectifier K+ current, fast Na+ and L-type Ca2+ 
currents, and gap junctional coupling.24

AngII is a potent vasoconstrictor and profibrotic factor abun-
dantly expressed in hearts undergoing myocardial remodeling. 
Increased Ang II expression in transgenic mice by cardiac-
restricted upregulation of angiotensin-converting enzyme causes 
atrial dilatation, focal fibrosis, and atrial fibrillation (AF).41 Ang 
II is produced in the injured heart by activated macrophages, 
cardiac myofibroblasts, and cardiomyocytes, where it acts through 
binding to its receptors AT1 and AT2, of which AT1 but not AT2 
is expressed in cardiac fibroblasts. Binding of AngII to AT1 recep-
tor in fibroblasts stimulates their production of profibrotic factors 
(TGF-β1, ET-1, FGF-2) and ECM proteins.17,18 TGF-β1 acts in 
an autocrine fashion on fibroblasts (and in a paracrine fashion  
on surrounding cardiomyocytes) to stimulate AT1 expression 
directly, thereby potentiating the fibrotic response. Thus, AngII 
and TGF-β1 act synergistically as part of an integrated signaling 
network to drive fibrogenic responses in the heart by augmenting 
the effect that TGF-β has on fibroblast proliferation, differentia-
tion, and ECM deposition.18,41

AngII can also directly affect cardiomyocyte electrophysiol-
ogy.24,42 In atrial myocytes, Ang II has been shown to upregulate 
the expression of L-type Ca2+ channels via protein kinase C–
dependent and cyclic AMP response element-binding protein 
(CREB)-dependent pathways, which can lead to sarcoplasmic 
reticulum Ca2+ overload and triggered activity. AngII can also 

In addition to the physical impediment of AP spread, fibrotic 
areas in the heart can also alter (via mechanoelectric feedback) 
the electrical properties of bordering cardiomyocytes by stiffen-
ing their attachment matrix or by altering the mechanical load 
experienced by cardiomyocytes. In support of this concept, 
increased beta-myosine heavy chain (β-MHC) expression (char-
acteristic of pathologic cardiac hypertrophy in mice) was pre-
dominantly detected in cardiomyocytes that bordered fibrous 
collagen-rich regions in pressure-overloaded and aged hearts.38 
Furthermore, myofibroblast proliferation and collagen deposi-
tion can reduce the volume of cardiomyocyte extracellular space, 
increasing its resistance and propensity for rapid K+ accumulation 
during repetitive excitation, both of which are expected to 
increase the vulnerability to conduction slowing and block. 
Finally, excess myofibroblasts and collagen deposition in the peri-
vascular space can form a diffusion barrier to oxygen and nutri-
ents and create local ischemic environments that can significantly 
alter cardiomyocyte electrophysiology (see Figure 30-3).

Paracrine and Autocrine Effects on Cardiac 
Electrical Activity

Various cytokines and growth factors are known to promote 
arrhythmogenic changes in the cardiac substrate by increasing 

Figure 30-5.  Effects of potential myofibroblast-cardiomyocyte coupling on cardiac electrophysiology. The existence of heterocellular electrical coupling via gap junctions 
or mechanical coupling via adherens junctions could yield cardiomyocyte depolarization and APD alterations that could create arrhythmogenic conduction slowing, trig-
gered activity, or both. 
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TNF-α exerts multiple proarrhythmic changes in cardiomyocyte 
electrical properties, including reduction of transient outward, 
delayed rectifier, and ATP-sensitive K+ currents, L-type Ca2+ 
current,24 and an increase in sarcoplasmic reticulum Ca2+ leak.49

Upon cardiac injury, interleukin-1β (IL-1β) is produced by 
various cells including cardiac fibroblasts. IL-1β stimulates fibro-
blast migration and net ECM degradation through increased 
secretion of MMPs.18 IL-1β has been shown to downregulate 
Cx43 expression in cardiomyocyte cultures and potentially in 
canine cardiomyocytes, fibroblasts, and myofibroblasts within the 
infarct border zone.50 Reduced Cx43 expression could in turn 
promote cardiac fibrosis via enhanced myofibroblast activity and 
proliferation51,52 and result in the generation of an arrhythmo-
genic substrate.

In addition to studies describing the role of individual growth 
factors or cytokines in cardiac hypertrophy, electrophysiology, 
and fibrogenesis, several in vitro studies have examined how 
fibroblast-conditioned media affect the function of neonatal rat 
ventricular myocytes (NRVMs). Although most of these studies 
show that fibroblast paracrine factors induce hypertrophy and 
enhance contractile activity of NRVMs, a study by Pedrotty 
et al53 also described the profound effects that neonatal rat ven-
tricular fibroblast conditioned media had on NRVM electrical 
properties, including increased spontaneous activity, significantly 
depolarized RMP, twofold conduction slowing, and twofold APD 
prolongation. These functional changes were accompanied by a 
significant reduction in the expression of Nav1.5, Kir2.1, and 
Kv4.3 genes, an increased β-MHC/α-MHC expression ratio, and 
no change in Cx43 or Cx45 gene expression. Interestingly,  
these deleterious effects were prevented if media conditioning  
by fibroblasts occurred in noncontact cocultures with cardiomyo-
cytes, but not in the presence of cardiac conditioned media.  
This result suggests the existence of local paracrine cross-talk 
between cardiac fibroblasts and myocytes, which in physiologic 
conditions, when numbers of the two cell types are balanced, 
prevents the adverse paracrine effects to occur. However, if  
the number of fibroblasts was locally increased or the number of 
cardiomyocytes was locally decreased, such as in fibrotic disease, 
this protective balance would be compromised and the  
fibroblast paracrine action would negatively affect the electrical 
function of the surrounding cardiomyocytes and potentially lead 
arrhythmic activity. Although impulse conduction was also 
slowed in the NRVM monolayers exposed to media conditioned 
by adult myofibroblasts from healthy or infarcted rat hearts, the 
APD of the treated NRVMs was reduced,25 suggesting that 
fibroblast-secreted factors and their functional roles may be also 
age-dependent.

Overall, paracrine factors from fibroblasts and myofibroblasts 
are expected to affect cardiac electrical function in vivo, but  
this finding still awaits definite confirmation from studies that 
would selectively manipulate fibroblast secretome in the intact 
heart. Whether the phenotypic diversity and specific spatial dis-
tribution of fibroblasts or myofibroblasts in the heart can lead to 
paracrine-mediated generation of a heterogeneous arrhythmo-
genic substrate is currently unknown and also warrants further 
studies.

Cell Contact–Mediated Effects on Cardiac  
Electrical Activity

The fact that cardiac fibroblasts and myofibroblasts express 
various voltage-sensitive and mechanosensitive ion channels sug-
gests the intriguing possibility that these cells could modulate 
cardiac electrical activity by directly coupling with cardiomyo-
cytes through functional gap junctions (see Figure 30-5). Cur-
rently, however, there is no direct experimental evidence (except 
for a dye transfer study in the SA node54) that cardiac fibroblasts 

enhance nuclear factor κB binding to the promoter for SCN5A 
(the gene encoding Nav1.5), which decreases the expression of 
fast Na+ channels and reduces cardiomyocyte excitability. Binding 
of AngII to AT1 receptors in cardiomyocytes also leads to the 
formation and eventual internalization of a complex that includes 
Kv4.3 channel, thus reducing the transient outward K+ current 
(Ito) and potentially prolonging the cardiac action potential dura-
tion (APD). Similarly, by binding to AT1 receptors and activating 
the protein kinase C–dependent pathway, AngII reduces the 
delayed rectifier IKr/hERG current, which in turn can contribute 
to APD prolongation and increased arrhythmogenesis in cardiac 
hypertrophy and failure. On the other hand, AT1 stimulation by 
AngII enhances IKs in atrial cardiomyocytes, which promotes 
APD shortening and explains the basis for AngII-mediated 
increase in AF vulnerability. In addition to its effects on cardiac 
voltage-gated ion channels, AngII can also stimulate Ca2+ influx 
via activation of TRP3 and TRP6 channels leading to cardiac 
hypertrophy. Lastly, AngII has been shown to mediate the reduc-
tion of connexin43 in ventricular myocytes via c-Src tyrosine 
kinase upregulation, which could lead to increased risk of ven-
tricular fibrillation and death.43

PDGF is another molecule that plays a significant role in 
cardiac fibrotic disease by stimulating fibroblast proliferation and 
differentiation.17,44 Recently, upregulated expression of PDGF-A 
and -D, and PDGF receptors -α and -β by cardiac interstitial 
cells including myofibroblasts was suggested as having a role in 
infarct scar formation and contributing interstitial fibrosis during 
the later stages of remodeling.45 Activation of PDGF receptors 
initiates signaling via mitogen-activated protein kinase, JAK/
STAT, and phospholipase C pathways, leading to fibroblast 
hyperresponsiveness, specifically in the atria. The regional differ-
ence in PDGF receptor expression levels could also explain why 
the atria are more susceptible to fibrotic remodeling than the 
ventricles.12 PDGF can also act to promote fibrosis by elevating 
TGF-β levels.44

FGF-2 is primarily secreted by cardiac fibroblasts and cardio-
myocytes in response to adrenergic or AngII stimulation. FGF-2 
is translated into a high- and low-molecular-weight isoforms 
(Hi-FGF-2 and Lo-FGF-2), of which Hi-FGF-2 is predomi-
nantly expressed by fibroblasts. In the extracellular environment, 
FGF-2 acts in a paracrine fashion to induce fetal gene program 
and promote hypertrophy of cardiomyocytes and in an autocrine 
fashion to promote fibroblast proliferation and secretion of other 
hypertrophic factors, such as cardiotrophin-1 (CT-1).17,46 In addi-
tion to its profibrotic and prohypertrophic actions, FGF-2 was 
reported to promote the opening of non–voltage-gated Ca2+-
permeable channels and stimulate Cx43 phosphorylation in 
cardiomyocytes.24

ET-1 is secreted by a number of cells in the heart, including 
endothelial cells, cardiomyocytes, and fibroblasts. TGF-β and 
Ang II promote ET-1 production via JNK and ERK/ROS path-
ways, respectively.44 ET-1 induces myocyte hypertrophy and 
stimulates fibroblast ECM production and differentiation to 
myofibroblasts.18 ET-1 also mediates electrical remodeling 
during heart failure by downregulating myocyte expression and 
phosphorylation of gap junctional proteins Cx40 and Cx43 and 
by reducing Nav1.5 protein expression and Na+ channel conduc-
tance.47 Similarly, exposure of cultured cardiomyocyte monolay-
ers to ET-1 yields reduced Cx43 expression and conduction 
slowing.48

TNF-α in the healthy and injured heart is secreted by a 
number of cells, including cardiac fibroblasts in which TNF-α 
secretion is enhanced by hypoxia and stimulation by AngII, sero-
tonin, or mechanical stretch.17,18 TNF-α binds to two cell 
receptors—TNFRI and TNFRII—both of which are expressed 
by cardiac fibroblasts and myocytes. TNF-α binding to its recep-
tors stimulates fibroblast proliferation and migration, as well as 
the expression of MMPs and proinflammatory cytokines.18 
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excitability by effectively decreasing the excitation threshold, 
whereas further RMP depolarization would inactivate Na+ chan-
nels and decrease the AP upstroke and conduction velocity. Even 
higher levels of cardiomyocyte RMP depolarization could induce 
triggered activity, whereas extreme RMP depolarization would 
render cardiomyocytes unexcitable.24,62 If the cardiomyocyte IK1 
were reduced (e.g., in nodal tissues, infarction, failure, Andersen-
Tawil syndrome), potential electrical coupling with fibroblasts 
and myofibroblasts would be more likely to induce noticeable 
changes in cardiac RMP. The resulting conduction slowing or 
triggered activity could present arrhythmogenic risks that would 
be further exacerbated in conditions of high oxidative stress or 
hypokalemia.63 However, in patients with AF and increased IK1,

41 
cardiomyocyte RMP depolarization owing to electrical coupling 
with myofibroblasts could be antiarrhythmic.

In addition to resistive (static) loading that would act to depo-
larize cardiomyocyte RMP, coupled fibroblasts would also impose 
a capacitive load on cardiomyocytes by contributing additional 
membrane area to be charged and discharged by cardiomyocytes, 
thus effectively diluting cardiomyocyte channel density. This in 
turn would affect any time-dependent (dynamic) change in the 
cardiomyocyte membrane potential, such as AP generation. In a 
recent study, McSpadden et al62 generated micropatterned pairs 
made of a neonatal rat cardiomyocyte coupled to a variable-sized 
Cx43-overexpressing HEK293 cell (Cx43/HEK293), used as a 
generic model of an unexcitable cell (see Figure 30-2, B) able to 
strongly couple with cardiomyocytes.62 They showed that capaci-
tive loading by coupled fibroblasts acted to significantly slow the 
AP upstroke velocity in cardiomyocytes, effectively reducing 
cardiac excitability. For the strong HEK293-cardiomyocyte cou-
pling studied, with an increase in HEK293 size (and capacitance), 
this capacitive effect on cardiomyocytes occurred before the 
onset of significant RMP depolarization. Accordingly, coupling 
of Cx43/HEK293 cells to cardiomyocyte monolayers resulted in 
a fivefold decrease in conduction velocity despite only a slight 
depolarization of cardiac RMP, signifying the capacitive loading 
of cardiomyocytes as a potentially powerful modulator of cardiac 
conduction.10,62

Besides passive (resistive and capacitive) loading of cardio-
myocytes, coupled myofibroblasts could also actively modulate 
cardiac AP shape through the activation of their voltage-sensitive 
or mechanosensitive ion channels. For example, during cardiac 
AP, fibroblasts coupled to an activating myocyte would also 
undergo depolarization and, when sufficiently depolarized, acti-
vate their voltage-sensitive outward currents (see Figure 30-2), 
causing membrane repolarization. This in turn would tend to 
generate a flow of gap junctional current from the cardiomyocyte 
(source) into the fibroblast (sink), yielding shortening of the 
cardiac APD. Depending on the fibroblast RMP, magnitude and 
type of its voltage-sensitive currents, strength of coupling with 
cardiomyocytes, and the APD of unloaded cardiomyocyte, the 
described passive and active loading scenarios could result in dif-
ferent degrees of shortening or lengthening of the cardiac APD. 
Furthermore, fibroblast mechanosensitive channels, dynamically 
activated during cardiac tissue contraction, could generate inward 
currents in fibroblasts and in turn depolarize coupled cardiomyo-
cytes or accelerate their firing rate (e.g., in SA node). Coupled 
myofibroblasts could also support passive (detrimental) impulse 
conduction over a distance of a few hundred micrometers and 
electrotonically bridge remote cardiomyocytes.24 Whether this 
bridging effect would be proarrhythmic or antiarrhythmic would 
likely depend on the specific distribution and density of such 
bridges in the cardiac tissue. At least in the NRVM-myofibroblast 
monolayers, increased myofibroblast density uniformly decreased 
conduction velocity and increased complexity of the reentrant 
activity while significantly reducing its dominant frequency. 
Interestingly, for a particular myofibroblast density studied, both 
an increase and decrease in cardiomyocyte-myofibroblast 

or myofibroblasts can functionally couple with cardiomyocytes in 
the intact heart or that this coupling could have a significant role 
in cardiac function or malfunction. In transmission electron 
micrographs from SA nodes or infarcted ventricles, cardiomyo-
cytes, fibroblasts, and myofibroblasts formed close membrane 
appositions but still remained separated by the basement mem-
brane.50,55 However, in the rabbit SA node,55 but not in the canine 
infarct border zone,50 small gap junction–like structures were 
observed between abutting fibroblasts. The strongest evidence 
for cardiomyocyte-fibroblast gap junctional coupling in situ 
comes from Camelliti et al54 who showed examples of Cx45+ 
immunostaining between fibroblasts and cardiomyocytes in the 
SA node. They also observed the infiltration of Cx45+/vimentin+ 
cells into sheep infarcts as early as a few hours after ligation, fol-
lowed by the appearance of Cx43+/vimentin+ cells within the 
subsequent 6 to 12 days. Most recently, the same group reported 
that approximately 3% of Cx43+ labeling in rabbit atria and ven-
tricles resided in cardiomyocyte-fibroblast contacts, and up to 
9% of Cx40+ labeling in the atrioventricular node was 
heterocellular.56

In contrast to the scarce evidence for the structural and func-
tional coupling of fibroblasts and cardiomyocytes in the intact 
heart, there is a general agreement that these two cell types can 
functionally couple in vitro. The gap junction proteins poten-
tially involved in this heterocellular coupling vary in different 
reports. Rohr24 has shown strong expression of Cx43 and Cx45 
but not Cx40 protein in neonatal rat ventricular myofibroblasts, 
but other groups have shown no Cx43 expression in these cells.57 
Weak expression of Cx45 and no expression of Cx43 or Cx40 was 
found in neonatal rat ventricular fibroblasts10; however, cultured 
adult mouse fibroblasts expressed Cx40 and Cx43, but not Cx45.58 
Furthermore, in recent studies, cultured myofibroblasts isolated 
from infarcted hearts showed increased levels of Cx43 expression 
compared to those isolated from healthy hearts.25,59 Although gap 
junctions between cultured fibroblasts/myofibroblasts and car-
diomyocytes can form without doubt, the frequency of this for-
mation and the potential that selected cellular fractions are more 
amenable to coupling than others still remain to be explored. 
Using a well-controlled setting of micropatterned cell pairs, 
Pedrotty et al60 found that only 9.6% of neonatal rat ventricular 
myocyte-fibroblast pairs showed Cx43+ staining at the approxi-
mately 90-µm-long cell-cell border, and that instead of intercel-
lular gap junction formation, heterocellular contacts with 
fibroblasts predominantly yielded internalization of Cx43 in 
cardiomyocytes.

Despite variable reports on the type of connexins involved, 
most of the studies agree that a certain degree of functional 
electrical coupling (from very weak to relatively strong) exists 
between cultured fibroblasts/myofibroblasts and cardiomyocytes. 
Because cardiac fibroblasts are unexcitable and have a depolarized 
RMP, their electrical coupling with cardiomyocytes will both 
depolarize cardiomyocyte RMP and impose capacitive load 
during AP upstroke and repolarization. The specific shape of the 
fibroblast I-V curve (see Figure 30-2, B) relative to that of a 
cardiomyocyte (mostly governed by its IK1) and the strength (con-
ductance) of their gap junctional coupling will together deter-
mine the level of cardiomyocyte RMP depolarization. Different 
studies report highly variable effects that fibroblast/myofibroblast 
coupling with cardiomyocytes has on cardiac RMP, starting from 
a negligible change10,61 to strong depolarization.24 In the healthy 
adult myocardium with strong IK1 expression and large 
cardiomyocyte size, one would generally expect that coupling to 
a fibroblast would only negligibly change the myocyte  
resting potential. Thus, relatively strong coupling with multiple 
fibroblasts or a significant increase in fibroblast/myofibroblast 
inward current without a change in resting potential would be 
necessary to induce significant cardiomyocyte depolarization. 
Slight depolarization of cardiomyocyte RMP can increase cardiac 
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used in the AF ablation, can form only if cardiomyocytes are 
electrically coupled with myofibroblasts and, unlike in previous 
computational studies,70 could not form because of collagen accu-
mulation alone. Furthermore, myofibroblast-myocyte coupling 
facilitated AF termination by complex fractionated atrial 
electrogram–targeted ablation, whereas the ablation in the 
absence of this coupling only converted AF to sustained atrial 
tachycardia.71 Although potentially important, these studies 
belong to a realm of mere academic exercise, pending proof that 
the functional fibroblast-myocyte coupling in the heart is indeed 
a reality.

Cardiac Fibroblasts as Antiarrhythmic Targets

Recent clinical trials have identified myocardial fibrosis as an 
independent predictor of cardiac arrhythmias, including ven-
tricular tachycardia and fibrillation.72 Given the important roles 
of cardiac fibrosis in arrhythmogenic cardiac remodeling, the 
attenuation or reversal of fibrogenic processes in the heart by 
selective pharmacologic or gene targeting could lead to effective 
antiarrhythmic therapies (Table 30-2). Because cardiac fibroblasts 
and myofibroblasts are believed to be the main mediators of 
extracellular collagen accumulation in myocardial fibrosis as well 
as the generators of various profibrotic and inflammatory cyto-
kines, potential antifibrotic therapies for cardiac arrhythmias 
would likely target fibroblast proliferation, differentiation, ECM 
accumulation, and response to or secretion of different soluble 
factors. These therapies should be balanced and timely to allevi-
ate pathologic cardiac remodeling but not interfere with the 
initial compensatory response to cardiac injury.73

coupling strength increased the conduction velocity to a similar 
degree.64

In addition to electrical coupling, potential mechanical cou-
pling between myofibroblasts and cardiomyocytes has been pro-
posed recently as another mechanism that could contribute to the 
increased arrhythmogenicity observed in cardiac fibrotic disease 
(see Figure 30-5). In this scenario, N-cadherin–mediated 
“tugging” of cardiomyocyte membranes by myofibroblasts would 
activate mechanosensitive channels in myocytes, yielding RMP 
depolarization and conduction slowing.57 Consistent with this 
hypothesis, acute application of blebbistatin (to relax cellular 
prestress and prevent tugging) as well as gadolinium and strep-
tomycin (to block stretch-sensitive channels nonspecifically) fully 
reverted the observed conduction slowing. Silencing of Cx43 in 
myofibroblasts did not alter these findings, suggesting the domi-
nant involvement of mechanical rather than electrical coupling 
in these observations, although potential roles of Cx45 coupling 
were not addressed.57 Although direct proof for this mechanism 
by silencing N-cadherin expression in myofibroblasts was not 
provided, this study opened the possibility that, in the setting of 
fibrotic disease, mechanical contacts between myofibroblasts and 
cardiomyocytes might significantly alter cardiomyocyte electro-
physiology. Naturally, the critical question remains to be deter-
mined whether myofibroblasts in the heart couple to 
cardiomyocytes by N-cadherin junctions and whether the 
strength of this coupling and mechanical properties of the sur-
rounding three-dimensional microenvironment, which is sub-
stantially softer than the rigid substrate used for in vitro studies, 
are conducive to the hypothesized tugging effect. Furthermore, 
studies of heterocellular contact-mediated interactions are 
unavoidably confounded by the potential local paracrine or jux-
tacrine signaling by which interacting cells might also affect each 
other.

Other than potential functional coupling through gap or 
adherens junctions, recent in vitro studies have suggested the 
possibility that cardiomyocytes and fibroblasts can directly com-
municate through thin, long (up to ~20-30 micrometers) tubular 
structures known as tunneling nanotubes.65 It is unknown whether 
these structures are stable (or transiently formed secondary to cell 
motion) and how frequently they occur in vitro or in vivo. 
Regarding that the conductance of the tunneling nanotubes is in 
the sub-nanosiemens (sub-nS) range66 and that velocity of Ca2+ 
propagation through these structures appears to be approxi-
mately 1 µm/s,65 their relevance for the cardiac electrophysiology 
and arrhythmogenesis (assuming their presence in vivo) remains 
to be established. Nonetheless, the possibility that heterocellular 
exchange (even if transient) of genetic material, organelles, and 
other molecules can occur in the cardiac milieu could offer inter-
esting opportunities for the development of new cardiac 
therapies.66

Based on the in vitro evidence for functional electrical cou-
pling between cardiomyocytes and myofibroblasts, a number of 
recent computational studies have examined the potential effects 
of fibroblast number, size, passive and active membrane proper-
ties, and spatial distribution on cardiomyocyte AP shape and 
conduction. These studies suggest that heterogeneous spatial dis-
tribution of fibroblast-cardiomyocyte electrical coupling in the 
heart could yield proarrhythmic outcomes, including local con-
duction slowing and block, triggered activity, or spatially discor-
dant Ca2+ alternans.67,68 Furthermore, in a realistic computational 
model of infarcted rabbit ventricle, moderate densities of scar 
myofibroblasts coupled to cardiomyocytes were found to enhance 
arrhythmogenicity by augmenting APD dispersion in the periin-
farct zone, while high myofibroblast densities significantly depo-
larized myocytes, interrupted periinfarct zone conduction and 
prevented arrhythmia induction.69 Recently, computational 
studies in a simplified model of fibrotic atrial tissue suggested that 
complex fractionated atrial electrograms, often observed and 

Table 30-2. Examples of Antifibrotic Drugs

Drug Action

c-Src inhibitor Downregulation of RAAS by AngII 
inhibition

Pirfenidone Reduced TGF-β signaling by block of 
Smad nuclear translocation

Relaxin Reduced TGF-β1 signaling and 
myofibroblast differentiation, enhanced 
MMP-based collagen breakdown

Statins Downregulation of CTGF by RhoA 
inhibition, ROS inhibition, reduced 
MMP expression

Omega-3 fatty acids Reduced TGF-β signaling by block of 
Smad2/3 nuclear translocation via PKG 
activation

Geranylgeranylacetone Heat shock protein induction, TGF-β1 
inhibition

Acetaminophen ROS inhibition

β-blockers Reduced fibroblast proliferation and 
IL-6 secretion

Losartan AngII receptor inhibition

CTGF, Connective tissue growth factor; IL, interleukin; MMP, matrix 
metalloproteinase; PKG, cyclic guanosine monophosphate-dependent protein 
kinase; RAAS, renin–angiotensin–aldosterone system; RhoA, Ras homolog gene 
family, member A;  ROS, reactive oxygen species; SAP, stress-activated protein 
kinase; TGF, transforming growth factor.
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cardiac hypertrophy. Silencing miR-21 in failing hearts could 
prove to be a potentially powerful antifibrotic therapy. Similarly, 
miR-29 family members (miR-29a, miR-29b, and miR-29c) were 
found to be downregulated in the border zone of murine and 
human infarcts, and upregulating miR-29 expression decreased 
the collagen secretion of fibroblasts via suppression of TGF-β 
signaling. Recently, the expression of miR-101a and miR-101b 
was found to be decreased in the periinfarct area of the rat heart, 
and adenoviral overexpressing of miR-101a in a model of chronic 
infarction decreased interstitial fibrosis via inhibition of c-Fos 
expression and TGF-β1 signaling.83

In addition to targeting the profibrotic function of fibroblasts, 
recent studies in mice revealed the exciting possibility that viral 
delivery of cardiac transcription factors or miRs in the heart can 
reprogram resident cardiac fibroblasts into functional cardiomyo-
cytes.8,84 Provided that the reprogramming efficiency is opti-
mized and that similar strategies can be applied to humans, this 
approach could open the door to a new array of powerful gene 
therapies for heart disease. Similarly, successful genetic targeting 
of endogenous fibroblasts and myofibroblasts to alter their ion 
currents and enhance or inhibit their coupling to surrounding 
cardiomyocytes could foster the development of new antiarrhyth-
mic therapies.85

Conclusions and Future Directions

Although cardiac fibroblasts have long been regarded as a uniform 
and static cell population, recent studies have revealed that these 
cells are functionally and developmentally diverse and are actively 
involved in a number of processes that are essential to cardiac 
form and function. For this reason, an in-depth understanding of 
cardiac fibroblast origin, differentiation, and complex roles that 
they play in cardiac physiology and pathology will be fundamen-
tal to the ability to utilize these cells as a new therapeutic tool 
against arrhythmias and heart disease in general. However, 
current knowledge about cardiomyocyte-fibroblast interactions 
including complex bidirectional signaling through a shared extra-
cellular matrix, paracrine factors, or direct cell-cell contacts is 
highly limited. There is an overwhelming number of important 
questions remaining to be answered, such as:
1. Fibroblast origin and diversity in the heart—are there 

multiple progenitors involved in the generation of cardiac 
fibroblasts? How does the phenotype and function of 
fibroblasts changes with development and aging? Are there 
phenotypic and functional differences among fibroblasts 
from different regions of the heart (left vs. right vs. septum, 
base vs. apex, endocardial vs. epicardial)?

2. Fibroblast roles in cardiac pathology—do fibroblasts change 
their phenotype with cardiac disease? What are the 
molecular differences between fibroblasts and myofibroblasts 
in situ, including the repertoire of their ion channels, 
coupling proteins, and paracrine factors? What is the role of 
resident fibroblasts versus myofibroblasts versus nonresident 
(blood or endothelium-derived) myofibroblasts in cardiac 
disease? Are myofibroblasts of different origins involved in 
distinct types of fibrosis (e.g., perivascular, patchy, 
interstitial)? When and why does the initially protective 
action of myofibroblasts then become deleterious?

3. Fibroblast-cardiomyocyte relationships—how do multiple 
paracrine factors interact in a bidirectional manner to 
coordinate fibroblast and myocyte function in the heart? Do 
potential differences in the fibroblast phenotype in different 
regions of the heart correlate with regional differences in 
cardiomyocyte electrical phenotype? Can the type and 
amount of secreted ECM directly change the electrical 
properties of the attached myocytes? Do fibroblasts and 

Antifibrotic Drug Therapies

As previously described, upregulation of cardiac or systemic 
renin-angiotensin-aldosterone-system (RAAS) plays a critical 
role in different aspects of cardiac fibrogenesis. Furthermore, 
several animal models and retrospective analyses of clinical data 
have suggested that the downregulation of RAAS through the 
inhibition of AngII converting enzyme (e.g., lisinopril, imi-
daprilat, spironolactone), AngII receptors (e.g., eplerenone, 
losartan), or aldosterone (e.g., telmisartan, candesartan) is a 
promising strategy to reduce the incidence or persistence of atrial 
and ventricular arrhythmias. However, recent prospective ran-
domized clinical trials have been inconclusive; therefore, the 
potential utility of RAAS inhibition for antiarrhythmic therapy 
remains unproven.41 Because TGF-β signaling is also a major 
mediator of cardiac fibrosis, its pharmacologic inhibition might 
exert antifibrotic and potentially antiarrhythmic actions in the 
heart. For example, pirfenidone, a blocker of TGF-β–induced 
Smad nuclear translocation, reduced atrial and left ventricular 
fibrosis and associated arrhythmias in models of canine heart 
failure and rat myocardial infarction.74 Similarly, relaxin, an 
inhibitor of TGF-β effects, has been shown to reduce collagen 
content in murine models of fibrotic cardiomyopathy.75

Through their inhibition of fibroblast proliferation, migra-
tion, differentiation, and ECM turnover,18 cholesterol-lowering 
statins (e.g., atorvastatin, pravastatin) exhibit strong antifibrotic 
effects and could aid in the clinical prevention of AF.76 Similarly, 
the antiinflammatory effects of omega-3 fatty acids could also 
translate into an antifibrotic and AF-suppressing therapy.77 
Myeloperoxidase could represent yet another antiarrhythmic 
target because it has been shown to stimulate profibrotic signal-
ing cascade via generation of reactive oxygen species, leading to 
atrial fibrosis and fibrillation.78 In addition, ET-1 receptor block-
ers (e.g., bosentan) aimed at the reduction of ECM production 
and myofibroblast differentiation could decrease the incidence of 
AF in patients with structural heart disease.44 Besides different 
profibrotic soluble factors, Ca2+ inflow through TRMP7 channels 
has been shown recently to regulate TGF-β–induced prolifera-
tion and differentiation of human atrial fibroblasts from AF 
patients33 and could potentially prove to be a novel and powerful 
antiarrhythmic target.

Antifibrotic Gene Therapies

Genetic modifications of fibroblast function represent another 
promising approach for the treatment of fibrotic heart disease 
and related arrhythmias. Initial proof-of-concept studies have 
successfully targeted the downregulation of TGF-β/AngII signal-
ing in infarcted or pressure-overloaded rodent hearts. Recently, 
adeno-associated viral delivery of the small proteoglycan decorin 
prevented cardiac fibrosis by reducing TGF-β/Smad2/3 activa-
tion and p38 MAPK signaling in hypertensive rat hearts.79 Simi-
larly, in vitro knockdown of myocardia-related transcription 
factor A and B in cardiac fibroblasts reduced their TGF-β1–
induced transition to myofibroblasts, offering a potential gene 
therapy approach for cardiac fibrotic disease.80 Furthermore, 
overexpression of Fc receptors in monocytes could represent 
another strategy to alleviate fibrotic cardiomyopathy by prevent-
ing serum amyloid P–mediated differentiation of monocytic cells 
to fibroblasts.81

Recently, small noncoding RNAs (microRNAs [miRs]) have 
emerged as potentially important targets in the treatment of 
cardiac fibrosis and arrhythmias.82 For example, miR-21 expres-
sion in cardiac fibroblasts was found to be selectively upregulated 
in failing murine hearts where it enhanced ERK-MAP kinase 
activity and, by controlling fibroblast survival and cytokine secre-
tion, contributed to the formation of interstitial fibrosis and 
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understanding of how fibroblasts directly and indirectly interact 
with cardiomyocytes and other cells in the heart is likely to result 
in the development of new non–cardiomyocyte-targeted drug, 
gene, and cell therapies for cardiac arrhythmias.
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myofibroblasts electrically or mechanically couple to 
myocytes in the heart, and what are the consequences of this 
coupling for cardiac electrical function?
The lack of suitable fibroblast markers and more efficient 

lineage tracing tools are probably the most important reasons 
that attempts to understand the molecular and cellular events 
involved in fibroblast function or malfunction continue to be 
challenging for investigators. The inability to directly access or 
modulate fibroblast-cardiomyocyte interactions in situ is another 
limiting factor. Nevertheless, rapid advances in genetic fate 
mapping techniques (including the discovery of new markers  
of cardiac fibroblasts), in situ imaging technologies, and  
sophisticated tissue engineering and cell culture methods are 
warranted to facilitate future progress in this field. An enhanced 
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31 
human ventricular cell.26 By incorporating experimentally known 
ionic differences between atrial and ventricular myocytes, the 
model reconstructs essential aspects of atrial E-C coupling. It 
allows a systematic comparison of the main ionic currents under-
lying the human atrial action potential (Figure 31-1, in red) and 
highlights key differences with those underlying the ventricular 
action potential (Figure 31-1, in black).

Action Potential Characteristics

The human atrial action potential typically demonstrates a trian-
gular morphology (compared with a spike-and-dome shape with 
a prominent plateau phase of the ventricular counterpart).1,27 The 
human atrial action potential duration at 90% repolarization 
(APD90) at 1 Hz shows large variations of between 150 and 500 
msec, possibly influenced by recording conditions and ionic con-
centrations.2,4,27-31 The atrial resting membrane potential (Vrest) 
has been found to vary between −65 and −80 mV,2,4,27-31 and is 
more depolarized than in the human ventricle26,27 (also see Figure 
31-1). The depolarized Vrest in atrial cells compared with ven-
tricular cells is mainly attributed to differences in density of the 
inward rectifier K+ current, IK1

17,32,33 (also see later). Maximum 
upstroke velocities (Vmax) for atrial action potentials have been 
experimentally reported to vary between ≈150 and 300 V/s,2,27-31 
in contrast to higher values of 300 to 400 V/s for human ven-
tricular cells.26,33 Characteristic human atrioventricular action 
potential property/shape differences are replicated in most mam-
malian species,19 except for the murine myocardium (rat/mouse), 
where both atrial and ventricular cells display short, triangular 
action potentials.34,35

The Inward, Depolarizing Currents: (Na+, Ca2+)

Initiation of the atrial action potential is due to rapid activation 
of the inward Na+ current, INa, which is also the principal deter-
minant of Vmax. Functional differences in human ventricular and 
atrial INa biophysical properties were reported to be minimal,36-39 
but recent studies have shown that the molecular correlates of INa 
in the human atrial and ventricular myocardium are different. 
Although Nav1.5 was found to be the main α-subunit encoding 
for atrial/ventricular INa, the transcript for the β-subunit, Navβ1, 
was more prominently expressed in the human atrium.40 In addi-
tion, recent reports in canine atrial cells suggest that atrial INa has 
higher current density and a more negative steady-state half-
inactivation voltage value, when compared with ventricular 
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Our knowledge regarding the ionic bases of the atrial action 
potential has evolved continuously since the early transmem-
brane recordings made in isolated human atrial tissue almost 50 
years ago.1,2 The advent of the patch-clamp technique in the early 
1980s3 and the subsequent detailed characterization of the bio-
physical properties of the various ionic currents in human atrial 
cells4-7 led to the development of the first detailed quantitative 
mathematical models of the human atrial action potential in 
1998.8,9 This was followed by increased recognition that intracel-
lular Ca2+ ([Ca2+]i) homeostasis plays a major role in influencing 
atrial repolarization in both normal and pathophysiological con-
ditions, particularly in atrial fibrillation (AF).10-16 It resulted in 
formulations of newer quantitative models in 2011 that encapsu-
late the nonlinear interactions between ionic currents and (Ca2+)i 
to simulate human atrial excitation-contraction (E-C) cou-
pling.17,18 Studies have also documented regional variations in 
atrial electrophysiology,19 the influences of age-related changes,20 
and the ionic bases of atrial remodeling that occur as the result 
of AF21 and/or ventricular dysfunction.22 This chapter provides 
an overview of the principal ionic determinants of atrial action 
potentials at the cellular level in health and disease (mainly 
humans), their regional heterogeneities and age-related changes, 
and their behavior during functional reentry caused by one or 
more spiral waves (rotors) that have now been shown to sustain 
AF in animal models23 and more recently in humans.24,25

Ionic Bases of Atrial Action Potentials in the 
Healthy Myocardium

We recently developed a mathematical model of human atrial cell 
electrophysiology17 based on available experimental data. The 
atrial formulation was derived from an existing model of the 
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human atrial and ventricular cells in current density and steady-
state inactivation properties.44 At the transcript level, greater 
expression of the α-subunits Cav1.3 and Cav3.1 has been reported 
in the atrium, compared with the ventricle.40 Moreover, a more 
“negative voltage” of the triangular plateau phase causes a larger 
driving force (Vm − ECa; where Vm represents membrane voltage, 
and ECa represents reversal potential for ICaL), resulting in an ICaL 
current with a larger magnitude underlying the human atrial cell 
action potential (compared with its ventricular counterpart), as 
can be seen in Figure 31-1.17 Differences in regulation of human 
atrial (but not ventricular) ICaL by second messengers such as 
serotonin45 and phosphodiesterases46 (PDEs) have been reported 
and may further influence action potential morphology.47

The Outward, Repolarizing K+ Currents (K+)

The key current that sets the Vrest (i.e., the inward rectifier K+ 
current IK1) has a much smaller density (≈5-6-fold less) in human 
atrial cells compared with its ventricular counterpart,17,32 and this 
partially explains the depolarized Vrest in atrial as opposed to 
ventricular cells (see Figure 31-1). The smaller density of IK1 is 
also responsible in part for the slower late phase of repolarization 
in the atrium. The main molecular correlate of IK1, Kir2.1, is 
more robustly expressed in the human ventricle than in the 
atrium.40 The human atrium also expresses the fast, depolarization-
activated, 4-AP (aminopyridine)-sensitive, Ca2+-independent 
transient outward K+ current, Ito1.4,27 This current is responsible 
for the initial repolarization phase of the atrial action poten-
tial4,17,27,48,49 (see Figure 31-1). It is interesting to note that despite 
having almost a 2-fold higher density in the atrium than in the 
ventricle,27 the magnitude of Ito1 underlying the atrial and ven-
tricular action potentials is similar, likely as the result of action 
potential morphologies (see Figure 31-1). The main molecular 
correlates of human atrial Ito1 are Kv4.3/KChiP2 (α/β-subunits, 
respectively).40 The slow component of Ito1,slow (mainly encoded 
by Kv1.4) is absent in the human atrium, but present in the 
ventricle.17,26 A Ca2+-dependent transient outward K+ current, Ito2, 
has been reported in human atrial cells, but both its molecular 
correlate and its contribution to the action potential remain 
unclear.48 Human atrial cells also express three functional delayed 
rectifier K+ currents, which contribute to repolarization: the 
ultra-rapid delayed rectifier K+ current, IKur (molecular correlate 
Kv1.5)6,50 and the rapid and slow delayed rectifier K+ currents, 
viz, IKr, and IKs (molecular correlates HERG, KvLQT1).7,51,52 IKur 
is present only in the atrium (not ventricle), is active during the 
plateau phase (see Figure 31-1), and is blocked by low concentra-
tions of 4-AP (100 µM).5,6,50 Its atrial-selective nature has made 
it an attractive target for many antiarrhythmic drugs in develop-
ment for terminating and/or preventing recurrence of AF.53 
Compared with IKur, the contribution of IKr and IKs to the human 
atrial action potential is small (see Figure 31-1),17 in part because 
of their small density, and in part because of their triangular shape 
and plateau phase at relatively negative membrane voltages, 
which preclude both IKr and IKs from activating fully. However, 
considerable variability in the shape of the human atrial action 
potentials has been noted, and IKr/IKs are likely to contribute 
more in cells showing a prominent plateau phase and dome (the 
so-called type 1 action potentials).7

[Ca2+]i, Electrogenic Pumps and Exchangers

The human atrial action potential is also modulated by [Ca2+]i, 
which directly influences the inactivation of ICaL

54 and the mag-
nitude and temporal profile of the electrogenic Na+/Ca2+ 
exchanger current, INCX

10,55 (molecular transcript NCX140), and 
has an indirect influence on the Na+/K+ pump current, INaK, by 

cells.41 Similar differences were reported in guinea pig atrial and 
ventricular cells.42 Further, because of the more depolarized Vrest, 
the availability of atrial INa is less, which results in a smaller INa 
underlying the atrial action potential, compared with the ven-
tricular counterpart, as can be seen in Figure 31-1. The L-type 
Ca2+ current (ICaL) is mainly responsible for the plateau phase of 
the atrial action potential, as well as the Ca2+-induced Ca2+ release 
in human atrial cells.43 Patch-clamp experiments suggested that 
the T-type Ca2+ current (ICaT) was not present in human atrial 
cells.43 Experimental studies conducted in the Lederer lab 
reported differences in the biophysical properties of ICaL between 

Figure 31-1.  Key ionic currents underlying ventricular (black) and atrial (red) action 
potentials.  Depicted  in  this  figure  are  (A)  action  potentials,  (B)  Ca2+  transients 
([Ca2+]i), (C) sodium current, INa, (D) calcium current, ICaL, (E) rapid delayed rectifier 
current,  IKr, (F) slow delayed rectifier current,  IKs, (G)  transient outward current,  Ito, 
(H) ultra-rapid delayed rectifier current, IKur, (I)  inward rectifier current, IK1, (J) Na+/
K+ pump current, INaK, and (K) Na+/Ca2+ exchanger current, INCX. 
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potentials in normal sinus rhythm.17 However, large variations in 
human atrial action potential shapes (mainly triangular, some 
dome shaped) have been reported in cells isolated from the right 
atrial appendage, and this has been attributed to differences in 
current density ratios of Ito1/IKr in these cells.7 Recently, the 
carbachol-activated K+ current (IKACh) was reported to be 70% 
larger in RA than in LA, in sinus rhythm patients, with corre-
spondingly higher protein expressions of its molecular correlates 
(Kir3.1/Kir3.4) in RA versus LA.79 To the best of our knowledge, 
no report has described the ionic mechanisms underlying human 
PV cells. Thus available data regarding the regional variations in 
human atrial electrophysiology/underlying ionic mechanisms 
under healthy conditions are very limited, and further studies are 
needed in this regard. In the next paragraph, we briefly review 
the atrial action potential heterogeneity/ionic mechanisms in 
other animal species.

In healthy hearts of dogs and mice, the APD is shorter in LA 
than in RA, primarily on account of differences in current densi-
ties of the delayed rectifier K+ currents, that is, IKr in dogs and 
IKur and the steady-state K+ current Iss in mice display larger 
current densities in LA than in RA.70,80,81 In sheep atrial cells, the 
IKACh current has been shown to have a larger density in LA than 
in RA, whereas the density of IK1 was similar.82 In contrast, IKACh 
current density was larger in RA than in LA in mouse,83 similar 
to humans in sinus rhythm.79 The density of INa has been reported 
to be larger in LA than in RA in dogs.84 Besides LA and RA, 
differences within RA have also been reported. For example, the 
action potential properties of the pectinate muscles and the crista 
terminalis in the rabbit RA are different85; such differences have 
been attributed to differences in various ion channels (Na+, Ca2+, 
K+) and have been integrated into a mathematical model.86 Fur-
thermore, differences in the electrophysiological properties of 
cells isolated from the LA and PV regions have been extensively 
studied by the Nattel group in dogs73,74 and by the Chen group 
in rabbits.71,72 Canine PV cells exhibit a depolarized Vrest, a smaller 
Vmax, and shorter APD compared with LA cells.73 This has been 
attributed to a greater density of IKr, IKs, and a smaller density of 
ICaL, Ito1 in PV than in LA cells, whereas the densities of INCX and 
ICaT were found to be similar between PV and LA cells.73 It is 
interesting to note that Ca2+-handling properties were not differ-
ent between canine PV and LA cells.87 In rabbit PV cells, most 
cells demonstrated pacemaker activity.72 As reported in the ven-
tricle, epi-endocardial differences also exist within the atrium. A 
recent study in pigs reported a shorter refractory period in the 
atrial epicardium compared with the endocardium.88 This is in 
line with a shorter atrial epicardial APD recorded in the canine 
right atrial free wall compared with the endocardium.89 The 
canine atrial endocardium was also more sensitive to APD short-
ening after the addition of acetylcholine.89 However, the ionic 
mechanisms underlying atrial epicardium-endocardium differ-
ences remain unexplored.

Ionic Bases of Atrial Action Potential  
Variations With Age

Age-related changes in atrial action potential differences in 
humans have been most systematically investigated between 
infants (neonatal) and adults.29,30 Adult cells displayed a more 
prominent initial notch compared with neonatal atrial cells.29,30 
The properties of Ito1 were significantly different as well; Ito1 
displayed significantly higher density, faster inactivation, and a 
slower recovery from inactivation in neonatal compared with 
adult human atrial cells.29 Correspondingly, the protein density 
of Kv4.3 was higher and KChiP2 was lower in neonatal compared 
with adult cells.29 The properties of ICaL were also different: 
The basal density was smaller and the protein density of Giα3 
was larger in neonatal compared with adult cells, resulting in a 

influencing intracellular Na+ ion accumulation17 (molecular tran-
scripts Na/K ATPase α1, α3, β140). The Na+/Ca2+ exchanger 
current (INCX) is the main Ca2+ extrusion and Na+ influx pathway 
in cardiac myocytes. It extrudes 1 Ca+ in exchange for 3 Na+, thus 
generating an inward current that influences cardiac repolariza-
tion and arrhythmogenesis.56 The Na+/K+ pump (NKA) is the 
main route of Na+ efflux in cardiac cells, thus regulating intracel-
lular [Na+]. By extruding 3 Na+ in exchange for 2 K+, it generates 
an outward current that is known to influence both resting mem-
brane potential and repolarization.56 We recently simulated the 
[Ca2+]i homeostasis in human atrial cells, and our results showed 
that whereas INaK is primarily a repolarizing outward current, INCX 
can be both outward and inward; it contributes to repolarization 
in the early phase of the action potential, and is a negative current 
(depolarizing influence) during the later phase of the action 
potential, when it extrudes Ca2+ ions from the atrial cells (see 
Figure 31-1).17 INaK and INCX also influence the frequency depen-
dence of the human atrial action potential duration, which is 
discussed in later sections.

Other Ion Channels

Besides the currents discussed earlier, other ion channels are 
activated under specific conditions and can influence the human 
atrial action potential. These include the acetylcholine-activated 
K+ current, IKACh

28,57,58 (molecular correlates Kir3.1/3.440), the 
adenosine triphosphate (ATP)-sensitive K+ current, IKATP

59,60 
(molecular correlate, Kir6.1/6.2/SuR2.X40), the Ca2+-dependent 
nonselective cation current61,62 (molecular correlates unknown), 
and the hyperpolarization-activated funny current, If

63,78,93 
(molecular correlates HCN1/HCN440). Some reports indicate 
that a Ca2+-activated K+ current IKCa (putative molecular correlate 
SK240) may modulate the human atrial action potential64,65; 
however, its presence and its contribution to repolarization 
remain controversial, and species-specific variations have been 
suggested.66 Stretch-activated ion channels (ISAC), which have 
been reported in human atrial cells,67 influence both Vrest and 
APD; however, their molecular correlates remain unknown. 
Swelling-induced, outwardly rectifying chloride channels, such 
as ICl

−68 (putative molecular correlates Cl3,Cl6,Cl740), have been 
reported in human atrial cells. The transcripts of two-pore chan-
nels (TWIK1, TASK1) have also been reported to be present in 
the human atrium.40 However, no information is available on the 
contribution of these currents or that of ICl

− to the APD.

Ionic Bases of Regional Heterogeneity  
in Atrial Action Potentials

The atrium is a complicated three-dimensional (3D) structure, 
and the heterogeneities in electrical properties between different 
regions, such as the left atrium (LA), the right atrium (RA), and 
the pulmonary veins (PV) and their ionic basis have been exten-
sively studied in many species, including mouse,69,70 rabbit,71,72 
and dog.73,74 Information regarding such heterogeneity in humans 
is limited, but recent studies have begun to address the putative 
ionic/molecular basis for these differences. The frequencies of 
excitation in AF have been reported to show regional gradients 
during paroxysmal AF and postoperative AF, with LA-PV regions 
displaying the highest frequencies.75-77 This is highly indicative 
of underlying differences in biophysical properties of some ionic 
currents, and these variations, which are more prominent in 
disease conditions, are discussed later. In patients in normal sinus 
rhythm, Caballero and colleagues reported a higher density of 
IKur in the right than in the left atrial cardiomyocytes.52 Incorpo-
rating such data in human atrial mathematical models did not 
result in appreciable differences between the LA/RA action 
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rate of 5 to 10 Hz.92 Several studies have investigated the ionic 
mechanisms involved in the remodeling that occurs in the atria 
of patients with long-standing chronic AF, and have shown that 
electrophysiological remodeling contributes to the development 
of a substrate that facilitates the tendency for persistence of 
AF.102,103 Electrical remodeling induces changes in the biophysical 
properties of Na+, Ca2+, and K+ currents, which lead to shortening 
of the APD.104 Abnormal [Ca2+]i homeostasis also plays an impor-
tant role in AF-induced electrical remodeling.105,106 These changes 
in E-C coupling have been reviewed comprehensively in a recent 
article,16 and the important underlying ionic mechanisms are 
discussed in the following section.

Effects of AF on AP and [Ca2+]i

Atrial cells from patients in chronic AF (cAF) display shorter 
APD compared with healthy patients in normal sinus rhythm 
(Figure 31-2, A).28,107-110 Furthermore, the normal human atrial 
APD90 shortens when paced at progressively faster frequencies, 
but in cAF, this shortening is severely attenuated.17 The peak 
amplitude of [Ca2+]i is reduced in atrial myocytes from cAF 
patients compared with those of healthy patients (Figure 31-2, B), 
although the SR Ca2+ content is unaltered.17 [Ca2+]i decays more 
slowly in cAF compared with sinus rhythm.17,112 Our recently 
published mathematical model of the human atrial cell provided 
novel insights into the ionic mechanisms underlying the altered 
APD/[Ca2+]i in cAF (see Figure 31-2, A, B; black: sinus rhythm, 
red: cAF); the salient points are discussed here.

Ionic Remodeling in cAF

Sarcolemmal Ion Channels
INa  Bosch et al reported that the density of INa and the voltage 

dependence of steady-state activation were not altered in cAF in 

different response to a lower dosage of β-adrenergic stimula-
tion.90 In addition, Ca2+ transients, which influence both adult 
and neonatal human atrial action potentials,14,17,91 may display 
inherently different biophysical properties but remain unex-
plored. It is well known that the propensity for AF increases with 
age,92 but very few studies have been conducted to explore poten-
tial differences between adult and aged human atrial electro-
physiology, and most of the knowledge in this area has been 
derived from animal models (rat, rabbit, dog). This topic was 
reviewed comprehensively in a recent article. We briefly describe 
the salient points.20 Vrest was found to be more depolarized in rats/
dogs,94,95 whereas APD90 was more prolonged in rats/rabbits/dogs 
in aged compared with adult atria.20,96,97 The density of INa was 
not different,84 but the density of ICaL was reported to be smaller 
in canine atrial cells.98 Further, the density of Ito1 was higher, its 
steady-state half-inactivation value showed more positive values, 
and recovery from inactivation was slower in canine aged atrial 
cells compared with their adult counterparts.98 The density of the 
sustained outward K+ current, Isus, was also reported to be larger 
in aged canine atrial cells.98 In addition to the changes in ionic 
currents and action potentials, an increased level of interstitial 
fibrosis and modifications in intercellular coupling have been 
reported in aged compared with adult tissue,99,100 and this may 
further enhance the susceptibility to AF with age. It is likely that 
Ca2+ handling is different between aged and adult atrial tissue, 
but this issue remains unexplored, especially in humans.

Action Potential and Ionic Remodeling in 
Chronic Atrial Fibrillation

AF is the most common cardiac arrhythmia seen in the clinic; it 
affects approximately 2 million people in the United States 
alone101 and is one of the main causes of embolic stroke.92 AF is 
characterized by rapid and irregular activation of the atria, at a 

Figure 31-2.  A, Comparison between ionic currents and action potentials, and (B) Ca2+ transients (CaT) and pumps (INaK) and exchanger (INCX)  in atrial cells from normal 
sinus rhythm (nsr) patients (black) versus chronic AF (cAF) patients (red). 
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IK1 and IKACh  In cAF, increases in both current density28,79,108,120,123 

and mRNA levels of IK1
28,120 have been reported (see Figure 

31-2, A, 8th row). Increased IK1 causes a more negative resting 
membrane potential in cAF versus sinus rhythm human atrial 
myocytes.17,28,79 Patients with cAF exhibit agonist-independent 
constitutive IK,ACh activity that contributes to the enhanced basal 
inward rectifier current and may result from abnormal channel 
phosphorylation by PKC.28,79,128 Constitutively active IK,ACh is 
considered to support the maintenance of AF, together  
with increased IK1, by stabilizing reentrant activity sustained by 
rotors (faster activation, less meander129; also see later). Voigt et al 
found significant left-to-right gradients in IK1 and constitutively 
active IKACh in patients with paroxysmal AF, which were dissipated 
in cAF; this may contribute to the left-to-right dominant  
frequency gradients that are often more evident in paroxysmal 
AF.75,79

IKATP  Gene expression and electrophysiological studies in 
patients with AF demonstrated reduced mRNA levels of Kir6.2126 
and current activation,59 but increased current was also reported.60

Ca2+ and Na+ Handling
INCX  Increased expression13,112,130 and abnormal function of 

INCX protein14,17,112 have been reported in human cAF. An increase 
in INCX may be an adaptive response to cellular Ca2+ loading and 
may contribute to diminish the Ca2+ overload induced by rapid 
atrial pacing. The decay rate of caffeine-evoked [Ca2+]i (attribut-
able to Ca2+ removal by INCX) is faster in human cAF versus sinus 
rhythm myocytes.17,111,112 Note that simulated INCX during an 
action potential is smaller in AF than in sinus rhythm (see Figure 
31-2, B, 2nd row) as a result of the reduced amplitude of [Ca2+]i 
(see Figure 31-2, B, 1st row). Na+ overload–induced Ca2+ influx 
via reverse-mode NCX has been implicated in Ca2+ overload and 
related arrhythmogenesis, whereas increased Ca2+ extrusion via 
forward mode has been linked to delayed afterdepolarizations.56,131 
Indeed, Na+ loading and Ca2+ loading are more favored at 
increased atrial rates (with AF). However, additional studies are 
needed to assess whether delayed afterdepolarizations (DADs) 
are important in initiating arrhythmias in AF, and the underlying 
role of INCX in mediating them, because an increased IK1 in cAF 
will tend to oppose the occurrence of such DADs.

INaK  Workman et al found no difference in Na+/K+ pump 
current in myocytes from cAF patients compared with sinus 
rhythm, and concluded that INaK is not involved in AF-induced 
electrophysiological remodeling in patients.132 Our simulations 
show different INaK current underlying the AP in cAF versus sinus 
rhythm (see Figure 31-2, B, 3rd row) caused by altered Na+ loading.

Our simulations also indicate that the APD rate adaptation in 
sinus rhythm atrial cells involves accumulation of intracellular 
Na+ ([Na+]i) at high frequencies, and this causes outward shifts in 
Na+/Ca2+ exchange and Na+/K+ pump currents. The model also 
predicts that E-C coupling remodeling in cAF would reduce Na+ 
accumulation, thus causing a blunted APD rate–dependent 
response.17

Ryanodine Receptors (RyRs)
Spontaneous Ca2+-release events (Ca2+ sparks) and Ca2+ waves 
through leaky RyR channels have been reported in myocytes 
from hearts in AF111-113,133,134 despite unaltered SR Ca2+ content. 
One potential contributor to RyR hyperactivity may be oxidative 
stress, which is known to play a critical role in AF pathophysiol-
ogy118 and to increase RyR open probability. Neef et al suggested 
that the CaMKII-dependent increase in SR Ca2+ leak caused by 
RyR hyperphosphorylation in AF is a potential arrhythmogenic 
mechanism,111 because elimination of Ca2+ via inward INCX could 
lead to cell depolarization and could cause DADs. Voigt et al 
measured directly single RyRs isolated from cAF patients and 

humans, whereas steady-state inactivation was shifted to the right 
by ≈10 mV,110 and no changes were detected in mRNA levels of 
the Na+ channel gene SCN5A.114 In contrast, data from Sossalla 
et al show that both expression of Nav1.5 and peak INa density 
are decreased (slightly) in the atrial myocardium of patients with 
cAF.115 Additionally, the late Na+ current component, INaL (see 
inset, Figure 31-2), was reported to be significantly increased in 
cAF patients.115 Sossalla et al proposed that this increase could be 
due to the increase in neuronal Na+ channel isoforms (Nav1.1 
expression is increased),115 or it could be mediated by CaMKII, 
which is increased in AF111,116 and is known to regulate INaL,117 or 
to be caused by oxidative stress.118,119 Simulations suggest that an 
increased INaL does not contribute significantly to repolarization 
in cAF, where the overall APD90 is still shorter than that in 
normal healthy cells.17

ICaL  A reduction in ICaL density by ≈50% in cAF compared 
with sinus rhythm (see Figure 31-2, A, 3rd row) is one of the most 
consistent electrophysiological findings observed experimen-
tally.17,107,108,112,120,121 Christ et al121 demonstrated that decreased 
ICaL density in cAF is not accompanied by altered expression of 
the corresponding α1c- and β2a-channel subunits (although 
other studies found different results122) and proposed that lower 
basal ICaL is due to decreased channel phosphorylation in cAF, 
which results from an altered ratio of protein kinase/phosphatase 
activity in favor of increased phosphatase activity. It has been 
shown that blocking ICaL with nifedipine in normal human 
atrial cells results in an AP characteristic typically seen in AF107 
with respect to morphology, duration, and impaired rate-
dependent adaptation. In other words, a reduction in ICaL seems 
to be a critical component of the remodeled atrial action potential 
in cAF.

If  The hyperpolarization-activated pacemaker current, If, has 
been found to be increased in human AF compared with sinus 
rhythm, at least at the mRNA level,63 and this could contribute 
to ectopic atrial pacemaker activity. However, no functional evi-
dence suggests If involvement at the present time in cAF.

Ito1 and IKur  Human cAF is associated with strong reduction of 
Ito1 (see Figure 31-2, A, 4th row) density52,108,110,120,123-125 and down-
regulation of its α-subunit Kv4.3.114,126 IKur (see Figure 31-2, A, 
5th row) was reported to be reduced in cAF,52,120,123,125,127 along 
with diminished expression of Kv1.5 in some studies.114,123,126 
However, others have reported no changes in IKur density.108,110,124 
Inconsistent results regarding IKur function have been commented 
on previously by Christ et al and were attributed to different 
strategies for identification of IKur (e.g., pharmacological or with 
Ito1-inactivating prepulse) and to a fraction of IKur that is not 
accounted for by Kv1.5.127 The reduction in Ito1 and IKur explains 
the slight prolongation in earlier phases of the action potential 
(see Figure 31-2, A, 1st row).17 Caballero et al recently looked at 
differences in current density and AF-induced alterations in the 
right versus the left human atrium. They found that cAF reduced 
the Ito1 amplitude and density more markedly in LA than in RA, 
thus creating a right-to-left gradient, whereas IKur was more 
markedly reduced in RA than in LA, thus dissipating the left-to-
right gradient detected in sinus rhythm.52

IKs  and  IKr  To date, no experimental evidence has been pro-
vided regarding the involvement of IKr in AF-induced electrical 
remodeling. Recently, Caballero et al provided the first demon-
stration that cAF significantly increased the amplitude of IKs 
in both atria.52 They suggested that an increase in IKs could con-
tribute to cAF-induced shortening of APD and could further 
promote fibrillatory conduction, especially with its accumulation 
at higher pacing frequencies, as has been shown in neonatal rat 
ventricular myocytes, where IKs was overexpressed.140
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how they predispose to more frequent AF episodes culminating in 
cAF, remain poorly understood.

Changes in atrial electrical remodeling due to ventricular dys-
function (mainly tachypace-induced or myocardial infarction–
induced heart failure) have also been studied in animal models, 
and the most systematic studies have been conducted in dogs by 
the Nattel group.146,147 In atria of dogs with short-term (2 to 5 
weeks) tachypace-induced heart failure, the APD was not changed 
at slower pacing frequencies, but it increased in duration at rapid 
pacing frequencies.147 The densities of ICaL, Ito1, and IKs were 
reduced, but no change in their voltage dependencies or kinetics 
was noted. The densities of the K+ currents IK1, IKur, IKr, and ICaT 
were not altered, but that of INCX was increased.147 Further, sub-
stantial dysregulation in [Ca2+]i and in its regulatory proteins was 
reported, which led to increased diastolic [Ca2+]i level, [Ca2+]i 
amplitude, SR load, and spontaneous release events.148 In con-
trast, for a long-term tachypaced canine model of ventricular 
heart failure (4 months), the APD was shortened significantly.149 
Ionic changes reported included an increased Ito1 and decreased 
IK1, IKur, and IKs. Upon study of ICaL under action potential clamp 
conditions, the heart failure atrial action potential reduced the 
integral of ICaL in control, healthy cells, with a larger reduction 
in myocytes from heart failure dogs.149 These data point toward 
a complex electrical phenotype and underlying ionic mechanism 
changes in the atrium in the presence of heart failure, depending 
on the severity of the condition (short-term vs. long-term ven-
tricular pacing); this in part mirrors the complex and varied 
phenotype seen in patients with ventricular dysfunction.150

Ionic Basis of Reentry (Spiral Waves)  
in the Atrium

We conclude this chapter with a very brief summary about the 
ionic basis of spiral waves and rotors that have been shown to 
sustain AF.151

The initiation of atrial arrhythmias can occur at the cellular 
level, in the form of afterdepolarizations, early or late (EADs and 
DADs), or automaticity. The ionic mechanisms underlying these 
arrhythmogenic action potentials are somewhat similar to their 
ventricular counterpart. For example, our computer simulations 
have showed that, in the presence of a Kv1.5 mutation that 
renders IKur inactive, β-adrenergic stress can give rise to EADs, 
primarily on account of the reactivation of ICaL.17 Similarly, 
abnormal Ca2+ homeostasis leading to enhanced Ca2+ leak, in 
combination with an increased density of INCX, was shown to 
underlie an increased propensity for DADs in cells isolated from 
cAF patients compared with normal healthy ones.14 These 
arrhythmogenic action potentials can lead to vortex shedding and 
wavebreaks in cardiac tissue, which can generate rotors.152

We129 and others153-155 have studied the ionic basis of these 
rotors. In a simple two-dimensional (2D) homogeneous and iso-
tropic sheet (5 cm × 5 cm) that incorporated mathematical 
models of human atrial cells (500 × 500 cells), rotors were simu-
lated by cross-field stimulation.129 The ionic conditions seen 
experimentally in chronic AF were mimicked in two cases using 
the Courtemanche atrial model9 (1) in which downregulation in 
ICaL, Ito1, and IKur was implemented (CAF1),156 and (2) where, in 
addition to reduced densities of ICaL, Ito1, and IKur, the density of 
IK1 was increased twofold (CAF2), as was found in experiments.123 
The resulting APD shortening and restitution are shown for 
CAF1 and CAF2 (Figure 31-3, A, B, respectively; the DI in 
Figure 31-3, B represents the diastolic interval for an S1-S2 
stimulus protocol). The increase in IK1, in addition to shortening 
the APD further, caused a hyperpolarization of Vrest (see Figure 
31-3, A). Both conditions allowed for the maintenance of stable 
rotors in 2D sheets, as illustrated in Figure 31-3, C. However, 

demonstrated a higher channel open probability in cAF that 
responded to CaMKII inhibition.14

SR  Ca2+  ATPase  and  PLN  The SR Ca2+ ATPase (SERCA) is 
responsible for pumping Ca2+ back into the SR after Ca2+ release.56 
The endogenous inhibitor PLN regulates SERCA and releases 
its inhibition when phosphorylated by PKA or CaMKII.56,135 A 
decrease in SERCA activity, associated with smaller SERCA 
protein expression, is evident in human cAF and explains the 
slower [Ca2+]i decay compared with sinus rhythm.13,17,112 On the 
other hand, reduced inhibition of SERCA by hyperphosphory-
lated PLN13 in cAF could help to maintain a normal SR Ca2+ load 
despite increased RyR activity.

Findings of APD shortening and changes in Na+, Ca2+, K+ 
currents, as well as electrogenic pumps and exchangers due to 
cAF in humans, have been largely reproducible in canine/goat/
rabbit models of tachypace-induced AF, and suggest that electri-
cal remodeling, including changes in APD and ionic mechanisms, 
occurs over a period of 1 to 2 weeks.136,137 In contrast, structural 
remodeling occurs over longer periods of atrial tachypacing 
(months) and is mostly irreversible.136,137

Alterations in Atrial Electrophysiology during 
Ventricular Dysfunction

Atrial remodeling that increases propensity for AF also occurs 
with cardiac disorders, such as coronary artery disease, congestive 
heart failure, and left ventricular (LV) systolic dysfunction.138 In 
atrial cells isolated from patients with LV dysfunction, the APD 
was unaltered139,22 or prolonged.141 In sinus rhythm patients with 
reduced left ventricular ejection fraction (<45%), APD90 was 
shorter than in patients with higher ejection fraction,22 and a sig-
nificant correlation was noted between cellular effective refrac-
tory period (ERP) shortening and decreasing left ventricular 
ejection fraction.22 Furthermore, multivariate analysis adjusting 
for 10 relevant clinical covariates confirmed that LV dysfunction 
was independently associated with atrial cellular ERP shortening, 
which may, therefore, be expected to contribute to a predisposi-
tion to AF in these patients. Ionic remodeling due to heart failure/
LV dysfunction in human atrium remains poorly understood. ICaL 
was decreased in patients with coronary artery disease, aortic valve 
disease, or mitral valve disease142 or was unchanged in LV 
dysfunction/heart failure patients.22,143 Schreieck et al found 
increased Ito1 density in human atrial myocytes of patients with 
reduced LV function, with no change in its voltage dependence or 
decay, but with faster recovery from activation.139 However, this 
Ito1 increase may have been confounded by the lower proportion 
of patients treated with β-blockers in the reduced LV function 
group, because such treatment is associated with decreased Ito1 in 
human atrium.144 In contrast, Workman et al found that LV dys-
function was associated with decreased Ito1, a positive shift in its 
activation voltage, and no change in its decay kinetics.22 Koumi 
et al reported depolarized Vrest in atrial myocytes from heart 
failure patients, possibly due to reduced density of IK1 and IKACh.141 
Workman et al reported unchanged IK1 in LV dysfunction,22 
although Ba2+-sensitive IK1 or IKACh was not measured. Unchanged 
atrial IKur has also been reported in human LV dysfunction.22,139 
Cardiac dilatation is known to develop frequently during the 
course of cardiac failure.145 In trabeculae and myocytes taken from 
dilated atria, the APD was shorter and the plateau was markedly 
depressed compared with those in trabeculae and myocytes from 
nondilated atria.145 However, it must be noted that ventricular 
dysfunction was not quantified in these patients. AP changes were 
explained with more severely depressed ICaL compared with the 
reduction in total outward current.145 Overall, the ionic bases of 
altered atrial APD in patients with ventricular dysfunction, and 
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faster repolarization and hyperpolarized Vrest.129 Because INa is the 
key determinant of excitation, this allowed for faster rotor activ-
ity. It is interesting to note that when ICaL in the CAF1 condition 
was further reduced, it shortened APD but did not hyperpolarize 
Vrest, and the rotor was able to accelerate only a little (6.3 Hz), 
thus providing further support to the key role of IK1 in accelerat-
ing reentry. These simulations have been supported by experi-
mental results in mice and dogs. Transgenic mice overexpressing 

the rotors had different properties: The rotor in the CAF2 condi-
tion had a higher frequency of rotation (8.4 Hz) compared with 
that in CAF1 (5.7 Hz).129 Further, the meander of the spiral wave 
tip was smaller in the CAF2 condition (see Figure 31-3, C). Thus, 
an increase in IK1 caused the rotors to become more stable (faster 
frequency, less meander). Further analyses (not shown) revealed 
that the key mechanism underlying rotor acceleration was the 
removal of INa inactivation (increased availability) on account of 

Figure 31-3.  A, Action potentials in control and chronic AF (CAF1, CAF2). B, Electrical restitution plotted as APD−70 versus the diastolic interval (DI) in control and chronic 
AF. C, Spiral waves (phase movie), tip meander, and power spectral densities in chronic AF conditions CAF1 and CAF2. Phase movies are shown at separate times (2.4, 4.8, 
7.2, and 9.6 s). The tip meander is plotted in a 5 × 5-cm2, two-dimensional (2D) atrial sheet. 
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of adenosine, which was shown to increase AF frequency of 
excitation.160 The role of other K+ currents in sustaining rotors 
in AF is less clear. When the maximum conductance of Ito1 and 
IKur was reduced by 90%, the rotor was terminated, but when the 
same was done for IKr and IKS, the rotor activity remained sus-
tained.129 Our simulations were devoid of any ionic and structural 
heterogeneities, which play an important role in sustaining AF; 
thus more work is needed to allow workers to define the ionic 
bases of reentry in detailed 3D structural models of the atria161 
that incorporate ionic heterogeneities,19 as well as interstitial 
fibrosis.162 Last, simulations that incorporate more recent ionic 
models with detailed Ca2+ formulations,17 in combination with 
further experiments, are needed to obtain more detailed quantita-
tive insights into whether Ca2+ homeostasis is important in main-
taining rotors in AF.

IK1 were able to sustain much faster and more sustained rotors 
(frequency ≈44 Hz) compared with wild type mice (≈26 Hz).157 
Further, the Nattel lab compared AF frequencies in dogs with 
matched effective refractory periods in two models of AF: one in 
which APD was shortened as the result of cholinergic activation 
of IKACh, an inward rectifier K+ current, and one in which the APD 
was shortened through atrial tachypacing (thus the ionic mecha-
nism of shortening consisted of both a reduction in ICaL and an 
increase in IK1).158 It was found that the frequency of AF was 
higher in the case where the APD was shortened through IKACh 
alone, compared with shortening induced by remodeling of both 
ICaL and IK1 in tachypaced hearts.158 These experiments provide 
support for the notion that inward rectifier currents are critical 
determinants of reentry and its activation frequency.159 This 
effect has been verified in the human atria by infusion 
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rectifier current (IK1) maintains and stabilizes the resting poten-
tial. Other important players in shaping properties of the cardiac 
AP are the Na+/K+ pump (NKA), which generates an outward 
current by extruding 3 Na+ ions and importing 2 K+ ions on each 
cycle, and the Na+/Ca2+ exchanger (NCX), which mostly operates 
in the Ca2+-extrusion mode and yields a net inward charge move-
ment when 1 Ca2+ ion is exchanged for 3 Na+ ions (Figure 32-2, D). 
The plasma membrane Ca2+ ATPase (PMCA) also extrudes Ca2+ 
from the cell and finely regulates cytosolic Ca2+ levels.

Computational models of cardiac electrophysiology and the 
close interplay between model development and experimentation 
enabled us to achieve a quantitative understanding of the integra-
tive behavior of the cardiac myocyte in health and disease (see 
Section VI). We will present the evolution of computational 
electrophysiological models from the early formulations to the 
most recent comprehensive descriptions integrating Ca2+ and 
other signaling pathways, force, and metabolism.

Early Canonical Models of the Cardiac AP

Hodgkin and Huxley laid the foundation for the use of integrative 
models in biology describing both voltage clamp measurements 
of membrane currents and an integrative AP model of the squid 
giant axon.3,4 Their modeling approach, which postulated that 
gating mechanisms regulated membrane permeability, whereby 
distinct entities (i.e., gates) controlled the flux of both Na+ and 
K+ ions, has served to this day as a paradigm for a quantitative 
description of cell membrane excitability. In the early 1960s, 
Denis Noble presented the first computational models of a 
cardiac myocyte5,6 and addressed the issue of whether Na+ and 
K+ current descriptions similar to those of Hodgkin and Huxley 
could be employed to account for the long AP plateau in Purkinje 
fibers. Modifications to Na+ and K+ current kinetics were able to 
generate a plateau, which was supported by the inward Na+ 
current. It is now known that Ca2+ currents, which had not yet 
been discovered and were later introduced in the McAllister-
Noble-Tsien model,7 mainly support the AP plateau. Beeler and 
Reuter extended the latter model to develop the first computa-
tional ventricular myocyte model.8 Their work introduced a 
time-varying intracellular Ca2+ concentration and reinforced the 
idea that a balance between K+ and Ca2+ currents maintains the 
AP plateau, and repolarization is regulated by activation of K+ 
and inactivation of Ca2+ currents. Aspects of intracellular Ca2+ 
handling were introduced in the DiFrancesco-Noble Purkinje 
cell,9 which constituted the basis of all subsequent models of the 
cardiac myocyte. One of the landmarks in the development of 
models of ventricular electrophysiology was the formulation of 
the dynamic Luo-Rudy ventricular cell model.10,11 Important fea-
tures of this model were the inclusion of the intracellular SR 
compartment, time-varying intracellular ion concentrations, and 
ion pumps and exchangers. The continued interactive iteration 
between experiments and simulations has led to improved mech-
anistic insights into cardiac myocyte electrophysiology, as was 
recently reviewed.12 Table 32-1 summarizes the existing models 
of the ventricular myocyte, based on previous classifications.12-14

Models of the Ventricular Action 
Potential in Health and Disease

Eleonora Grandi and Donald M. Bers

CHAPTER OUTLINE

Computational Models of the Ventricular Myocyte 319

Ca2+-Induced Ca2+ Release 322

Force 323

Energetics 323

Cell Signaling 324

Models of Cardiac Disease 326

Computational Models  
of the Ventricular Myocyte

The Ventricular Action Potential

The action potential (AP) is a transient depolarization of the cell 
membrane that emerges from the dynamic behavior of a diverse 
population of membrane ion channels (depicted in Figure 32-1). 
A prototypical ventricular myocyte AP is shown in Figure 32-2, A 
(black). The AP exhibits a steep upstroke, followed by a sustained 
slowly decaying plateau phase, which eventually gives way to 
repolarization. Below the AP are shown the associated depolar-
izing currents, which are carried by inward Na+ and Ca2+ cur-
rents. Under physiological conditions, the Na+ current (INa) 
activates rapidly, producing the AP upstroke, and then inactivates 
completely (Figure 32-2, B, red). The L-type Ca2+ current (ICaL) 
inactivates more slowly (Figure 32-2, B, blue), and less completely, 
allowing for the inward Ca2+ current to maintain the plateau 
phase of the AP. The influx of Ca2+ via ICaL triggers the release 
of Ca2+ from the sarcoplasmic reticulum (SR), the subcellular 
organelle that stores and releases the majority of Ca2+ during each 
heartbeat.1 This event is known as Ca2+-induced Ca2+ release 
(CICR) and will be discussed in Section II. The SR then actively 
re-sequesters Ca2+ via the SR Ca2+ adenosine triphosphatase 
(ATPase) (SERCA), which is the primary mechanism removing 
Ca2+ from the cytosol to allow relaxation in between heartbeats.2 
Throughout this process, Ca2+ is buffered by Ca2+-binding pro-
teins such as calmodulin (CaM) and troponin. The rise in cyto-
solic Ca2+ (Figure 32-2, A, blue) ultimately leads to cell contraction 
(see Section III). The intracellular Ca2+ signal also feeds back on 
the L-type Ca2+ channel (LTCC), mediating inactivation of the 
current, and therefore plays a role in influencing the AP shape. 
Furthermore, intracellular Ca2+ regulates a variety of processes 
including mitochondrial adenosine triphosphate (ATP) produc-
tion (see Section IV), intracellular signaling (presented in Section 
V), and gene expression.

Various types of K+ channels (Figure 32-2, C) drive cell mem-
brane repolarization. The transient outward currents (Ito and 
IClCa), carried by K+ and Cl− respectively, determine the notch that 
follows the upstroke, and components of the delayed rectifier K+ 
current (IKr and IKs) contribute to AP repolarization. The inward 
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Figure 32-2.  (A) Human ventricular AP and CaT simulated with the Grandi-Pasqualini-Bers model.36 (B) Na+ and Ca2+ currents (inset shows the different activation and decay 
times), (C) K+ currents, and (D) Na+/K+ pump and Na+/Ca2+ exchange currents during an AP. 

0 100 200 300 400
–90

–60

–30

0

30

100

200

300

400

500

Time (ms)

E
m

 (m
V

)
I to

 (A
/F

)

Ito
IKr

IKs

IK
1, IK

1, IK
s, (A

/F
)

IK1

I N
a 

(A
/F

)
I N

a/
K

 o
r 

I N
aC

ax
 (A

/F
)

INaCax

INa/K

INa

ICa[C
a]i (nM

)

IC
a

 (A
/F

)

-400

-300

-200

-100

0

-6

-5

-4

-3

-2

-1

0

0

4

8

0.0

0.5

1.0

1.5

5 ms

-0.6

-0.4

-0.2

-0.0

0.2

0.4

A B

C D

Figure 32-1.  Schematic representation of the processes described in ECC models. Em homeostasis is regulated by a diverse population of ionic currents: INa: fast Na+ current; 
INaL: late Na+ current; ICaL: L-type Ca2+ current; IK1: inward rectifier K+ current; IKur: ultra-rapid delayed rectifier K+ current; Ito: transient outward K+ current; IKr: rapidly activating 
delayed rectifier K+ current; IKs: slowly activating delayed rectifier K+ current; and IClCa: Ca2+-activated Cl− current. The depicted compartmentation for Ca2+ (and Na+) signaling, 
including a cleft subspace for SR Ca2+  release and a submembrane compartment where Ca2+  raises higher versus bulk [Ca2+], was proposed by Shannon et al20 and was 
applied by Mahajan et al,22 Grandi et al,36 and Li et al31 in rabbit, human, and mouse models, respectively. Ca2+ signaling interacts with CaMKII and PKA signaling pathways, 
as illustrated (modeled) in Figure 32-4. 
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Table 32-1 Models of Ventricular Myocyte Electrophysiology

Model Species Parent Model Comments

Beeler and Reuter 19778 Mammalian  First ventricular model

Matsuoka et al 200356 Mammalian Integration of a contraction model

Matsuoka et al 200468 Mammalian Matsuoka et al 200356 Description of ATP metabolism

Luo and Rudy 199115 Guinea pig Beeler and Reuter 19778 First guinea pig ventricular model17

Noble et al 199117 Guinea pig hilgemann and Noble 1987104 First guinea pig ventricular model15 from parent rabbit atrial 
model

Nordin 199316 Guinea pig DiFrancesco and Noble 19859 updated Ca2+ cycling and compartmentation

Luo and Rudy 199411 Guinea pig Luo and Rudy 199115 Inclusion of Ca2+ dynamics and updated currents

Zeng et al 1995105 Guinea pig Luo and Rudy 199411 Introduction of slowly and rapidly activating IK components

Jafri et al 199843 Guinea pig Luo and Rudy 199411 Mechanistic Ca2+ dynamics, dyadic space, LTCC mode switching

Noble et al 199855 Guinea pig Noble et al 199117 Introduction of the dyadic space for Ca2+ and stretch-dependent 
processes

Rice et al 200061 Guinea pig Jafri et al 199843 Inclusion of a contraction model

Faber and Rudy 200076 Guinea pig Luo and Rudy 199411 Incomplete deactivation of IKs and Na+ accumulation at fast 
pacing rates

Crampin and Smith 200698 Guinea pig Luo and Rudy 199411 Inclusion of ph regulation

Cortassa et al 200671 Guinea pig Jafri et al 199843 Inclusion of contraction and mitochondrial bioenergetics

Pandit et al 200118 Rat Demir et al 1994106 From parent sinoatrial node model

Pandit et al 200319 Rat Pandit et al 200118 With diabetes

Saucerman et al 200374 Rat Puglisi and Bers 200121 First β-adrenergic signaling formulation

Pasek et al 200651 Rat Pandit et al 200118 Inclusion of T-tubule system

Niederer and Smith 200760 Rat Pandit et al 200118 Inclusion of contraction model

Bondarenko et al 200428 Mouse First mouse ventricular model

Li et al 201030 Mouse Bondarenko et al 200428 Complete refit of mouse model from mouse data

Li et al 201231 Mouse Li et al 201030

Shannon et al 200420
Study of SERCA-KO and ATP consumption by ion transport

Yang and Saucerman 201279 Mouse Bondarenko et al 200428

Greenstein et al 200647
Simplified CICR and embedded β-adrenergic signaling to study 
the impact of PLM phosphorylation on CaT

Puglisi and Bers 200121 Rabbit Luo and Rudy 199411 First rabbit ventricular model with user-friendly interface

Shannon et al 200420 Rabbit Puglisi and Bers 200121 New Ca2+ dynamics formulation, submembrane Ca2+ space

Saucerman and Bers 200886 Rabbit Shannon et al 200420 Incorporation of CaM, CaMKII, CaN modules

Mahajan et al 200822 Rabbit Shannon et al 200420 Markov formulation for ICaL, and Ca2+ cycling model for the study 
of APD and calcium alternans at rapid heart rates

Soltis and Saucerman 201078 Rabbit Shannon et al 200420

Saucerman and Bers 200886
CaMKII and PKA pathways merged

Morotti et al 201296 Rabbit Shannon et al 200420 Reparameterization of Mahajan et al22 model of ICaL to account for 
Ba2+-dependent inactivation

Winslow et al 199923 Canine Jafri et al 199843 First canine ventricular model

Greenstein et al 200025 Canine Winslow et al 199923 Markov formulation for transient outward currents

Greenstein and Winslow 
200245

Canine Greenstein et al 200025 Stochastic local control of SR Ca2+ release

Cabo and Boyden 200324 Canine Luo and Rudy 199411 Normal and infarcted hearts

hund and Rudy 200426 Canine Luo and Rudy 199411 Inclusion of CaMKII regulation of ECC

Michailova et al 200466 Canine Winslow et al 199923 Modeling of metabolism (i.e., Ca2+/Mg2+ buffering, ATP, ADP, 
MgATP regulation of NKA and PMCA)

Greenstein et al 200647 Canine Greenstein et al 200025 Simplified CICR from hinch et al 200446

Livshitz and Rudy 200782 Canine Luo and Rudy 199411

hund and Rudy 200426
New mechanistic SR Ca2+ release current

Decker et al 200927 Canine hund and Rudy 200426 Simulation of rate-dependent phenomena

Continued
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Model Species Parent Model Comments

hashambhoy et al 200987 Canine Greenstein and Winslow 
200245

CaMKII regulation and LTCC phosphorylation

hashambhoy et al 201088 Canine Greenstein and Winslow 
200245

hashambhoy et al 200987

RyR phosphorylation by CaMKII

heijman et al 201180 Canine Luo and Rudy 199411 New β-adrenergic signaling

Priebe and Beuckelmann 
199832

human Luo and Rudy 199411 First human ventricular model. Introduced formulations for 
normal and failing hearts

Iyer et al 200435 human Winslow et al 199923 Markov formulations for INa, Ito, IKr, and ICaL

tenTusscher et al 200433 human Priebe and Beuckelmann 
199832

updated currents, transmural variation

tenTusscher & Panfilov 200634 human ten Tusscher et al 200433 updated currents, cleft subspace

Grandi et al 201036 human Shannon et al 200420 updated K+ currents and Ca2+ handling, Na+ accumulation

Carro et al 2011107 human Grandi et al 201036 Improved restitution properties

O’hara & Rudy 201137 human Decker et al 200927 Increased human-specific model accuracy from human data

Table 32-1 Models of Ventricular Myocyte Electrophysiology—cont’d

Species-Specific and Human Models

Although most of the early models generically integrated experi-
mental data from mammalian hearts (mostly guinea pig11,15-17), by 
the mid-1990s, electrophysiological studies had shown species 
differences in AP waveforms and ionic currents (e.g., mouse and 
rat APs lack a plateau phase), but exhibited rapid repolarization 
and very short AP duration (APD) if compared with the promi-
nent plateau phase and long AP seen in humans, rabbit, guinea 
pig, and dog. Thus, the emphasis shifted to more detailed models 
on the basis of data obtained from isolated cells from one particu-
lar species (see Table 32-1). Rat ventricular cell models have been 
developed,18,19 as well as rabbit20-22 and dog.23-27 Mouse models28-31 
are becoming increasingly important, as genetic manipulation in 
mice has proven to be a powerful tool for studying the physio-
logical effects of gene mutations, knockouts, and overexpression. 
The wealth of experimental data that can be measured in these 
mouse models cannot be obtained in humans, but integrative 
models provide a systematic framework to make inferences con-
cerning the effects expected in other species and in the clinical 
setting (see caveat later).

The first human ventricular cell model was published by 
Priebe and Beuckelmann32 and was largely based on the dynamic 
Luo-Rudy model,11 in which formulations for the major ionic 
currents were adjusted to the data (limited at that time) available 
for human ventricular cells. The tenTusscher et al33 model and 
an updated version34 included many reformulated currents and 
recapitulated several electrophysiological phenomena. The Iyer 
et al35 model addressed whole-cell Ca2+ homeostasis carefully. 
The most relevant ionic currents were based almost entirely on 
data from human channels expressed in non-myocytes and for-
mulated with Markovian chains, which made this model much 
more complex than those previously described. The Grandi-
Pasqualini-Bers model36 included K+ current reformulations 
using undiseased human data, provided an accurate description 
of Ca2+ and Na+ handling in the human ventricular myocyte, and 
accurately reproduced diverse aspects of excitation-contraction 
coupling (ECC), including the contribution of various K+ cur-
rents to repolarization reserve, the phenomenon of reverse-rate 
dependence of APD upon K+ current block, and feedback on the 
effects of changes in Na+ levels on APD and Ca2+ handling. The 
O’Hara and Rudy model37 included new measurements for ICaL, 

K+, and NCX currents from undiseased human ventricle, and 
included the effects of Ca2+/CaM-dependent protein kinase II 
(CaMKII) on ionic currents and Ca2+ cycling. This model also 
reproduced early afterdepolarizations (EADs) and alternans.

Species-specific models provide a useful platform for investi-
gating species differences (e.g., with respect to arrhythmia  
and drug response). Comparison of AP repolarization, rate-
dependent behavior, and drug response in human, dog, and 
guinea pig demonstrated major species differences and suggested 
that great caution should be taken when attempts are made to 
extrapolate results from nonhuman species to human cellular 
electrophysiology.38

Ca2+-Induced Ca2+ Release

The opening of LTCCs upon membrane potential (Em) depolar-
ization allows Ca2+ to flow down its electrochemical gradient into 
the dyadic subspace and trigger the opening of the ryanodine 
receptors (RyRs) that release Ca2+ from the SR via CICR. At 
more negative Em, fewer Ca2+ channels open, but the unitary flux 
is larger (because of the larger driving force), causing more effi-
cient Ca2+-induced Ca2+ release and higher ECC gain (ratio of 
Ca2+ released from the SR to the Ca2+ trigger via LTCCs). Gain 
at negative Em is high, in part because a single Ca2+ channel 
opening may trigger junctional release, but as more channels are 
recruited (e.g., approaching 0 mV), greater trigger redundancy 
of LTCC opening (and a consequently large denominator in the 
gain equation) is seen per release unit.39 At increasingly positive 
Em (where unitary currents are small), multiple openings are 
needed to ensure RyR opening, which results in lower gain. The 
Ca2+ release flux is a smooth, continuous function of trigger 
influx—a behavior observed originally by Fabiato40 and known as 
graded Ca2+ release.

Whereas the dynamic Luo-Rudy model11 generated APs using 
detailed kinetic descriptions of membrane currents, the Ca2+ sub-
system was represented by a phenomenological model mimicking 
the process of CICR, but unable to capture the biophysical details 
involved. Many advances have resulted from improved descrip-
tions of intracellular Ca2+ handling (see recent reviews41,42). In 
1998, Jafri et al incorporated in a model of the guinea pig 
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with models of myofilament activation and crossbridge interac-
tions. However, only a few groups have developed detailed 
systems models of cooperative myofilament activation, in part 
because of the complexity of spatially explicit models and the 
theoretical shortcomings of spatially compressed models.52

The first ventricular myocyte model to couple myocyte ionic 
currents and Ca2+ handling to myofilament interactions was pub-
lished by Michailova et al in 199253 and was extended in 1997.54 
Noble et al55 studied length- and tension-dependent changes in 
mechanical and electrophysiological processes by incorporating 
in the earlier Noble et al model17 a description of force genera-
tion. Matsuoka et al56 included the Negroni-Lascano myofila-
ment model57 and recapitulated several aspects of ECC. Niederer 
and Smith58 integrated the Hunter-McCulloch-ter Keurs myo-
filament model59 into the Pandit et al rat ventricular cell model,18 
and this framework was subsequently used to evaluate proposed 
mechanisms underlying the slow force response to stretch.60

The Rice-Jafri-Winslow model61 incorporated into the Jafri 
et al43 guinea pig model a formulation of contraction62 that 
included a phenomenological representation of cooperative inter-
action between neighboring troponin/tropomyosin units. The 
model was used to examine aspects of short-term interval–force 
relationships in cardiac muscle, and showed that cooperative prop-
erties of the myofilaments profoundly affect the developed force. 
Rice et al have expanded this formulation in a new approximate 
model of myofilament activation and crossbridge cycling (Figure 
32-3, A) that captured many experimentally observed features of 
cooperative length-dependent thin-filament activation.63 The 
contraction model was then integrated into the Shannon et al20 
rabbit ECC framework, showing its suitability for coupling with 
existing models of electrophysiology and Ca2+ handling, and the 
ability to recapitulate common experimental characterization such 
as cell shortening (Figure 32-3, B). The McCulloch group coupled 
this model to the canine ECC model64 and found that heterogene-
ities in ion channel and Ca2+ handling protein expression between 
epicardial, M-cell, and endocardial myocytes in the dog were suf-
ficient to explain most but not all differences between unloaded 
shortening twitches measured in canine myocytes, and indicated 
that variations in crossbridge function may be present.

Energetics

Oxidative phosphorylation is the main source of energy for 
metabolic/contractile works in cardiac myocytes. Mitochondria 
provide the ATP needed for contractile function and sarcolem-
mal and sarcoplasmic ion transport, which is responsible for 
myocyte electrical activity. Energetics drives ion transport pro-
cesses by means of their dependence on the proton motive force 
and phosphorylation potential, as well as by direct transport 
across the mitochondrial inner membrane (it has been shown that 
mitochondrial Ca2+ transport can influence Ca2+ signals in the 
cytoplasm65). On the other hand, energy demands change in 
response to activation of myofilaments and, to a lesser extent, 
NKA, SERCA, and PMCA.31 Coupling of mitochondrial ener-
getics to ECC models is therefore needed to investigate the key 
role of energetics in modulating myocyte mechanical activity and 
ion concentration gradients, especially during impaired meta-
bolic states in pathologic conditions, such as ischemia and heart 
failure (HF).

To link metabolism and Ca2+ handling in (canine) ventricu-
lar myocytes, Michailova et al66,67 extended the Winslow 
et al model23 by incorporating descriptions of Ca2+ and Mg2+ 
buffering and transport by ATP and ADP, and MgATP regulation 
of ion transporters (NKA, SERCA, and PMCA). Matsuoka  
et al68 coupled a model of mitochondrial metabolism69 to their 
electrophysiological model56 and simulated nicotinamide adenine 

ventricular myocyte43 mechanistic Markov models for both 
LTCCs and RyRs and a restricted subspace (a single compart-
ment representing the total volume of all dyads) into which all 
Ca2+ fluxes through these channels are directed and [Ca2+] 
increases faster and higher than measured in the bulk cytosolic 
compartment. Winslow et al23 adapted this Ca2+ subsystem in a 
canine model. These “common pool” models, whereby sarcolem-
mal Ca2+ influx enters the same Ca2+ pool into which SR Ca2+ is 
released and by which it is regulated, cannot reproduce both high 
gain and graded release.44 Most models have circumvented this 
problem by introducing a dependence of the SR Ca2+ flux on 
LTCC influx or Em, which removes the positive feedback effect 
inherent to common pool models, resulting in nonphysiological 
regenerative, all-or-none rather than graded, Ca2+ release.

Graded release arises from local stochastic interactions 
between LTCCs and RyRs in thousands of Ca2+-release units; this 
process is called local control of Ca2+ release. Several computa-
tional models have been developed to investigate properties of 
local Ca2+ release, but only in 2002, Greenstein and Winslow45 
developed a comprehensive model of the ventricular myocyte 
based on the theory of local control of SR Ca2+ release, which 
recapitulated several behaviors from the single channel to the 
whole-cell level. A simplified version of local control of CICR 
describing the (deterministic) ensemble behavior of release units 
was developed by Hinch et al46 and was incorporated in a less 
computationally expensive ECC model.47

Shannon et al20 introduced a subsarcolemmal Ca2+ compart-
ment (see Figure 32-1) that was based on experiments suggesting 
that the Na+/Ca2+ exchanger senses elevated Ca2+ levels (com-
pared with the bulk [Ca2+]i), and used a model of RyR that 
included regulation by both cytosolic and luminal [Ca2+]. The 
model reproduced the steep relationship between SR Ca2+ load 
and release, and conferred importance to the (partial) contribu-
tion of SR depletion in the regulation of SR Ca2+-release dynam-
ics and termination. This Ca2+ subsystem has been adapted in the 
Grandi-Pasqualini-Bers36 human ventricular myocyte model.

Localization and compartmentation of ion channels and trans-
porters have proven crucial for proper ECC (especially in the 
dyadic space). It has been suggested that NCX and NKA consti-
tute a molecular complex with ankyrin-B and the inositol 
1,4,5-phosphate-operated Ca2+-releasing channel in the T-tubules 
(distinct from the LCC-RyR complex) that may play an important 
role in the regulation of local Na+ and Ca2+ concentrations and may 
possibly modulate CICR. In fact, alterations in ankyrin-B levels 
can affect local [Na+]i and cellular and SR Ca2+ cycling48,49 and are 
associated with a broad spectrum of cardiac consequences.50

Other local Ca2+ (and Na+) signals may be relevant to ECC. 
For example, Pasek et al51 proposed a model of the guinea pig 
ventricular myocyte that includes a diffusive T-tubule system 
with a heterogeneous distribution of ion channels between 
tubular and surface membranes, and predicted that Ca2+ deple-
tion and K+ accumulation in the T-tubule during APs impact 
ECC. Also, the hypothesis that juxtaposition of mitochondria and 
dyads may give rise to an additional Ca2+-signaling microdomain 
regulating mitochondrial ATP production and modulating dyadic 
Ca2+ concentrations may guide future modeling efforts.

Force

Ca2+ released in the dyadic subspace during CICR is then free to 
diffuse out into the myoplasm and throughout the sarcomere, 
where it binds to the Ca2+-binding protein troponin in the myo-
filaments and initiates cell contraction. Not only does Ca2+ acti-
vate the myofilaments, but also the Ca2+ transient (CaT) is 
influenced when developed force is changed. Thus it is important 
to couple models of cardiac electrophysiology and Ca2+ cycling 
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PKA

β-Adrenergic control of cardiac function is initiated by 
β-adrenergic receptor (βAR) coupling to stimulatory G protein 
and subsequent stimulation of adenylyl cyclase, which synthesizes 
the classical second messenger cyclic AMP (cAMP). Cyclic AMP 
in turn activates protein kinase A (PKA), which phosphorylates a 
wide spectrum of target proteins (Figure 32-4, A). These include 
LTCC, RyR, and phospholamban (PLB), which are important 
players in the regulation of Ca2+ dynamics and transport; the 
myofilament protein troponin I (TnI); and phospholemman 
(PLM), which regulates NKA. Sarcolemmal ion channels respon-
sible for IKs and IKur and the cystic fibrosis transmembrane 
conductance regulator (CFTR) are also targets of PKA phos-
phorylation. To probe the functional interactions of these altera-
tions in the integrative cellular environment, Saucerman et al74 
were the first to develop and validate a functionally integrated 
systems coupling of a model of β-adrenergic signaling with 
models of Ca2+ handling and electrophysiology (study21 adapted 
to simulate the rat ventricular myocyte with experimental Ca2+ 
handling and K+ current data). The model was also used for a 
systematic sensitivity analysis,75 which supported the conclusion 
that PLB phosphoregulation is the primary mechanism for 
increased SR load and Ca2+ relaxation rate during β-adrenergic 
stimulation, while both PLB and LTCC phosphorylation con-
tribute to increased systolic Ca2+. The Saucerman et al74 
β-adrenergic signaling model was recently embedded in the 
Faber and Rudy guinea pig model76 to study the role of βAR 
agonists in LQTS,77 in the Shannon et al rabbit model20 to study 
the synergy between PKA and CaMKII pathways,78 and in the 
Yang and Saucerman mouse model79 to study the role of PLM 
phosphorylation in the fight-or-flight response. Heijman et al80 

dinucleotide (NADH) and mithocondrial CaTs following an 
increase in workload. The O’Rourke group has extensively 
studied cardiac energetics both experimentally and theoretically. 
Cortassa et al70 developed the first integrative kinetic and ther-
modynamic mathematical model of cardiac energy metabolism 
that takes into account mitochondrial matrix- and membrane-
based processes such as tricarboxylic acid cycle, oxidative phos-
phorylation, and Ca2+ dynamics. This model was subsequently 
integrated with models of the electrophysiological, Ca2+-han-
dling,43 and force-generation61 subsystems of the cardiac myocyte 
to study the complex dynamics of the response of mitochondrial 
bioenergetics to alterations in myocyte contractile and electrical 
activity.71 The formulation explicitly incorporates cytoplasmic 
ATP-consuming processes associated with force generation and 
ion transport, as well as the creatine kinase reaction. Changes in 
the electrical and contractile activity of the myocyte are coupled 
to mitochondrial energetics through the ATP, Ca2+, and Na+ 
concentrations in the myoplasmic and mitochondrial matrix 
compartments. Extensions of this model have been used to inves-
tigate the mechanisms of oxidative stress.72,73

Cell Signaling

Cardiac myocyte electrical activity, CICR, contraction, metabo-
lism, and gene regulation are subject to modulation by a number 
of signaling pathways, which involve cascades of signaling mol-
ecules resulting in posttranslational modifications (e.g., phos-
phorylation) of target proteins. The most widely studied signaling 
pathways in cardiac myocytes are the β-adrenergic and CaMKII 
pathways.

Figure 32-3.  A, The Rice et al model63 combines myofilament activation and crossbridge cycling in a coupled system. To implement Ca2+-based activation, it is assumed 
that troponin and tropomyosin act as regulatory units that exist in a nonpermissive (N, preventing the formation of strongly bound crossbridges) or a permissive (P, allowing 
transitions to strongly bound crossbridges state). The next transition is to the prerotated state, which is strongly bound with the head extended. The transition to the post-
rotated force-generating state represents isomerization to induce strain in the extensible neck region. B, The myofilament model developed by Rice et al63 is coupled to 
the Shannon et al20 model of the rabbit ventricular myocyte. Results are shown for the combined model (top) along with experimental data in the rabbit at 37° C (bottom). 
The labeled responses show APs, bulk myoplasmic CaTs, and cell shortening signals. 

(Reproduced from Rice JJ, Wang F, Bers DM, et al: Approximate model of cooperative activation and crossbridge cycling in cardiac muscle using ordinary differential equations. 
Biophys J 95:2368–2390, 2008.)

A B

Regulatory Ca binding
affects activation only
(ratio set by SL alone)

T Txb

Kd:> K’d: Knp(TCaTot)7.5 Knp(TCaTot)–7.5

Nxb

Pxb

TCa TxbCa

XBPostR

gxbT fappT

gappT

hft

hbt

XBPreR

Apparent Ca binding affects the
cytosolic Ca transient

(ratio set by SL and XBPreR/XBPostR)

T Txb

Kd:> K’d:

TCa TxbCa

Ca Ca

Ca

E
m

(m
V

)

50

0

–50

–100
0 200 400

time (ms)

Simulation - rabbit
100 nM

 [C
a]

2%
 length

600 800

E
m

(m
V

)

40

0

–40

–80

0 200 400
time (ms)

Experimental data - rabbit

[Ca]i

Contraction

AP

100 nM
 [C

a]
2%

 length

600 800



MODELS OF ThE VENTRICuLAR ACTION POTENTIAL IN hEALTh AND DISEASE 325

32 

CaMKII

CaMKII is a multifunctional protein kinase expressed abundantly 
in the heart, which activates in response to increasing [Ca2+] (e.g., 
during systole). In this event, intracellular CaM binds up to four 
Ca2+ ions and the Ca2+/CaM complex binds to the regulatory 
domain of CaMKII and displaces the autoinhibitory domain on 
CaMKII, thereby activating the enzyme with half maximal activa-
tion at [Ca2+]i of 0.1 to 10 µM. After this Ca2+/CaM-dependent 

presented a computational compartmental model of βAR signal-
ing and its effects on canine ventricular myocyte electrophysiol-
ogy. The model included localized signaling domains, β1 and β2 
receptor isoforms, and PKA (and CaMKII) effects on a wide 
range of substrates affecting whole-cell electrophysiology and 
CaT. The model also showed how activation of specific cAMP 
domains by different receptor isoforms allows for specific control 
of AP and CaT properties, and confirmed the synergistic nature 
of CaMKII and PKA crosstalk.

Figure 32-4.  A, PKA and CaMKII influence ECC by affecting several electrical and Ca2+-handling proteins, including PLB, RyR, and LTCC. In addition, INa and K+ currents (e.g., 
Ito and IK1) are regulated by CaMKII. PKA also targets sarcolemmal ion channels, such as IKs and ICFTR, and the myofilament protein TnI. By exerting multiple effects on these 
numerous  targets, CaMKII  can  simultaneously  favor heart  failure and arrhythmias. PKA can exacerbate  this via positive Ca2+  feedback.  B,  Soltis  and Saucerman78 model 
schematic. CaMKII is activated by Ca2+/CaM binding in the dyadic cleft, subsarcolemma, and cytosolic compartments. Active CaMKII phosphorylates LCCs, RyRs, and PLB. 
CaMKII-dependent alterations to INa and Ito were included. PKA phosphorylates LCCs, RyRs, PLB, Inhibitor-1, TnI, IKs, and ICFTR, and phosphatases 1 and 2A oppose phosphoryla-
tion by either kinase. C, Time course and frequency dependence of CaMKII phosphorylation: dyadic CaMKII activity and phosphorylation profiles during CaMKII overexpres-
sion (6×) simulation at low (0.5 Hz) and higher (2 Hz) pacing frequencies.78 

(From Soltis AR, Saucerman JJ: Synergy between CaMKII substrates and beta-adrenergic signaling in regulation of cardiac myocyte Ca2+ handling. Biophys J 99:2038–2047, 2010.)
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guanine nucleotide exchange factor Epac (independent of PKA) 
to activate a CaMKII- and RyR-dependent SR Ca2+ leak.89 This 
interaction has been reported to mediate βAR-induced cardiac 
hypertrophy.90 Curran et al91 showed that βAR activation of 
CaMKII, which is Ca2+- and PKA-independent, is also cAMP-
independent.92 A systems model incorporating these pathways 
could provide a quantitative framework for discriminating canon-
ical and novel mechanisms of crosstalk between βAR and CaMKII 
signaling in myocytes.

Models of Cardiac Disease

Heart Failure

HF is a rapidly growing health problem in the United States. 
About half of HF deaths are due to arrhythmias (and half to pump 
failure). Alterations in myocyte ion currents, Ca2+ handling, con-
tractile function, and their neurohormonal regulation, accompa-
nied by ventricular hypertrophy and structural remodeling, all 
contribute to the HF phenotype. Quantitative systems models 
that integrate across interacting biochemical and biophysical 
functions (and multiscale models) have proved essential for  
a mechanistic understanding of this complex clinical 
syndrome.23,32,93,94

CaMKII is more expressed and more active in HF, and has 
been causally linked to the initiation of triggered arrhythmias via 
both EADs and delayed afterdepolarizations (DADs95). For simu-
lating the effects of CaMKII overexpression on sarcolemmal ion 
channels (see earlier), we have shown that when Ito expression is 
low (e.g., in HF or endocardial myocytes), the effects on INa and 
ICaL would be predominant, thus potentially leading to a LQT3-
like phenotype (Figure 32-5, A, middle and right) and possibly 
EAD-induced triggered arrhythmias. In fact, prolongation of the 
AP plateau may slow deactivation of ICaL, which depolarizes the 
membrane and generates EADs.96 In addition, experimental and 
modeling data indicate that phosphorylation events promoting 
mode 2 gating of ICaL contribute to EADs and ventricular arrhyth-
mias.97 Heterogeneity of transmural ventricular repolarization has 
been linked to a variety of arrhythmic manifestations. A certain 
degree of transmural dispersion of repolarization is normal 
(Figure 32-5, B, left) and may be attributed in part to differential 
expression of Ito (where there is higher Ito in myocytes at the epi-
cardial side). If CaMKII prolongs APDs in the endocardium (see 
Figure 32-5, A, middle and right) and shortens APDs in the epicar-
dium (Figure 32-5, A, left), this could amplify transmural disper-
sion of repolarization (Figure 32-5, B, right), thus predisposing to 
the development of reentrant arrhythmias. When incorporating 
into the ECC model the full spectrum of HF-induced changes, 
such as CaMKII-mediated RyR-Ca2+ sensitization, enhanced SR 
Ca2+ leak, and decreased IK1 and Ito (besides the changes in INa, ICaL, 
and Ito gating), coupled with other cellular changes, such as 
increased INCX, we observed DAD-induced triggered arrhythmias 
upon βAR stimulation (Figure 32-5, C). DADs are a consequence 
of a βAR-induced increase in [Ca2+]SR that activates SR Ca2+ 
release via hypersensitive RyR and causes inward INCX, which 
depolarizes the membrane toward threshold for a triggered AP. 
Notably, this mechanism may also explain EADs.96

Ischemia

Regulation of metabolic and electrophysiological processes may 
become dysfunctional during ischemia-reperfusion, often result-
ing in alterations in ionic balance that may lead to lethal cardiac 
arrhythmias and/or contractile failure. Increased concentrations 
of intracellular Na+ and Ca2+, increased extracellular K+, and 

activation, CaMKII can lock itself into an activated state upon 
autophosphorylation of Thr287 on the autoinhibitory segment. 
Autophosphorylation can maintain CaMKII active even after 
[Ca2+]i has declined (e.g., during diastole), when Ca2+/CaM has 
dissociated from its binding region (the so-called autonomous 
state). CaMKII phosphorylates numerous target proteins involved 
in Ca2+ influx, release from and uptake into the SR, and sarcolem-
mal Na+ and K+ channels (see Figure 32-4, A). This in turn can 
influence myocyte Ca2+ regulation and confers further Ca2+ 
dependence to electrophysiological effects.81 Recent models have 
incorporated elements of the CaMKII signaling cascade to study 
the role of CaMKII in regulating cardiomyocyte contractility and 
excitability. Hund and Rudy26 for the first time integrated 
CaMKII signaling in a model of canine ECC, including its effects 
on Ca2+ handling, and postulated its role in the rate dependence 
of CaT. Their model was extended by Livshitz and Rudy,82 who 
reformulated SR Ca2+ release and linked CaMKII activity to an 
increased propensity for T wave alternans, and was further 
updated by Christensen et al83 with the addition of an oxidized 
(active) state of CaMKII accounting for the oxidation-induced 
activation of CaMKII that occurs during myocardial infarction. 
Grandi et al84 have investigated in silico the effects of CaMKII 
overexpression on cardiac myocyte ionic currents and APs in the 
comprehensive Shannon et al20 ECC model. By incorporating the 
modulatory effects of CaMKII on INa, ICaL, and Ito, it was shown 
that APs from rabbit myocytes overexpressing CaMKII are 
shorter compared with control, as measured experimentally. 
CaMKII-induced Na+ channel loss of function was predicted to 
reduce AP rate of rise and conduction velocity, especially at fast 
heart rates (like in the Brugada syndrome), whereas increases in 
the late component could potentially resemble a long QT-3 phe-
notype at slow rates. Wagner et al85 incorporated the same 
CaMKII overexpression effects into a mouse model and showed 
species specificity and differences between acute and chronic 
CaMKII effects. The Saucerman and Bers model86 was the first 
to incorporate and validate compartmental models of CaM, 
CaMKII, and phosphatases (including calcineurin [CaN]), based 
on measured concentrations, binding kinetics, and target phos-
phorylation, into the Shannon et al20 rabbit model of ECC. 
Model simulations showed that different affinities of CaM for 
CaMKII and CaN are important for determining their sensitivity 
to local Ca2+ signals. CaM is highly activated in the dyadic cleft 
from beat to beat with no significant “memory” of previous beats, 
but less than 1 in 105 free bulk cytosolic CaM molecules are 
activated during that same beat. They predicted that CaMKIIδC, 
often described as a cytosolic isoform, is relatively insensitive to 
cytosolic Ca2+ because of its relatively low CaM affinity, whereas 
the higher affinity of CaN allows for its gradual activation. When 
targeted to the cleft, CaMKII exhibits dynamic, frequency-
dependent responses to Ca2+ (Figure 32-4, C). Hashambhoy et 
al87 modeled dynamic CaMKII phosphorylation of LTCCs within 
the local control model45 and postulated that a CaMKII-
dependent shift between gating modes underlies ICa facilitation. 
Subsequently, RyR regulation by CaMKII was included in this 
framework.88 Soltis and Saucerman78 integrated dynamic 
CaMKII-dependent regulation of LTCC, PLB, and RyR (Figure 
32-4, B, C) and identified CaMKII-dependent RyR hyperphos-
phorylation as a proarrhythmogenic trigger. By linking the 
CaMKII and PKA pathways to ECC, they showed that CaMKII 
and PKA activities during β-adrenergic stimulation may syner-
gistically facilitate inotropic responses, as βAR stimulation 
can activate CaMKII via PKA-dependent enhancement of ICa 
and SR Ca2+ uptake and consequent increase in SR Ca2+ 
release and CaT amplitude (also shown by Heijman et al80), 
which served as the basis for a systematic analysis of the interac-
tion between βAR-PKA and CaM-CaMKII. Furthermore, there 
is evidence for a Ca2+- and PKA-independent pathway by which 
βAR cause CaMKII activation. Cyclic AMP can activate the 
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32 

Figure 32-5.  A, Simulated APs at 1 Hz in control and CaMKIIδC-overexpressing cardiac myocytes in the presence of 100% (left), 25% (middle), and 10% (right) Ito. When Ito 
is fully expressed (epi or control), CaMKII shortens the AP, whereas the AP is prolonged by Ito downregulation (e.g., endo or HF). B, This could amplify transmural dispersion 
of repolarization, which may facilitate reentry phenomena. C, Stimulation of steady-state AP and Ca2+ transients followed by a period of rest in digital HF cell (left) and with 
isoproterenol (right) at 1 Hz. In isoproterenol, cessation of 1-Hz stimulation, leads to spontaneous SR Ca2+ release (right, lower panel), activating inward INCX, which depolarizes 
the membrane-generating DADs (right, upper panel). DADs were not seen in HF (left). (B, Redrawn from Bers DM, Grandi E: Calcium/calmodulin-dependent kinase II regula-
tion of cardiac ion channels. J Cardiovasc Pharmacol 54:180–187, 2009. C, Redrawn from Bers DM, Grandi E: Calcium/calmodulin-dependent kinase II regulation of cardiac 
ion channels. J Cardiovasc Pharmacol 54:180–187, 2009.)
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decreased intracellular ATP and pH have been measured experi-
mentally in ischemia.

Acidosis in cardiac myocytes is a major factor in the reduced 
inotropy that occurs in the ischemic heart as a net result of 
complex interactions between protons and a variety of intracel-
lular processes. Crampin and Smith98 developed a dynamical 
model of pH regulation and ECC to predict the time courses of 
key ionic species during acidosis, in particular intracellular pH, 
Na+, Ca2+, and contraction. They suggested that the most signifi-
cant effects are elevated Na+, inhibition of NCX, and the direct 

interaction of protons with the contractile machinery, and recon-
ciled these various contributions to understand the overall effects 
of acidosis in the beating heart.

Metabolic blockade causes activation of the ATP-sensitive K+ 
current (IKATP), which can markedly shorten the cardiac AP and 
was quantitatively investigated.99,100 Ch’en et al101 simulated the 
biochemical changes in cytosolic ATP, pH, and Ca2+ that occur 
during ischemia-reperfusion. The model produced NCX-
mediated Ca2+-overload arrhythmias and identified the electro-
physiological effects of therapeutics such as Na+/H+ exchange 
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Summary

We have discussed how computational modeling has evolved to 
incorporate descriptions of ion channels and membrane trans-
porters and to integrate mechanistic models of the CICR process 
(common pool vs. local control formulations) and models of force 
generation, mitochondrial ATP production and its regulation by 
Ca2+, and the coupling of electrophysiological models with sig-
naling pathways. Finally, we have shown how cellular models of 
electrophysiology, cell signaling, and metabolism have been used 
to investigate the mechanisms underlying cardiac diseases includ-
ing heart failure and ischemia, with the ultimate goal of improv-
ing treatment.103
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block. Michailova et al66,67 explored the role of free Mg2+, MgATP, 
and MgADP in IKATP, ICaL, and [Ca2+]i in a canine cell model, and 
showed that either increases in free cytosolic Mg2+ (0.2 to 5 mM) 
with fixed Mg-nucleotide concentrations, or decreases in the 
ATP/ADP ratio with fixed total Mg2+, could activate IKATP and 
systematically change APD, ICaL, and CaTs.66 More recently, 
Zhou et al102 expanded the comprehensive ECC-energetics 
model of Cortassa et al70 (see earlier) that includes realistic math-
ematical representations of mitochondrial energetics to drive the 
changes in ATP/ADP ratio and integrates reactive oxygen species 
(ROS)-induced ROS release processes to simulate the phenom-
enon of oxidative stress–induced mitochondrial oscillations and 
their effects on whole cardiomyocyte function. This allowed 
examination of the sequence of events that activate IKATP during 
oxidative stress and provided a new tool for examining how alter-
ations in mitochondrial energetic state will impact the electro-
physiology and electrical activities of the cardiac cell in both 
health and disease. Notably, oxidative stress (e.g., due to 
mitochondria-derived ROS) causes a number of functional alter-
ations in key ECC targets, including kinases (e.g., CaMKII). 
Thus, future integrative modeling that incorporates those 
changes can be a powerful tool in the study of synergy and cross-
talk among these various pathways.
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transport mechanisms. Second, it provides a platform for region-
alization of specialized signaling structures. Here we focus on 
structures that are directly involved in cardiac Ca2+ signaling; the 
best described are the calcium release unit (CRU; Figure 33-1, 
right panel) and the cardiac couplon.

A Brief Ultrastructural History of Cardiac  
Excitation-Contraction (E-C) Coupling

Initial impressions of the shape and structure of the CRU first 
appeared roughly half a century ago—well before the function of 
the couplon was understood, or the term itself had been coined.7 
At that time, transmission electron microscopy (EM) had shown 
junctions between the SR and T-tubular membranes, which, in 
cardiac muscle, were termed dyads for their characteristic two-
component appearance in longitudinal tissue sections. A few 
years later, Constantin et al8 identified these SR structures as the 
site of intracellular calcium storage; Winegrad’s landmark study9 
shortly thereafter showed that they were also the site of intracel-
lular Ca2+ release. Facett and McNutt5 accordingly refined Porter 
and Palade’s well-known sketch of the cardiac sarcomere,10 and 
their rendition remains popular today (Figure 33-1, left panel). In 
this schematic, Ca2+ is released from specialized projections of 
the SR, which closely juxtaposes the T-tubular membrane. These 
projections were originally named for their anatomical appear-
ance in transmission EM (i.e., junctional—jSR; terminal—
cisternal SR) or for characteristics of physical separation (i.e., 
heavy SR). Over the next several decades, classic studies were 
published by a number of groups to define Ca2+-induced Ca2+ 
release (CICR) as the essential mechanism of E-C coupling 
occurring at cardiac dyads, and responsible for activating contrac-
tion of the heart.11,12 Key aspects of CICR are detailed in the next 
sections, but to review briefly, voltage-dependent opening of 
local L-type Ca2+ channels (LCC) permits influx of Ca2+, which 
binds to and activates nearby ryanodine receptors (RyRs) in the 
jSR membrane. This results in release, from the jSR, of the bulk 
of Ca2+, which goes on to participate in contraction.12

Over the past two decades, it has become clear that a number 
of important properties of cardiac E-C coupling are critically 
dependent upon the biophysical characteristics of Ca2+-mediated 
interaction between the LCC and RyR. These processes  
and phenomena will be discussed in detail below, but at this  
point it behooves us to introduce several terms that have  
been adopted to reflect fundamental structure-function relation-
ships in the current paradigm of E-C coupling, which is  
known as “local control.”13 First, the term CRU refers to an 
individual jSR terminal and its associated RyR ensemble14 and 
helps to indicate the discrete functional nature of these struc-
tures, that is, individual CRUs are generally activated in an all-
or-nothing fashion but are otherwise functionally isolated from 
one another by a sufficiently large inter-CRU diffusion distance. 
The term couplon was introduced to explicitly define the combina-
tion of an LCC cluster and juxtaposed CRU, which together are 
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The microarchitecture of cellular substructures involved in 
calcium signaling is highly organized in all forms of mammalian 
striated muscle, and the cardiac ventricular myocyte (VM) is no 
exception. The ultrastructural characteristics of the T-tubular 
system and the sarcoplasmic reticulum (SR) play an important 
role in normal cardiac electrophysiology, and their degradation 
has dire consequences in a number of pathologic contexts. Below 
we discuss several electrophysiologically important aspects of 
VM ultrastructure, and place emphasis on describing structure-
function relationships in the healthy and diseased myocardium. 
Because interaction within and between these structures often 
occurs at or below the limit of resolution for traditional live-
imaging techniques, quantitative computational modeling has 
made an essential contribution to our understanding of how 
structure determines function. As such, we highlight ongoing 
computational efforts that make use of reconstructed subcellular 
geometries to describe VM physiology at the optical diffraction 
limit and below.

Electrophysiological Structure of the 
Ventricular Myocyte

Anatomy of the Myocyte Sarcolemma

The plasma membrane of ventricular myocytes, and of most 
mammalian striated muscle, exhibits regular invaginations that 
project into the cell perpendicular to its surface (Figure 33-1). 
These structures align with the sarcomeric Z-disc and were origi-
nally termed transverse tubules (T-tubules) for their dominant 
orientation with respect to the long axis of the cell. However, in 
most species, a large number of longitudinal branches have also 
been observed,1,2 and this has caused different authors to describe 
the lattice architecture variously as the transverse-axial-tubular 
system (TATS),3 the sarcolemmal tubule system,4 the T-system,5 
and the sarcolemmal Z-rete.6 At a macroscopic level, the T-tubular 
lattice affects myocyte function through at least two important 
mechanisms. First, it expands VM surface area, and thereby 
increases the density (per unit cell volume) of all sarcolemmal 
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Figure 33-1.  Overview of structures involved in cardiac Ca2+ handling and excitation-contraction (E-C) coupling. T-tubules are invaginations of the sarcolemma that facilitate 
spatiotemporal synchronization of intracellular Ca2+ release by bringing L-type Ca2+ channels (LCCs) into close proximity with most of the cell’s volume. Ca2+ release units 
(CRUs)  juxtapose the T-tubules along their  length, and the narrow space separating the  jSR and the T-tubules  is named the dyadic cleft. LCCs reside  in the sarcolemma, 
predominantly at dyadic clefts, and the surface of the release unit that faces the T-tubule (the dyadic surface) contains ryanodine receptors (RyRs). In a ventricular myocyte, 
typically ≈20 000 CRUs are present, and these are synchronously activated during an action potential (AP). Upon arrival of the AP, LCCs open and permit Ca2+ influx, which 
then triggers further Ca2+ release from the sarcoplasmic reticulum (SR) via binding to local RyRs. Ca2+ release from a single CRU is called a Ca2+ spark. After a spark, the SERCA 
pump and the Na/Ca exchanger either resequester the released Ca2+ into the SR, or extrude it from the cell, respectively. 

(Left panel is retouched from Fawcett DW, McNutt NS: The ultrastructure of the cat myocardium. I. Ventricular papillary muscle. J Cell Biol 42:1–45, 1969.)
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capable of functionally interacting to contribute to E-C cou-
pling.7 For this reason, the couplon is, by definition, the elemen-
tary site of E-C coupling in the heart (see Figure 33-1) and along 
with the CRU will be a feature of much further discussion in this 
chapter.

Role of Imaging in Defining Cardiac Ultrastructure 
and Subcellular Modeling

Much of our knowledge of cardiac ultrastructure has been per-
mitted by steadily improving approaches to both EM and light 
microscopy (LM). In combination with tomographic reconstruc-
tion algorithms, high-voltage EM (HVEM) has both enhanced 
resolution and improved penetration of thick-section prepara-
tions, which has now permitted 3-dimensional (3D) reconstruc-
tion of the T-tubule system and associated E-C coupling 
structures.15,16 Improvements in acquisition and analysis of LM 
images have now permitted imaging at or below the optical dif-
fraction limit. This progress has brought the living T-tubule,6,17 
and even the detailed morphology of individual RyR clusters,18,19 
into view. Together, these techniques have been central to defin-
ing the structural characteristics of VM microdomains, describ-
ing protein localization in and around those domains, and 
permitting the geometrically detailed quantitative approaches we 
describe here.

Structure-Function Relationships at the 
Nanometer Scale (CRU and Couplon)

Couplon and CRU Microarchitecture

The small space between the jSR and T-tubular membranes pro-
vides a confined volume (“dyadic cleft,” “junctional cleft,” or 
“fuzzy space”) in which large and rapid changes in local [Ca2+] can 
be generated by local transporters, particularly LCCs and RyRs. 
This constrained architecture is fundamental to high-fidelity cou-
pling between those transporters, and is maintained by the spe-
cialized anchoring protein, junctophilin, which tethers the jSR to 
the T-tubular membrane.19-21 In healthy myocytes, junctophilin 
keeps the distance between the jSR and the T-tubule to within 12 

to 15 nm, and appears to be interspersed among the RyR mole-
cules within the dyadic surface of the jSR membrane.19

The exact numbers of LCCs and RyRs inside the couplon are 
still debated. Early studies employed transmission EM to measure 
the cross-sectional diameter of individual CRU terminals, and to 
show that, in mammalian cardiac muscle, RyRs form dense clus-
ters at these terminals.22 Assuming that the CRU terminals are 
circular (i.e., that the size corresponds to the diameter) and are 
densely packed with receptors, these authors were able to approx-
imate the number of RyRs per couplon. This estimate suggested 
that 130 to 150 receptors are present in mouse ventricular cou-
plons.22 Given that the RyR tetramer is 30 nm at each side, this 
would require a dyad containing 100 RyRs to be 440 nm in 
diameter and 1.8 × 10−12 µℓ in volume. Recent studies have chal-
lenged these initial estimates.15,18,23 Using 3D EM tomography, 
Hayashi et al15 reported that the size of each dyad is almost an 
order of magnitude smaller than was previously reported (mean 
0.44 × 10−12 µℓ) and that each dyad includes a large fraction of 
tiny dyads (median 0.28 × 10−12 µℓ). They also showed that the 
density of RyRs within each CRU was sparse. By segmenting 
features, such as the T-tubule (green), jSR (yellow), dyadic space 
(white), and RyR occupancy (blue), they observed spaces within 
the dyad that did not contain any RyRs (Figure 33-2, E). It is 
interesting to note that Hayashi et al also found that 80% of all 
dyads have a neighboring dyad within 25 nm, which is dramati-
cally closer than was previously thought. Using super-resolution 
light microscopy, Baddeley et al18 found support for most of these 
surprising results. They similarly observed RyR clusters to be 
much smaller, more closely arranged, and more irregularly 
shaped than had been reported or assumed in earlier work. It is 
not completely clear why recent studies have retrieved such dif-
ferent estimates of couplon size compared with those of Franzini-
Armstrong et al,22 although it is at least clear that the early 
assumption of a circular dyadic geometry was oversimplified, and 
this fact may contribute to the discrepancy. Based on agreement 
among recent structural studies and even earlier functional 
work,24 it is probably safe to conclude that the number of RyRs 
in the average CRU is on the order of tens rather than greater 
than 100.

The observation by both Baddeley et al18 and Hayashi 
et al15—that many small RyR clusters exist very close to each 
other—may have important functional implications. Baddeley 
et al defined a class of RyR super clusters, which combined small 
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myocardial Na+/Ca2+ exchanger (NCX) is also worth mentioning 
at this point, as its potential involvement in E-C coupling is a 
long-debated topic that has recently been revisited.32 Although 
NCX does exhibit a punctate distribution in the T-tubules, precise 
colocalization of NCX with RyR occurs for only ∼10 % of the 
total NCX signal.27,33 With this in mind, the latter authors also 
note that ∼40% of NCX puncta reside within 150 nm of the 
nearest RyR cluster. Thus, even though NCX is probably not 
selectively concentrated within the dyadic portion of the T-tubular 
membrane, it is likely to be nearby.

The protein exhibiting strongest colocalization with RyR is 
calsequestrin (CSQN). A total of 95% of all CSQN labeling is 
coincident with RyR, and only ∼10% of RyR occur in the absence 
of CSQN. These observations are consistent with our under-
standing of the function of CSQN, which, through its ability to 
rapidly buffer Ca2+, acts to both limit the thermodynamic gradi-
ent that opposes SR Ca2+ reuptake and provide a large local 
supply of Ca2+ for RyR-mediated Ca2+ release. Finally, localiza-
tion of the sarco-endoplasmic reticulum Ca2+ ATPase (SERCA2) 
is less clear than that of RyR or CSQN. It is generally agreed 
that both major (SERCA2a) and minor (SERCA2b) cardiac splice 
variants are present at the Z-disc, and therefore in the vicinity of 
the jSR.34-36 However, fluorescent labeling also appears to deco-
rate the M-line SR,34 and no investigation to date has definitively 
demonstrated that SERCA2 exists within the same functional 
domain as RyR, and CSQN. As mentioned below, our quantita-
tive approaches suggest that uncertainty in SERCA2 localization 
at this level may be functionally important, particularly with 
respect to Ca2+ spark dynamics.

clusters within 100 nm of each other, because conventional 
understanding suggests that these clusters would function as a 
single CRU. However, at some combination of short intercluster 
distance and low SR release flux, these clusters might be expected 
to exhibit a variety of spark amplitudes as the result of partial 
activation of the super cluster. Such subspark amplitude CRU 
activations have been observed experimentally and have been 
called quarks or sparklets.25 It is conceivable that the sparse distri-
bution of RyRs within a single dyad (observed by Hayashi et al15) 
could yield such behavior, and this sparse arrangement has since 
been observed by other investigators.23

Immunofluorescence-based colocalization studies have defini-
tively shown that the LCCs present in ventricular myocytes 
exhibit a punctate pattern of distribution, and that ∼90% of these 
puncta are coincident with RyR.26,27 Thus, a vast majority of LCCs 
are probably components of couplon structures. The number of 
LCCs within each couplon is less certain, as is the number of 
active LCCs required to trigger local Ca2+ release during physi-
ological E-C coupling. One range of estimates suggests that 17 to 
53 LCCs are likely to be involved in couplon activation28-30; others 
have observed higher coupling fidelities and therefore suggest 
that fewer LCCs are required to trigger local SR Ca2+ release.31 
Part of the uncertainty here is due to discrepancy in the estimates 
of RyR cluster size, which are required to extrapolate the LCC 
number in some studies.29 Otherwise, differences in the details of 
approach across studies, such as the potential ranges for LCC 
activation and partial pharmacological inhibition of the LCC 
pool, have made it difficult to determine truly physiologically 
representative constraints for E-C coupling. Localization of the 

Figure 33-2.  Fine anatomy of dyadic clefts in the mouse myocardium. A, High- resolution mesh models of a T-tubule (green) and jSRs (yellow) shown with a slice image; 
these were constructed by dual-axis electron microscopy (EM) tomography. B and C, The ultrathin serial slice images of this structure revealed inhomogeneous distribution 
of ryanodine receptor (RyR) feet in dyadic cleft spaces (B), and their RyR foot–rich subdomains were segmented (light blue lines in C). D through F, The intra-anatomy of 
three closely assembled dyadic clefts. From the complete mesh model (D), jSR membranes are removed to expose eight RyR foot–rich subdomains (the surface meshes of 
these subdomains are shown in light blue in E) that partially occupy dyadic cleft spaces (the whole dyadic cleft spaces are indicated as the junctional regions of T-tubular mem-
branes in white). Both jSR meshes and meshes that identify the RyR-rich subdomains are removed in F. Scale bars: 200 nm. 

(From hayashi T, et al: Three-dimensional electron microscopy reveals new details of membrane systems for Ca2+ signaling in the heart. J Cell Sci 122[Pt 7]:1005–1013, 2009.)
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been estimated from indirect measures, such as Ca2+ spark fluo-
rescence.42 For this uncertainty, modelers have turned to func-
tionalistic models of the CRU43 or have constrained their 
approaches to lipid bilayer recordings of RyRs extracted from 
their native environment.44 The former have been most popular 
in integrative models.45,46 However, we still lack a proper under-
standing of how models based on bilayer experiments can be 
incorporated into integrative models, and whether they fulfill the 
four E-C coupling properties previously described. One of the 
reasons for this is that to be able to reliably terminate a Ca2+ spark 
(property (2) mentioned earlier), the functionalistic models have 
employed Ca2+-dependent inactivation as the main termination 
mechanism. However, lipid bilayer experiments do not support 
such an inactivation mechanism at physiologically relevant cyto-
solic [Ca2+].47 Alternatively, experimental measurements have 
demonstrated that RyR channel activity is also regulated by 
luminal SR [Ca2+], and it has been thought for some time that 
this mechanism may contribute to spark termination via local jSR 
Ca2+ depletion.48 When luminal Ca2+ regulation was included in 
the model, together with a limited supply of Ca2+ in the jSR, 
reliable spark termination was accomplished without inactivation 
by cytosolic [Ca2+].49 A requirement of this model, however, is 
that luminal [Ca2+] is depleted to a level not supported by direct 
measurements during a spark.50 Sobie and Lederer recently sug-
gested that this discrepancy may be resolved if the luminal Ca2+ 
signal is averaged over neighboring SR compartments, which is 
probably the most realistic reference to experimental measure-
ments, where recording volumes are much larger than a single 
CRU.51 To determine whether physiological spark termination 
can be achieved with this modification, a more detailed computer 
model of spark generation, including Ca2+ diffusion within local 
SR compartments, was needed.

To that end, Hake et al managed to combine recent develop-
ments in 3D EM tomography with new techniques in computa-
tional mesh generation to develop a 3D model of the Ca2+ spark.52 
The CRU geometry (Figure 33-3, A) was manually segmented 
from 3D EM tomography data for a mouse ventricular myocyte.15 

Subcellular Modeling at the Nanometer Scale

Functional data gained from LM and patch-clamp electrophysi-
ology have formed the basis for multiple model studies of whole-
cell E-C coupling and single Ca2+ sparks over the past 20 years.37,38 
A set of four specific properties of macroscopic E-C coupling, 
and isolated RyR function, have been used to drive and constrain 
the development of these computational models: (1) RyR activa-
tion should exhibit a steep and nonlinear dependence upon sub-
membrane cytosolic [Ca2+]; (2) reliable termination of release 
should be achieved by experimentally defined RyR gating proper-
ties; (3) the total Ca2+ released from the SR should be about an 
order of magnitude larger than that entering through activated 
LCCs, that is, E-C–coupling gain should be high; and (4) the 
total Ca2+ released from the SR should be proportional to the 
macroscopic LCC current, that is, SR Ca2+ release should be 
graded by L-type Ca2+ current (ICaL).

The multiscale aspects of modeling E-C coupling became 
obvious quite early, as (3) and (4) are whole-cell measures, and 
E-C coupling is controlled locally within each of the ∼20 000 
couplons in a myocyte. The first attempts to model E-C coupling 
used the mean cytosolic [Ca2+] as a trigger for RyR release. None 
of these early models, however, were able to reconcile (1) to (3) 
with (4).13 The remedy was to let local [Ca2+] within each CRU 
control the gating of the local RyRs,13,39,40 and thus “local control” 
models were born. These models kept a steep all-or-none control 
of RyR release within each couplon, and graded release was 
accomplished by a probabilistic recruitment of the CRUs, where 
CRUs were activated in proportion with ICaL. The problem of 
combining local control and whole-cell aspects of Ca2+ signaling 
is an inherently multiscale problem that has been addressed by 
several approaches of varying complexity.41

At the level of a single CRU, modelers have been challenged 
by the lack of direct measurements of local SR Ca2+ release 
current. Because RyRs are not members of the sarcolemma, 
patch-clamping techniques are not available to assay channel 
function in the intact cell. Instead local SR release current has 

Figure 33-3.  Generation of reconstructed geometries  is a multistage process. A, First,  features are segmented from electron tomography data. B, From the segmented 
data, an initial low-quality surface mesh is generated. C, The quality of the surface mesh is improved. D, The surface mesh is annotated, for easy application of boundary 
fluxes. Blue is the T-tubule; red, orange, and yellow show the sarcoplasmic reticulum; and purple is a mitochondrion. E, The full, annotated surface mesh. The dimensions of 
the mesh are 1430 × 940 × 406 nm. F, The surface mesh is converted to an annotated volumetric mesh using TetGen. G, The geometry included a full representation of 
the local SR. 

(Panels A, D, E, and g from hake J, et al: Modeling cardiac calcium sparks in a three-dimensional reconstruction of a calcium release unit. J Physiol 590[Pt 18]:4403–4422, 2012.)
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simulated E-C coupling.59 As described in next section, this lack of 
synchrony has become a hallmark characteristic of E-C coupling 
dysfunction in a variety of cardiac pathologies. To our knowledge, 
these studies have provided the only available theoretical analyses 
of disease-associated couplon remodeling. More broadly, the 
potential for using reconstructed geometries of the CRU to model 
Ca2+ sparks and other microdomain-defined processes is huge. As 
3D EM tomography and super-resolution microscopy techniques 
improve, large volumes of ultrastructural imaging data will become 
available. 3D computer models enable us to investigate the 
structure-function relationships of localized proteins in geometri-
cally confined environments. Therefore, many questions remain 
to be investigated with respect to how E-C is controlled locally, 
particularly those associated with the structural basis for subspark 
release events (quarks and sparklets) and the role of protein local-
ization in shaping spark dynamics. It is exciting to consider what 
these detailed analyses can uncover if they can be scaled up to 
reference the volumes of data available to describe macroscopic 
properties of E-C coupling.

Structure-Function Relationships at the 
Micron Scale (T-Tubule and T-System)

T-Tubule Microanatomy and Its Role in Regulating 
E-C Coupling

As is true for the CRU, advancements in imaging modalities have 
driven progress in defining the architecture of cardiac T-tubules, 
and a consistent finding among these studies is the strong species 
specificity of T-tubular structure. In the rat, the average ventricu-
lar tubule is ∼250 nm in diameter, and exhibits longitudinal (axial) 
branches every 6.87 µm.6 Rabbit and human myocytes generally 
have larger T-tubular diameters (∼450 nm), and exhibit less pro-
nounced branching.1,17,60,61 This frequency of T-tubular branch-
ing indicates a key aspect of species differences in the relationship 
between T-tubular structure and function: The T-tubular rete of 
rodents is generally more intricate than that of larger mammals, 
particularly humans. The most important outcome of this 
complex branching is a decreased distance from any part of the 
cytoplasm to the sarcolemmal membrane, within the rodent cell. 
Two-dimensional analyses of transverse sections indicate that, in 
the human, ∼64% of the cytoplasm resides within 250 nm of a 
T-tubular membrane, compared with ∼94% in the rat.1 It is 
generally held that this intricate lattice-like structure facilitates a 
more synchronous Ca2+ release in the roden (e.g., mice, rats, 
squirrels, porcupine, beavers, guinea, hamsters), thereby reduc-
ing the intracellular heterogeneity of E-C coupling, which may 
be necessary to support efficient contraction at the very high 
heart rates of these animals. As we describe at the end of this 
chapter, this principle probably also applies in the converse under 
circumstances of pathologic remodeling, which degrades the 
lattice architecture, resulting in a sparse T-tubular architecture.

Although it has not been directly tested, a commonly held 
hypothesis is that these differences in T-tubular density influence 
E-C coupling by altering the density of functional couplons. As 
described earlier, CRU nearest neighbor distances (from the edge 
of one CRU to the edge of its closest adjacent CRU) appear to be 
somewhere on the order of tens of nanometers in the rat.15,18 
Center-to-center distances are larger on average, typically 300 to 
800 nm.18,22,26 These distances are ∼15% to 50% greater in the 
human, resulting in an RyR cluster density (per unit cell volume) 
that is roughly halved compared with that of the rat.62 Remodeling 
accompanying heart failure, also in humans, reduces RyR cluster 
density by a further 20%,61 and, as is described below, the density 
of functional couplons is probably even more severely degraded by 
pathologic remodeling.

An annotated surface mesh then was generated from the seg-
mented features (Figure 33-3, B-E), and eventually was trans-
formed into a volumetric tetrahedral mesh, seen in Figure 33-3, F. 
The SR was compartmentalized by dividing the SR geometry 
into individual parts (Figure 33-3, G).

Modeling of Ca2+ Sparks in a Realistic 
CRU Geometry

In Hake’s model, Ca2+ release was simulated by coupling Ca2+ 
diffusion within the local SR to Ca2+ diffusion in the cytosol. By 
including the SR Ca2+ dye, Fluo5, these authors also modeled the 
impact of dye dynamics on experimental measurements of luminal 
[Ca2+]. Specific RyR dynamics were not used to define release 
termination in this model. Instead release was terminated such 
that the modeled Fluo5 signal decayed to a level corresponding 
with experimentally measured values.50 In this way, Hake et al 
applied a functionalistic termination criterion to directly relate 
experimentally measured Fluo5 fluorescence with jSR [Ca2+] at 
the end of a spark. It is important to note that these dynamics 
included local competition between Fluo5 and CSQN, and a 
maximal RyR release flux that was within the range of the best 
available experimental estimates. These analyses suggest that the 
jSR [Ca2+] at spark termination is indeed low (∼10% of resting 
value, see Figure 33-4, C), even though Fluo5 fluorescence decays 
to only 60% of the resting value.52 The available Ca2+ reserve 
within the neighboring SR compartments (44 %) was also com-
parable with experimentally measured values.53

Another advantage of the realistic geometry used in this model 
is that it inherently provides the correct surface area-to-volume 
relationship for local structures. This is crucial to finding correct 
quantitative relationships between the local surface fluxes repre-
sented in the model by the RyRs, SERCA, and NCX. SERCA 
localized close to the CRU will experience a much larger cyto-
solic [Ca2+] during the spark than peripherally located pumps, as 
is illustrated by the cytosolic [Ca2+] gradients shown in Figure 
33-4, B. Hake et al identified a new potential role for the SERCA 
pump during the Ca2+ spark. By pumping Ca2+ back into the SR 
during the spark, local SERCA activity was able to slow down 
the depletion of luminal Ca2+, and hence increase spark duration. 
This was possible because at the late phase of a Ca2+ spark, when 
luminal Ca2+ in jSR is low and cytosolic Ca2+ close to the CRU 
is high, the SERCA pump operates under thermodynamically 
optimal conditions. This modulatory role needs to be investi-
gated further, but it is a clear prediction of the model, which was 
made possible by the correct surface area-to-volume relationship 
for local SR components.

Future Work

Using models to quantitatively demonstrate mechanisms of 
disease associated with ultrastructural remodeling is a clear and 
important application of these techniques. To date, a couple of 
studies have looked at the effects of altered phosphorylation of 
RyR, LCC, and SERCA/phospholamban in failing cells.54-56 
However, because of the lack of published structural data on 
disease-induced remodeling of CRU geometry, very few modeling 
studies have addressed this problem. Koh et al showed that spark 
dynamics were highly sensitive to changes in dyadic cleft height—
a hypothetical characteristic of heart failure.57 For the cleft height 
to be changed, expression or distribution of junctophilin most 
probably has to be altered.58 In a model based on experimental 
junctophilin knockdown in the mouse, van Oort et al showed that 
the E-C coupling gain was lowered as a result of decreased size of 
the CRU.21 Similarly, Cannell et al demonstrated that increasing 
the height of the dyadic cleft may reduce spark synchrony during 
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does the sustained K+ current (ISS).60 Other K+ currents appear to 
be homogeneously distributed. Many of these current carriers are 
sensitive to local ionic concentrations, particularly Na+ and Ca2+, 
and this is just one reason why spatially realistic quantitative 
models will be fundamental in developing a complete under-
standing of their function.

Subcellular Modeling at the Micron Scale

Whole-cell computational models have proved to be powerful 
tools for predicting and analyzing interactions among sarcolem-
mal ion fluxes, the action potential, and intracellular 

As is true within the couplon, protein localization is a key 
component of T-tubular structure-function relationships, and a 
number of sarcolemmal transporters are selectively enriched 
within the T-tubules. Functionalistic approaches involving rapid 
changes in permeant ion concentration, or experimental detubu-
lation, indicate that currents carried by LCC,63,64 NCX,65 and 
Na+/K+-ATPase65,66 exhibit a dominant T-tubular distribution. 
The fold enrichment (ICaL : INaCa:INaK) of each of these currents, 
with respect to the surface sarcolemma, and after accounting for dif-
ferences in corresponding membrane areas, is approximately 
6 : 3 : 3.63 It is interesting to note that the neuronal Na+ current 
(INaN), which has recently been proposed to be a driver of reverse 
mode INaCa,32 exhibits strong T-tubular localization (∼9-fold), as 

Figure 33-4.  Large Ca2+ gradients within a single Ca2+ release unit (CRU). A, Volumetric representation of the [Ca2+] in the cytosolic domain after 5 ms. B, Average [Ca2+] at 
three different positions in the CRU: backside boundary of jSR (continuous line), the whole cytosolic domain (dashed line), and at the boundary of the 6th nSR compartment 
(dash-dotted line). C, Free Ca2+ content in three SR domains during a spark: the 6th nSR compartment (continuous line), the 1st Z-line SR compartment (dashed line), and the 
jSR compartment (dash-dotted line). D, A generated line-scan image from the cytosolic Fluo4 signal with added noise. The width and duration of the spark are 1.0 µm and 
28.5  ms,  respectively.  E,  A  Fluo4  trace  from  the  red  marker  at  the  right  of  the  line-scan  image;  SR,  Junctional  sarcoplasmic  reticulum;  nSR,  network  sarcoplasmic 
reticulum. 

(From hake J, et al: Modeling cardiac calcium sparks in a three-dimensional reconstruction of a calcium release unit. J Physiol 590[Pt 18]:4403–4422, 2012.)

A

B C

D E

6

5

jSRBack boundry 

nSR6 boundry 

nSR6 compartment 

nSZ1 compartment 

jSR compartment 

Cytosol

4

3

[C
a]

[µ
M

]
D

is
ta

nc
e 

[µ
M

]

F
/F

0
[C

a]
[µ

M
]

Ca[µM]

Ca[µM]

5

4

3

2

1

0

2

1

0
0 20 40 60

Time [ms]
80 100

–2.0

–1.5

–1.0

–0.5

–0.0

–0.5

1.0

1.5

2.0

2.0

2.5

1.5

2.0

2.5

1.5

1.0
0 20 40 60

Time [ms]
80 100

1.0
0 20 40 60

Time [ms]
80 100

0

300

600

900

1200

0 20 40 60
Time [ms]

80 100



CALCIUM SIgNALINg IN CARDIOMyOCyTE MODELS WITh REALISTIC gEOMETRIES 337

33 

considered because the entire T-tubular system in ventricular 
myocytes is roughly periodic.15,79 The surrounding half-
sarcomeres were modeled as a rectangular box of 2 µm × 2 µm 
in the plane of external sarcolemma and 5.96 µm in depth (Figure 
33-5, middle). Because Yu’s T-tubule model did not include the 
realistic cell surface, one of the box faces (top red surfaces in Figure 
33-5) was assumed to be the external sarcolemma. The T-tubule 
inside this compartment was extracted from the T-PM data cor-
responding to the region indicated in Figure 33-5 (lower left). 
T-tubule diameter varied from 0.19 µm to 0.469 µm, and 
T-tubule depth was 5.645 µm. The volume of the model com-
partment was ∼23.31 µm3. The compartment membrane area 
measured ∼9.00 µm2 where the percentage of cell membrane 
within the T-tubule was 64% (∼5.75 µm2), and that within the 
external membrane was 36% (∼3.25 µm2). Four exogenous and 
endogenous Ca2+ buffers (Fluo3, ATP, calmodulin, and troponin 
C) were modeled within the cytosolic domain (Figure 33-6, left 
panel). When 100 µM Fluo3 was included, along with ∼1.7-fold 
enrichment of LCC and 3-fold enrichment of NCX in the 
T-tubular membrane, the model-predicted [Ca2+] dynamics 
closely resembled experimental data collected in rat ventricular 
myocytes with blocked SR Ca2+ fluxes80 (Figure 33-6, right panels). 
Counterintuitively, when LCC density was heterogeneously dis-
tributed within the T-tubule model, the spatial heterogeneity of 
cytosolic [Ca2+] was reduced relative to a homogeneous sarcolem-
mal LCC distribution. Strongly nonuniform spatial Ca2+ gradi-
ents, not observed during experiments, were found when LCC 
and NCX fluxes were uniformly distributed along the sarco-
lemma. This unexpected result may be due to the high curvature 
of the membrane near the mouth of the T-tubule, which increases 
the LCC flux per unit cytosolic volume in that region. When the 
LCC distribution is homogeneous, this effect is exaggerated at 
these points of high curvature. A second important finding of this 
study, which may contribute to the effects regarding LCC distri-
bution, is that including the mobile Ca2+ buffering effect of 
100 µM Fluo3, allowed masking of spatial nonuniformities in 
cytosolic [Ca2+] that occurred in the absence of dye (even when 
Ca2+ transporters were heterogeneously distributed). Thus, 
during physiological Ca2+ influx, (i.e., no Fluo3), large and steep 

Ca2+ handling under normal and pathologic conditions. For a 
complete view of successes and failures in modeling pursuits of 
this type, we refer the reader to excellent recent reviews from 
Noble and colleagues.67,68 Using whole-cell modeling approaches, 
Orchard and collaborators also investigated how changes in 
T-system volume and distribution of ion fluxes between the 
surface and the T-tubular membrane affect whole-cell electro-
physiology.69,70 However, as was the case for modeling of the 
couplon, an important limitation of these whole-cell models is 
that they treat subcellular spaces as lumped compartments, and 
are thus unable to dissect the impact of structural changes in the 
T-tubule system and other organelles. To overcome this limita-
tion, recent modeling approaches have introduced simplified 
representations of T-system geometry to enable introduction of 
spatial control of Ca2+ handling. In rodents, Lu et al and Yao and 
Yu assumed a cylindrical T-tubule geometry.71,72 These studies 
suggest that the Ca2+ transient is tightly regulated by the localiza-
tion of sarcolemmal Ca2+ transporters and is strongly reliant upon 
the presence of Ca2+ buffers when SR Ca2+ fluxes are pharmaco-
logically inhibited. Hatano and collaborators73,74 extended the 
approach of Lu et al by developing a detailed 3D geometric 
model of a guinea pig cardiomyocyte in which the subcellular 
structures (T-tubules, myofibrils, SR, mitochondria) were 
modeled using simplified geometries. Their analyses of sarco-
mere dynamics revealed that the dyssynchronous contraction 
caused by detubulation leads to impairment of contractile 
efficiency.

The use of idealistic shapes, however, may alter diffusion 
distances in longitudinal and axial directions and, consequently, 
the predicted local and global Ca2+ signals. Using published 
images of T-tubule ultrastructure from rodents and rabbits, 
investigators have examined Ca2+ dynamics in 3D reconstructions 
of single-tubule and multi-tubule geometric domains.75-77 Before 
discussing work that has made use of this relatively new paradigm 
in subcellular modeling, it is best to briefly describe the process 
by which these geometries are generated.

3D Imaging and Geometric Modeling of a Native 
Ventricular T-Tubular System

As has been described, Hake et al made use of 3D EM tomograms 
to generate a computational geometry of a single CRU, but it is 
not only EM data that can be used for these purposes. The gap 
between imaging and simulation involves two major steps: (1) 
extracting features (boundary or skeleton) from imaging data; and 
(2) constructing geometric models (represented by meshes) from 
the detected features. Thus, the simple requirement of this 
approach is that the imaging modality provides sufficient resolu-
tion and dimension to both (1) capture the volume of the desired 
microarchitectural feature; and (2) permit sufficiently accurate 
segmentation of that feature. To this end, image preprocessing is 
usually necessary for better feature extraction, particularly when 
the original image is noisy, or the contrast between features and 
background is low. With 3D two-photon microscopy (T-PM) 
images, Yu and collaborators developed a set of image processing 
and analysis tools, which, combined with the mesh generator, 
GAMer, were able to generate high-quality meshes for 3D 
T-tubular systems in mice (Figure 33-5, lower left).16,78

Modeling the Effects of Normal T-Tubule 
Ultrastructure on Subcellular Ca2+ Signals

Cheng and collaborators75 used the Yu et al16 geometry to inves-
tigate the role of individual T-tubular architecture and Ca2+ 
buffer activity in determining the characteristics of Ca2+ signaling 
in rat ventricular myocytes. A small compartment containing a 
single T-tubule and its surrounding half-sarcomeres was 

Figure 33-5.  The rodent ventricular T-tubular network and a single-tubule geomet-
ric model. Upper left panel: Cardiac sarcolemma including T-tubules is visualized by 
2-photon microscopy: external membrane  (blue arrows); T-tubules  (white arrows); 
nucleus (Nuc); bar 2 µm. Lower left panel: Geometric model of the T-tubule subsys-
tem extracted from the 2-photon  image. Middle and right panels: Expanded view 
of single T-tubule geometry and its surrounding half-sarcomeres. 

(Adapted from Cheng y, et al: Numerical analysis of Ca2+ signaling in rat ventricular 
myocytes with realistic transverse-axial tubular geometry and inhibited sarcoplasmic 
reticulum. PLoS Comput Biol 6:e1000972, 2010.)

Nuc
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spatial irregularities of RyR cluster distribution may significantly 
influence Ca2+ dynamics, although the role of T-tubular micro-
anatomy was not directly assessed in that study.

Toward a Quantitative Understanding  
of Pathologic T-Tubule Remodeling

Over the past 5 to 15 years, remodeling of the T-tubular lattice 
has emerged as a consistent characteristic of a number of cardiac 
pathologies82 and across a range of species, including humans.61,83 
The characteristics and pathology specificity of these processes 
are not yet firmly established. However, various investigators 
have observed a reduction in the number or density of T-tubules,83 
expansion of T-tubular diameter,61 and/or an increase in the 
prevalence of axial/longitudinal tubule elements.84 A consistent 
functional outcome associated with these remodeling processes 
is reduced synchrony of CICR,82,85 which is generally thought to 
contribute to contractile dysfunction.

The precise mechanisms by which remodeling leads to CICR 
dyssynchrony are not completely clear, although decoupling of 
RyR clusters appears to be the dominant end point.86,87 This 
decoupling may occur through orphaning of entire T-tubules 
from the surface membrane, such that they can no longer conduct 
the AP to their associated CRUs, or as the result of local changes 
in couplon geometry that orphan individual receptor clusters. As 
was mentioned earlier, it is also possible that reduced overall 
CRU density causes heterogeneity in Ca2+ release accompanying 

Ca2+ gradients might be expected in the narrow subsarcolemmal 
space (∼40 to 50 nm in depth). It is interesting to note that in 
examining rabbit cells, Kekenes-Huskey et al revealed qualita-
tively similar results to those of Cheng et al. Local [Ca2+] gradi-
ents within the cytosol and subsarcolemmal regions were highly 
sensitive to details of T-tubule ultrastructure and membrane Ca2+ 
flux distribution, when SR Ca2+ fluxes were blocked.76 For this 
reason, it seems likely that several of the key effects of single 
T-tubule microarchitecture on local Ca2+ dynamics are conserved 
across species.

These two models are the first to have combined sophisticated 
computational methods and detailed structural information to 
understand the role of T-tubular microarchitecture in defining 
cardiac Ca2+ microdomains. Important limitations of these studies 
are (1) the relatively small size of the modeled compartments, 
which contained only a single realistic T-tubule; and (2) as 
described previously, significant branching of the rat T-tubular 
lattice, which suggests that our assumption that the modeled 
compartment is a repeating unit inside the cell is, to some extent, 
unrealistic.

In attempting to reach beyond these limitations, Yu et al 
extended the approach of Cheng et al by reconstructing a 3D 
geometry of several T-tubules in the mouse.77 Briefly, this study 
affirmed that local Ca2+ dynamics are sharply affected by T-system 
ultrastructure and Ca2+ fluxes at the surface membrane. Finally, 
Soeller et al constructed a model of stochastic Ca2+ dynamics in 
rat myocytes using measured 3D distributions of RyR clusters, 
which are adjacent to the T-system.81 These authors found that 

Figure 33-6.  Left panel: Diagram illustrating Ca2+ entry and extrusion via the sarcolemma, and Ca2+ buffering and diffusion inside the cytosol with sarcoplasmic reticulum 
(SR) Ca2+ fluxes pharmacologically blocked: L-type Ca2+ channel (LCC); Na+/Ca2+ exchanger (NCX); membrane Ca2+ leak (Leak); sarcoplasmic reticulum (SR); troponin C (TN), 
adenosine triphosphate  (ATP); calmodulin  (CAL); Ca2+ fluorophore  (Fluo3). Upper right panel: Calcium concentrations visualized as  line-scan  images  in  the transverse cell 
direction. LCC current density heterogeneously distributed along the length of the T-tubule. Na+/Ca2+ flux density was three times higher in the T-tubule, and the Ca2+ leak 
current was homogeneously distributed. Line scan was positioned 200 nm  from the T-tubule membrane at an angle of 120 degrees. Lower right panel:  Local Ca2+  time 
courses with re-plot from experimental data.80 The re-plots are taken along the scan line at 0 µm (blue), 3.96 µm (green), and 5.65 µm (red) from the near-surface location. 
The scan line in the Cheng et al experiments80 was located 200 nm from the surface of the T-tubule. 

(Adapted from Cheng y, et al: Numerical analysis of Ca2+ signaling in rat ventricular myocytes with realistic transverse-axial tubular geometry and inhibited sarcoplasmic reticulum. 
PLoS Comput Biol 6:e1000972, 2010.)
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To date, no modeling study has attempted to explicitly simu-

late the effects of T-tubular remodeling with realistic geometries. 
As mentioned earlier, some researchers have taken idealized 
approaches to understanding how increases in junctional cleft 
width promote heterogeneity in CICR latency59 or E-C coupling 
gain,21 but more complex structural changes have not been inves-
tigated. These questions remain an obvious target of the 
approaches we have described in this chapter.

T-tubule loss.61 The approach presented by Heinzel et al85 offers 
some promise for describing these structure-function relation-
ships experimentally. These authors measured regional CICR 
kinetics and T-tubular density in the same patch-clamped myo-
cytes. Although they did not quantitatively correlate delayed 
CICR with distance from the local T-tubule, they were able to 
characterize spark kinetics at sites that were designated as decou-
pled based on the latency of their activation.
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Cellular Phenomena (0D)

A variety of cellular phenomena contribute to irregular cardiac 
rhythms. Because of the large number and variety of known 
cardiac ion channels, a plethora of studies have been undertaken 
regarding the relationships of genetic and membrane kinetic prop-
erties to arrhythmias. In addition, intracellular signaling as well as 
complex subcellular structures (e.g., dyadic clefts, sarcoplasmic 
reticulum, mitochondria) can have important physiological effects. 
Here, I focus on generic cellular phenomena that “emerge” from 
the underlying physiology and discuss their dynamics with regard 
to arrhythmias (specifically, irregular rhythms and block).

The two most fundamental nonlinear properties of cardiac 
cells are excitability and refractoriness, which are the two necessary 
attributes for a system to exhibit nonlinear wave propagation. 
The all-or-none behavior of the cardiac action potential upstroke 
is characterized by the cell’s excitability. Excitability is deter-
mined primarily by the diastolic membrane potential and the 
“threshold” for activation. In normal cells, the dynamics of sub-
threshold responses of the cardiac membrane are determined 
primarily by the potassium-rectifying current (IK1), and under 
normal conditions, the rapid all-or-none upstroke of the action 
potential is a result of the rapid sodium current INa.2 Regenerative 
depolarization results in threshold-like behavior and occurs when 
the magnitude of the inward ionic current (Iion, primarily INa) 
becomes greater than that of the outward capacitive current (Ic). 
In normal cells, refractoriness coincides with complete recovery 
of the action potential, and hence the action potential duration 
(APD) provides an excellent surrogate for refractoriness in 
healthy tissue. APD is the result of a complex interplay of numer-
ous voltage- and time-dependent ion currents (primarily potas-
sium, sodium, and calcium) that make up Iion as well as sarcolemma 
pumps and intracellular ions. In summary, the cardiac cell trans-
membrane response (ΔVm) to intracellular current injection is a 
nonlinear function of the timing, amplitude, and polarity of the 
stimulus (Figure 34-1).

Normally, during rest, the APD accounts for a large portion 
of the interval between beats; however, during exercise, APD 
must shorten to accommodate the increased heart rate. There-
fore, nearly all of the dynamics of cellular processes are rate 
dependent and depend on a plethora of ionic mechanisms. These 
rate dependencies have been extensively studied, usually in 
response to electrical stimulation pacing protocols. At low heart 
rates, cardiac cells respond to stimuli in a one-to-one manner 
(i.e., 1 : 1, or stable behavior). Here I concentrate on the generic 
cellular phenomena that result in the unstable responses (not 1 : 1) 
that can occur when heart rate increases.

The theoretical study of the response of APD as a function of 
heart rate heart began with the seminal study of Nolasco and 
Dahlen3; “APD restitution” describes the relationship APDi = 
f(DIi), where DI is the previous diastolic interval and i is the beat 
number. These variables are shown schematically in Figure 
34-2, A, where the inter-beat interval is called the basic cycle 
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Sudden cardiac death is the leading cause of fatalities in the 
industrialized world and is most often the result of result of 
ventricular fibrillation (VF). VF, the most lethal cardiac arrhyth-
mia, usually occurs through a transition from ventricular tachy-
cardia (VT). Although the mechanisms underlying the initiation 
of VF are no doubt multifactorial and varied in the diverse patient 
population, it is generally believed that most episodes of VF and 
VT are maintained by self-sustaining, reentrant waves of electri-
cal impulse propagation that are commonly called spiral waves or 
rotors.

Since the landmark publication of Gordon Moe’s multiple 
wavelet hypothesis,1 it has been assumed that heterogeneity of 
the refractory period is an essential element of VF. Only in the 
past two decades (much longer in Russia) has it become clear 
through theory and mathematics, as well as by counter-examples 
in numerical experiments, that reentry can occur in tissue with 
homogeneous refractoriness. Rotors form as a result of regional 
conduction block of an action potential wave propagating within 
the heart; this block can arise via static or functional heteroge-
neities (or a combination of both). I restrict myself to the discus-
sion of functional spatial heterogeneities in continuous 
homogeneous cardiac tissue, not because I view static inhomoge-
neities as unimportant, but rather to allow (it is hoped) a clear 
and focused presentation of theoretical concepts. In many “real-
life” situations, I believe that the underlying mechanisms are a 
variation on the themes presented in this chapter, although I have 
no doubt that certain phenomena not discussed here (e.g., dis-
crete effects such as gap junction uncoupling and transmural 
heterogeneities) are important in certain situations.

Any text on the theory of rotors and arrhythmias will neces-
sarily be incomplete and biased; every topic in this chapter could 
serve as the basis for an extended treatise. First, an important 
disclaimer: I am not a mathematician; my understanding of the 
theory and pertinent literature that I present is terribly incom-
plete. I take a “dimensional” approach and discuss theoretical 
concepts relevant to arrhythmias, starting with purely cellular 
characteristics and followed by phenomena in a cable, sheet, slab, 
and whole heart. Although rotors can form only in two-
dimensional (2D) or three-dimensional (3D) tissue, cellular (0D) 
dynamics play an important role in the initiation and mainte-
nance of cardiac arrhythmias.
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length (BCL). Nolasco and Dahlen3 presented a seminal graphi-
cal method to describe the dynamic response of APD to BCL 
(see Figure 34-2, B), which was later formalized in equation form 
by Guevara et al.4 If BCL is constant, the solution to the restitu-
tion function is APD* = f(DI*) = f(BCL − APD*), where the 
asterisks denote the values corresponding to the steady state, 
which is also called a fixed point. Through this simplified approach, 
APD is considered to be determined only by the preceding DI, 
and this fixed point is stable if the slope of the restitution curve 
at the fixed point is less than one, that is, f′(DI*) < 1, where f′ is 
df/dDI. As Nolasco and Dahlen reported, any change in cycle 
length generates oscillations as APD “settles” into equilibrium, 
as is shown in Figure 34-2, B.

Many of the complex unstable (non-1 : 1) responses result 
from the fact that a beat is skipped if the stimulus strength and 
duration are not sufficient to generate a new action potential. 
There is a minimum DI for which an all-or-none action potential 
can be generated, which leads to a skipped beat when the cell is 
still refractory and recovery of excitability is not sufficient to 
produce regenerative depolarization. A skipped beat allows extra 
time (essentially an interval equal to 2 × BCL) for recovery of the 
cell, and hence the APD after a skipped beat tends to be longer 
than that corresponding to the last captured beat (Figure 34-2, C). 
This important cellular dynamic of a stimulus failing to generate 
an all-or-none action potential is the key to localized conduction 
block as described later in this chapter.

If the slope of the APD restitution curve at the fixed point is 
greater than one ( f′ [DI*] > 1), the fixed point is unstable and 1 : 1 
responses are not possible. For monotonic restitution curves, 

Figure 34-1.  Response of isolated rabbit myocytes to intracellular current stimuli. 
Vm was recorded from 10 cells, and S2 stimuli (nA) of either polarity were applied 
at various Vm values throughout the action potential (Vm

pre). The response was quan-
tified with a cardiac phase variable, θ = arctan[Vm (t + td) − Vm*, Vm (t) − Vm*], where 
t  is  time,  td = 3 ms, and Vm* = −55 mV (threshold). Regenerative depolarization  is 
characterized by Δθ ≈ +π, and regenerative repolarization by Δθ ≈ −π.81 
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Figure 34-2.  Action potential duration (APD) restitution. A, A sequence of identical 
action potentials recorded during constant pacing (i.e., stable response). Basic cycle 
length (BCL) is the interstimulus interval; DI is the diastolic interval; and APD is the 
action potential duration. B, Graphical iteration illustrating the response of APD to 
shortening of BCL  to  (another)  stable fixed point  (see  text  for additional details). 
The  restitution  relationship,  f(DI),  is  shown  as  a  thick black curve. The  dashed line 
represents the relationship between APD and DI for the new BCL. The APD response 
is  characterized  by  alternating  short  and  long  values  of  decreasing  amplitude.  
C,  Graphical  iteration  illustrating  the  response  of  APD  to  shortening  of  BCL  to  a 
fixed  point  corresponding  to  a  DI  shorter  than  minimal  value  for  regenerative 
depolarization (DImin), shown as a vertical dashed red line. This leads to a skipped beat 
(X),  and  hence  the  following  DI  is  prolonged  (see  text  for  additional  details).  
D, Graphical iteration illustrating the response of APD corresponding to BCL near 
an unstable fixed point. The APD response is characterized by alternating short and 
long values of increasing amplitude until a persistent period of 2 long-short APD 
sequence is maintained. 
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current-voltage relationship. fhyp must have an asymmetrical 
“N-shape” (i.e., polynomial with degree ⩾ 3) to sustain nonlinear 
propagation.15

Of course, the membrane response during propagation is not 
instantaneous, as is assumed in Equation 2, and numerous inves-
tigators have studied the effect of a second variable on 1D propa-
gation theoretically. The effects of the INa activation and 
inactivation gates as well as of maximal conductance on propaga-
tion have been studied in depth.16-19 The FitzHugh model 
includes a second “recovery” variable (U) with much slower 
kinetics compared with V. Thus, combining Equation 2 with 

fhyp(Vm,U) and coupling it with τ w w
w
t

f V U
∂
∂

= ( ),  provides the 

classic FitzHugh-Nagumo equation.12,20 The addition of a slow 
variable (U) allows a separation of the problem into different time 
scales, with the result that c = c(U), which allows a quantitative 
analysis of conduction velocity (CV) restitution. Just as with 
APD, CV in cardiac tissue is a function of the previous DI and 
tends to decrease monotonically as DI decreases (and recovery, 
U, increases), and there is a minimum DI for propagation at a 
finite CV. CV is highest for fully recovered (resting or quiescent) 
tissue (Urest) and decreases as U increases until it reaches a critical 
stall value (Ucrit), that is, propagation occurs for recovery values 
U < Ucrit, where Ucrit is defined as

f V U dVhyp crit,( ) =∫ 0

APD alternans can occur uniformly in a cable via the 0D 
mechanism previously described, but the influence of CV restitu-
tion allows for the uniquely 1D phenomenon of spatially discor-
dant alternans.21 It has been shown that spatially discordant 
alternans can occur in a homogeneous cable exhibiting both  
APD and CV restitution because repolarization is affected by 
spatial coupling.22 Spatially discordant alternans occurs as the 
result of a pattern-forming linear instability, and the out-of- 
phase APD spatial patterns can be stationary (resulting from 
amplification of a unique finite wavelength mode) or nonstation-
ary (resulting from the amplification of a discrete set of complex 
modes); the distance between nodes is independent of cable 
length.22 It has been shown that CV restitution and the shape 
of action potential recovery can suppress alternans even for  
f′ > 1.23,24

“Wavelength” (λ) in cardiac electrophysiology is often defined 
as the length of excited tissue represented as λ = APD * CV. λ 
tends to decrease with increasing rate (decreasing DI); this fact 
is of paramount importance because it allows reentrant waves to 
form in tissues sizes smaller than the resting wavelength value. 
Reentry is possible in 1D as unidirectional wave propagation 
within a ring if it is of sufficient length (i.e., >λ). When the 
ring length is large, the dynamics of the wave front and tail are 
stable and an excited region of size λ propagates continuously 
around the ring (CV, APD, and DI are constant along the  
ring at values determined by the restitution curves). When the 
ring length is progressively shortened, the propagation may  
stop (i.e., conduction block) or may transition to irregular behav-
ior, including alternans and quasi-periodicity.25 Courtemanche 
et al derived an integro-delay equation to represent this phenom-
enon and predicted that loss of stability occurred at the  
length where the APD restitution slope was greater than 1 (just 
as in 0D).26 However, their approach assumed repolarization 
was an intrinsic cellular property and therefore that the  
predicted bifurcation is degenerate (an infinite dimensional  
Hopf bifurcation),26 although it was shown that including 
spatial coupling in repolarization removed this degeneracy.27 
Cytrynbaum and Kenner have extended the analytical results of 
Courtemanche et al to include the phenomenon of “triggered” 
repolarization.23

oscillations in APD will grow until a beat is skipped or a stable 
2 : 2 rhythm called alternans is established, as shown in beat Figure 
34-2, D. If the APD restitution curve is not monotonic, many 
more types of behavior are possible, including chaotic, 4 : 4, and 
3 : 3, even without a skipped beat!5 Discussion of the rich dynam-
ics of non-monotonic APD restitution relationships6-8 and thor-
ough coverage of alternans are beyond the scope of this chapter. 
It should be appreciated that the theory and dynamical analysis 
of APD restitution can be applied to other cellular properties 
such as excitability,9 latency,5 and intracellular calcium.10

Cable Phenomena (1D)

The theory of transmembrane potential and current flow in 1D 
is well established in the form of “the cable equation”:
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m ionτ  [Eqn 1]

where x is the direction of propagation, � =
+
r
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m

i e

 is the length 

constant, τm = rm cm is the membrane time constant, ri is intracel-
lular axial resistance, and re is extracellular axial resistance (low-
ercase parameters represent quantities per unit length).

The conditions for generating a nonlinear propagating wave 
in 1D are considerably more complicated than those correspond-
ing to the elicitation of an all-or-none action potential in 0D. Just 
as for single cells, INa generates the source to sustain propagation 
in 1D, but the load imposed by downstream tissue is significantly 
greater compared with 0D. To initiate a propagating wave in a 
cable, it is not enough to bring a single cell to threshold because 
a single cell does not provide enough source current to bring 
neighboring cells to threshold. A certain “liminal length” is 
required to generate sufficient inward current to overcome the 
downstream load (sink) and to initiate a propagating wave in a 
fully excitable cable.11 In addition, there exists a Vm spatial profile 
shape called a critical nucleus, which can be computed analytically 
for the FitzHugh model,12 which acts as a “threshold” for propa-
gating wave fronts (profiles above this critical nucleus propagate 
while those lying below it do not).13

When an action potential is propagating into quiescent tissue, 
the subsequent recovery Vm profile is nonuniform; hence if a 
region of tissue greater than the liminal length is depolarized in 
the recovering wave tail, the acute response will be one of three 
outcomes: (1) no new wave front generation if the entire region 
is refractory; (2) “unidirectional block” if part of the region is 
excitable with propagation in the retrograde direction; or (3) 
propagation away from the excited region in both directions. 
Unidirectional block is the hallmark of rotor formation (details 
below), so details of the stimulation, specifically, area affected, 
amplitude, and timing—called the vulnerable window (or period)—
are of particular importance.

Theoretical results regarding the nonlinear cable equation 
(Equation 1) are too numerous to address here (see References 
14 through 16 for excellent reviews). It is convenient to study 
stable propagation using a moving coordinate system ξ = X + cT, 
where c is the conduction speed in normalized units (X = x/ℓ, 
T = t/τm), because the partial differential equation (PDE) in Equa-
tion 1 can be converted into an ordinary differential equation 
(ODE):

d V
d

c
dV
d

fhyp

2

2 0
ξ ξ

− − =  [Eqn 2]

where V represents Vm normalized from 0 to 1, and fhyp(Vm) 
represents a hypothetical, nonlinear, time-independent ion 
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studied; Rcrit was estimated to be ≈1 mm.30 Thus the 2D equiva-
lent of liminal length is that a circle greater than radius Rcrit must 
be excited to generate a propagating wave because of the effect 
of wave front curvature; thus the “liminal area” for 2D propaga-
tion is πRcrit

2 .
The relationships of Rcrit to other length scales in cardiac 

tissue, most important, the wavelength and the width of the wave 
front, are relevant to wave propagation in 2D. The width of the 
wave front (wF) is equal to the duration of the upstroke of the 
action potential multiplied by CV. The important relationship 
between wF and Rcrit can be understood through the phenomenon 
of wave front detachment as illustrated in Figure 34-4.31 Imagine 
an action potential propagating horizontally in the lower half of 
a 2D sheet containing a thin “insulating” nonconductive barrier 
that extends part of the way across the sheet. The wave will 
propagate as a plane wave exactly analogous to 1D initially, but 

Sheet Phenomena (2D)

The 1D concept of liminal length does not extend directly to 2D 
because a new 2D characteristic comes into play, namely, the 
shape of the wave front. One might think that a circle with diam-
eter equal to the liminal length would generate a propagating 
wave in 2D, but it does not; this fact results from the 2D (and 
3D) effects of wave front curvature (κ).28 Because a convex wave 
front sees an increased load compared with a planar wave front, 
it propagates more slowly (just based on geometrical factors, i.e., 
the current density at the wave front); the reverse is true for a 
concave front (Figure 34-3). The effect of wave front curvature 
on propagation speed is well known for small values of κ, and 
this effect is linear.29

CV CV Dplane= − κ  [Eqn 3]

where CVplane is the CV at zero curvature (plane wave) and D is 
the diffusion coefficient (discussed in detail later). Equation 3 led 
investigators to extrapolate this relationship to estimate the “crit-
ical curvature for propagation” (κcrit, corresponding to CV = 0) 
and its inverse, the “critical radius for propagation” (Rcrit), as 

κ crit
crit planeR

D
CV

= =1
. These equations have been confirmed in 

clever experiments by Cabo et al, in which conduction speed and 
block through narrow isthmuses in sheets of cardiac tissue were 

Figure 34-3.  Effect of wave  front curvature  (κ) on conduction velocity  (CV). The 
current density at the wave front is dependent on geometrical factors via the spatial 
Laplacian; this fact is manifested as a dependence of CV on curvature. A concave 
wave front (κ < 0) propagates more quickly than a planar one (κ = 0), and a convex 
wave front (κ > 0) propagates more slowly. For low curvature, CV is a linear function 
of κ with negative slope equal to the diffusion coefficient (see Equation 3). 
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Figure 34-4.  Wave  front  detachment. The  behavior  of  a  wave  front  propagating 
around  a  linear  (horizontal)  obstacle  depends  on  the  relationship  between  the 
wave front width (wF) and the critical curvature for propagation (Rcrit). See text for 
details. Light grey represents resting tissue, dark grey the wave front, and white the 
plateau. Red semicircles represent Rcrit. 
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around a circular region of tissue with “centripetal wavelets” 
continuously propagating inward and blocks, while the main 
wave emanates a curved waved (whose shape will be an involute 
of a circle based on Huygens’ principle) and emanates away from 
the circle, as shown in Figure 34-5 (left). Because this model 
contains no excitable gap, a leading circle reentry circuit cannot 
move and cannot be influenced by external waves (unless the 
incoming waves provide greater strength than is provided by the 
leading circle wave front).

A qualitative theory of “spiral wave reentry” extends these 
ideas by including the effects of wave front curvature (Equation 
3) and Rcrit. A spiral wave has increasing curvature as one traces 
the front toward the center of rotation, assuming polar coordi-
nates with r = 0 are defined as the center of rotation, propagation 
fails for r < Rcrit, and there is an excitable “core” region for 0 < r 
< Rcrit. Spiral waves can be stable or unstable with a wide variety 
of wave tip motion. Stable spirals can rotate around a circular 
core or along a line, as is shown in Figure 34-5 (right). Circular 
cores of radius Rcrit result when Rcrit ≫ λ, and linear cores result 
when Rcrit ≪ λ, as is shown in Figure 34-5 (right).36 For circular 
cores, the wave front is not influenced by the wave tail, but for 
linear cores, the wave front impinges on the tail, which is similar 
to the leading circle concept of reentry. Spiral waves exhibit a 
wide variety of wave tip patterns, in addition to circular and 
linear, usually referred to as “meander”—a term coined by Art 
Winfree.37 Numerical simulations of spiral waves in homoge-
neous sheets have demonstrated that model parameters greatly 
influence tip trajectories patterns.38,39 The most common meander 
patterns are “flower-like” with inward or outward “petals.” A 
stable spiral has an unambiguous period Ts=2π/ωs, whose tip 
circumvents a circle (core) but can transition to a meandering 
flower pattern via a supercritical Hopf bifurcation that introduces 
a second frequency (ω2).40,41 Spiral wave tip trajectories can be 
more complex than rosette patterns,39,42 and we use Winfree’s 
term “hyper-meander” to describe these patterns. Hyper-meander 

what will happen when the wave front reaches the end of the 
barrier? If wF ≫ Rcrit, the wave front “tip” will pivot around the 
end of the barrier, maintaining very close contact with the barrier 
(Figure 34-4, B). If wF ≪ Rcrit, the wavefront has enough source 
“strength” to activate tissue ahead of the wave front (horizontal 
direction) but is not strong enough to cause regenerative depo-
larization in the vertical direction, hence the wave front detaches 
from the barrier and shrinks, and dies out as it collides with a 
boundary or the tip propagates around the barrier at a large 
distance, as shown in Figure 34-4, C. If wF ≈ Rcrit, the wave front 
detaches from the barrier but curls back with a circular trajectory 
of radius ≈ Rcrit (Figure 34-4, A; note the geometric relationship 
between wF/2 and Rcrit). It is important to note that this phenom-
enon of wave detachment can give rise to the development of new 
reentrant waves; many factors (e.g., partial block of INa via drugs 
or fast heart rates decrease CV and hence wF) increase this pos-
sibility and hence are thought to be proarrhythmic.31 In normal 
tissue, the upstroke duration is ≈1 to 2 ms and CV is ≈20 to 
60 cm/s, so wF is ≈0.4 to 1 mm, although this value is dependent 
on alterations in cellular excitability that occur with heart rate, 
ischemia, and so forth. This brings us to a very important gen-
eralization, that is, any spatial discontinuity of size much less than 
that of wF will generally not influence macroscopic propagation 
patterns.32

The simplest form of reentry in 2D is anatomical reentry, which 
is similar to propagation around a 1D ring. In anatomical reentry, 
a wave is anchored to an obstacle and can be self-sustaining if the 
perimeter of the obstacle is greater than λ. The dynamics can be 
stable or unstable as has been mentioned, but in either case, an 
“excitable gap” exists, that is, a region of the reentrant circuit is 
excitable and can be stimulated by an electrode, or more realisti-
cally by an incoming wave. As is well known clinically, the 
dynamics of anatomical reentry can be easily disrupted (e.g., 
terminated or reset) by pacing from a nearby location at a BCL 
shorter than the period of reentry.

In 1946, Wiener and Rosenbleuth published a quantitative 
description of wave propagation and reentry around obstacles in 
2D and related their findings to cardiac arrhythmias.33 They 
presented certain “postulates” from which they derived predic-
tions for possible wave dynamics in continuous tissue with 
boundaries and holes. These postulates have been described as 
“a simplified form of the laws of excitation”34 and are as follows: 
(1) an impulse, once started, will spread with constant velocity in 
all directions within the tissue; (2) the amplitude of the wave 
remains constant and exceeds the threshold of adjacent regions 
when these regions are in the resting state; (3) there are three 
states in which the tissue can exist—active (only at the infinitesi-
mally small wave front), refractory (with constant duration), and 
resting. Wiener and Rosenbleuth write, “The law of the propaga-
tion of impulses in a homogeneous 2-D system is Huygens’ 
principle in its simplest form.” Wiener and Rosenbleuth con-
cluded that reentry in the heart could occur only around holes 
and not in continuous tissue.33

In contrast to anatomical reentry around obstacles, 2D “func-
tional” reentry is a self-sustaining wave in a sheet with no obsta-
cles and can occur in homogeneous tissue. In 1948, Selfridge 
relaxed the “theorem” of Wiener and Rosenbleuth, which claimed 
that a wave front must not have any free ends and must end on 
a boundary or obstacle.34 Selfridge claimed that the free ends of 
wave fronts could be present in 2D homogenous tissue with no 
obstacles, and thus functional reentry was theoretically possible 
around a line of distance λ/2, although this situation is unstable 
because there is no distance between the wave tail and the wave 
front. A similar concept of 2D functional reentry, called the 
“leading circle” theory, was introduced by Allessie in 1977.35 In 
this form of reentry, the wave front is located precisely at the 
wave tail (i.e., refractoriness is determined by the strength-
interval relationship). In this model, the main wave propagates 

Figure 34-5.  Functional reentry. Self-sustaining reentry can exist in a homogenous 
medium with no obstacles. The leading circle (top right) concept involves no excit-
able gap, with the wave front continuously impinging on the wave tail according 
to  the  strength-interval  relationship  (bottom left),  and  with  the  central  core  area 
being refractory and nonexcitable. The spiral wave concept (right) is based on the 
idea that wave fronts cannot propagate with extremely high curvature, so the wave 
tip curls around a circle of radius Rcrit  if  the wavelength (λ)  is short  (top right) but 
around a line if is λ long (bottom right). 
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with long DI) above, below, and to the right, at a propagation 
velocity that is dependent on curvature (see Equation 3), so the 
speed will increase as it expands (Figure 34-6, B). However, 
propagation to the left occurs in tissue that is not fully excitable, 
has short DI, and hence is slower; in addition, because of the 
geometry of the wave front and tail, the wave front propagating 
to the left is less curved (more planar). These local effects to the 
left of the S2 site (slow propagation, increasing DI in front of the 
wave, and decreased curvature) act to speed up propagation to 
the left (see asterisk in Figure 34-6, B). Therefore, propagation 
to the left of the S2 site first is slow but then speeds up, and the 
wave front resulting from the S2 stimulus becomes nearly circu-
lar. If the recovery pattern of the S1 beat is not circular (Figure 
34-6, C), as could occur with spatially discordant alternans in 
homogeneous tissue, the initial wave front generated by S2 will 
be different compared with the uniform APD case. The wave 
resulting from the S2 will propagate into resting (i.e., fully excit-
able) tissue above, below, and to the right, just as before, but 
propagation directly to the left will not occur. The wave front in 
this case is not a closed curve but is broken, and the two ends of 
the wave are called wavebreaks and are labeled (“−” and “+”) in 
Figure 34-6, D. The wave front will curl around both wavebreaks 
with opposite chirality; the wave front near the breaks will be 
affected by local refractoriness directly and via Rcrit (which is a 
function of excitability). According to spiral wave theory, the 
wave front cannot propagate with curvature greater than κcrit, so 
there will be a region between, and to the left of, the wavebreaks 
that is not activated. The two ends of the broken wave front will 
curl around and merge, resulting in a curved wave propagating 
to the left (see black arrow pointing left in Figure 34-6, D) and 
a nearly planar wave between the wavebreaks moving to the right; 
this occurs at the same time that the tissue to the right of the line 
connecting wavebreaks is recovering. The balance of source and 
sink at the wave front (as described for 1D) connecting the wave-
breaks will determine whether it propagates to the right (see 
purple arrow pointing right) or blocks (purple “X”).

In my opinion, the disparity of source and sink strengths of 
this wave moving to the right between the wavebreaks is the funda-
mental principle underlying rotor formation. If this wave does 
not propagate (sink > source), then all (or nearly all) sites are 
activated twice (and only twice) for the S1-S2 protocol described 
here, even though two wavebreaks were formed. This is why I’ve 
stated that wavebreaks are a necessary but not sufficient condition for 
rotor formation.46 If this isthmus wave does propagate to the right 
(source > sink), a “self-sustaining” rotor is formed. In this case, 
the rotor contains two wavebreaks and one wave front, although 
rotors can contain only one wavebreak (if there is a boundary).47 
Self-sustaining should be taken with caution, however, because 
the source-sink balance of the wave as it moves through the line 
joining the wavebreaks (common isthmus) determines whether it 
“lives” (propagates) or “dies” (blocks) during each rotation.46

It is generally accepted that VF is the result of multiple unsta-
ble reentrant waves, and because most episodes of VF begin as 
tachycardia, many of us think that the transition of a single spiral 
wave into many (i.e., spiral wave breakup) is of paramount impor-
tance clinically. Here I present a few fundamental mechanisms 
underlying spiral wave breakup.

As has been described, non-monotonic restitution functions 
(APD, excitability, CV, etc.) can give rise to irregular behavior in 
0D and will translate into conduction block and reentry in 2D 
with the proper initial conditions. These are described in an 
extensive review by Fenton.8 As has been described, monotonic 
APD and CV restitution can lead to alternans, most notably 
spatial discordant ones, such that a wave front may encounter 
nearby regions of long and short APD. It is well known that this 
situation can lead to regional conduction block and rotor forma-
tion (as is shown in Figure 34-6).48 Therefore, spatially discordant 
alternans resulting from restitution properties is a mechanism of 

is characterized by rapid tip motion over large areas and thus is 
particularly important to spiral wave breakup, which is discussed 
later. In addition to intrinsic motion of spiral waves in homoge-
nous tissue, a variety of inhomogeneities such as fiber curvature43 
and gradients in cellular properties44 have been shown to elicit 
spiral wave drift.

The initiation of reentrant waves within the heart occurs via 
three basic mechanisms: (1) an unphysiologically large and brief 
electrical or mechanical disturbance that directly results in the 
transmembrane potential patterns necessary to generate reentry; 
(2) “phase 2” reentry, resulting from spatial differences in “spike-
and-dome” morphology (mediated by the transient outward 
current, Ito) during repolarization45; and (3) a premature wave 
propagating into a region that encompasses both excitable and 
refractory tissue, resulting from intrinsic and/or functional tissue 
inhomogeneities. This last mechanism most likely results from a 
generic asymmetrical wave front–tail interaction and is thought 
to underlie nearly all spontaneous initiation of reentrant waves. 
Two phenomena play a role in this interaction: a premature 
ectopic heartbeat (e.g., resulting from an afterdepolarization) that 
will propagate at speeds according to its curvature and CV resti-
tution, and a nonuniform spatial distribution of refractoriness 
(influenced by APD restitution). Both early and delayed afterde-
polarizations that result from intracellular calcium overload are 
important cellular mechanisms responsible for the initiation of 
premature beats, which can trigger arrhythmias.

It is well known that a wave propagating across a sheet of 
tissue with a central region of increased refractoriness can result 
in the formation of counter-rotating reentrant waves called 
figure-of-eight reentry. Let us examine this phenomenon in detail 
by considering the simple case (Figure 34-6) of pacing the (iso-
tropic) heart from two different locations at different times. The 
first stimulus generates a circular wave that propagates rapidly 
into quiescent tissue, and if APD is homogeneous, the wave tail 
will also trace out a circle centered at site 1 (dashed circle), as 
shown in Figure 34-6, A. A second stimulus applied at the site 
indicated by the black circle (site S2) will generate a circular wave 
that will propagate into resting tissue (i.e., fully excitable tissue 

Figure 34-6.  Rotor formation. During S1-S2 stimulation from different sites, the S2 
wave front interacts with the S1 wave tail. As a result of the asymmetry of pacing 
sites, the circular S2 wave front encounters an asymmetrical recovery gradient. This 
can slow down propagation to the left (A and B) but can also lead to wavebreak 
and rotor formation (C and D). See text for details. 
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especially in the presence of boundaries (see Reference 64 for an 
interesting numerical finding of persistent tangled scroll rings). 
In addition to intrinsic motion of scroll waves in homogeneous 
tissue, a variety of inhomogeneities such as surface curvature,65 
wall thickness,66 and transmural fiber rotation67 have been shown 
to elicit rotor drift.

Vladimir Biktashev published a landmark paper in 1994 in 
which he demonstrated that a filament will shrink or expand 
based on a single coefficient (filament “tension”), which depends 
on the parameters of the medium.68 It was thought that in normal 
cardiac tissue, which is highly excitable, filaments exhibit positive 
tension and tend to shrink, although during ischemia, in which 
excitability is significantly decreased, filaments may exhibit nega-
tive tension and thus may be unstable and may expand (even 
without twist or meander).68 However, more recently, it has been 
shown that negative filament tension can occur during normal 
excitability.69 In my opinion, this mechanism of negative filament 

spiral wave breakup worthy of considerable study (which it has 
undergone). However, despite many studies showing the corre-
spondence of APD restitution slope and spiral wave breakup too 
numerous to cite, direct evidence of the spatio-temporal patterns 
leading to rotor formation consistent with alternans and restitu-
tion theory is very sparse (see Figure 3 in Reference 49 and 
Figure 8 in Reference 50).

Since the first experimental evidence of spiral waves in 2D 
slices of cardiac tissue was gathered,51 it has been noted that they 
may drift, leading to Doppler-induced differences in local activa-
tion periods along the direction of drift.44 In general, the drift 
speed of spiral waves tends to be slow; however, the relationship 
between changes in period and drift speed is nonlinear, and Gray 
et al52 showed examples of Doppler-induced changes in period 
an order of magnitude larger than had previously been demon-
strated in cardiac experiments. Doppler-induced short periods 
directly in front of the rapidly moving spiral wave (no period 
changes are expected in the perpendicular direction) can lead to 
regional conduction block. Thus rapidly moving spirals exhibit-
ing hyper-meander can lead to breakup via the Doppler effect,53 
although once again, experimental evidence of this mechanism is 
paltry (see Figure 4 in Reference 46).

Of course the same mechanisms that lead to initiation of 
rotors (i.e., premature ectopic beats) can disrupt stable rotors, so 
afterdepolarizations can lead to destabilization and breakup of 
rotors.54,55 In addition, oscillatory membrane properties (e.g., ICaL) 
can destabilize spiral waves, giving rise to VF-like patterns, pro-
vided that the characteristic period of the membrane oscillations 
(i.e., early after depolarizations) is similar to the spiral wave 
period (Ts).56

Slab Phenomena (3D)

All the 2D phenomena already described are relevant in 3D as 
well, and cardiac tissue thinner than one space constant (≈1 mm, 
see Reference 57) is effectively 2D. In 2D, a rotor is a spiral wave 
rotating about a 0D phase singularity; in 3D, a rotor is a 3D spiral 
(i.e., “scroll”) wave that rotates around a 1D phase singularity line 
called a filament. These filaments and the resulting scroll waves 
can be of a variety of shapes. The simplest is a 3D scroll wave 
rotating around a straight filament connecting the epicardial and 
endocardial surfaces, in which a spiral wave is evident on both 
surfaces (Figure 34-7, A). These filaments can also be nonlinear: 
a “U-shaped” filament gives rise to a figure-of-eight pattern on 
one surface, and a target or “breakthrough” pattern on the oppo-
site surface (Figure 34-7, B). Filaments can even be closed curves, 
giving rise to scroll rings in which no evidence of reentry is found 
on any surface (Figure 34-7, C); filaments can even be twisted 
and linked.

Considerable mathematical and numerical analysis of the 
dynamics of filaments in excitable media has been performed, 
once again with a strong Russian influence still being discovered 
in the West.16,58-61 Some of this work involves diffusion of mul-
tiple variables, although in cardiac tissue, only one voltage dif-
fuses, and mathematically these situations can be quite different. 
It has been suggested that scroll rings shrink at a rate directly 
related to the diffusion coefficient and inversely related to its 
radius,58 and that filament twist shortens the rotation period.59 
The eikonal formulation provides predictions based on the geo-
metrical properties of wave fronts62 and has provided insight into 
scroll wave dynamics in the limit of small curvature and twist. 
For example, scroll waves tend to resist twist (unless locked in, 
as in a ring); the stability of twisted rings depends on medium 
parameters; and knotted filaments can exist.63 The eikonal 
approach has provided insight into the topological features of 
scroll waves but not into quantitative behavior nor persistence, 

Figure 34-7.  Scroll waves.  In 3D, rotors are 3D “scroll” waves that rotate around a 
1D  phase  singularity  line  called  a  filament.  Filaments  can  be  linear  (A),  can  be 
curved such as U-shaped (B), and can form closed rings (C). 

A

B

C
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estimated the rotor surface density to be one per 12 cm2, which 
translates to approximately 1 to 2 for rabbits, 5 for sheep, and 15 
for healthy humans).46

Whether VF is essentially a 2D or a 3D phenomenon is a 
question of considerable interest and significance. Exclusively 3D 
mechanisms of rotor instability are few (see earlier 3D section). 
Winfree has argued that rotors might be stable in 2D slices of 
cardiac tissue but not in 3D hearts, whose walls are above a 
certain critical thickness that allow unstable 3D filaments77; thus 
the dimensionless ratio of wall thickness to rotor diameter seems 
of great theoretical importance.

Summary

The theory of rotors and arrhythmias is very rich and broad. I 
hope that I have presented the tip of multiple theoretical icebergs 
to the cardiac electrophysiological community and expect  
continued, fruitful cross-fertilization of experimental and theo-
retical approaches in our field. In the last edition of this book, I 
reviewed experimental studies on VF74; here I concentrate on 
theoretical topics almost exclusively; neither chapter has reviewed 
the vast related numerical studies. One take-home message for 
the reader of this chapter is that there are important temporal 
and spatial scales of significant importance to cardiac wave propa-
gation and arrhythmias. Some important electrophysiological 
time scales include the duration of the action potential upstroke, 
the action potential duration (APD), and the period of reentry 
(Ts). Some important spatial scales are liminal length; wave front 
width (wF), wavelength (λ); critical curvature (κcrit) and radius 
(Rcrit) for propagation; and surface area and wall thicknesses of 
the heart. Unfortunately, because of extreme nonlinearities, very 
few analytical closed-form solutions are known; nevertheless, 
theory has provided invaluable quantitative and qualitative insight 
into the extremely complex and clinical significant phenomena of 
wave propagation and arrhythmias in the heart.

Nonlinear wave and rotor theory provides a solid foundation 
for the study of reentrant cardiac arrhythmias and has inspired 
numerous experimental and numerical studies. Most experimen-
tal studies have been conducted in mammalian hearts of various 
sizes, so differences among species, including heart size, are 
important to remember.73 Most animal studies have been carried 
out in healthy hearts, and we have learned a lot regarding the 
fundamental mechanisms of wave propagation and reentry in 
cardiac tissue. However, clinical arrhythmias occur in sick indi-
viduals (mostly) as the result of a wide variety of causes. Much 
more work is required to understand these highly complex situ-
ations, including developing relevant animal models of disease. 
In many cardiac electrophysiology basic research labs, experi-
ments and theory have been tightly integrated with the develop-
ment of experimental methods and design of protocols based on 
theoretical ideas. Experimental methods78,79 and signal process-
ing80 are starting to illuminate the rotor filaments within the 
ventricular wall! I expect future experiments to delineate among 
the various candidate mechanisms of spiral wave breakup and 
introduce new ones.
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tension is a strong candidate to play a primary role in VF under condi-
tions in which excitability is low and wall thickness is sufficient for the 
phenomenon to manifest.47

Another attractive purely 3D mechanism of rotor instability 
involves the high scroll wave front curvature resulting from the 
twisting of fiber rotation across the ventricular wall. Fenton and 
Karma described how phase shifts of spiral wave rotation across 
the wall can lead to significant transmural gradients of Vm, result-
ing in “twistons” that propagate along the filament and sometimes 
break off, forming new filaments.70

Influence of Whole-Heart Geometry (3D)

Most life-threatening arrhythmias are thought to be reentrant; 
therefore the theoretical study of the existence and stability of 
rotors and phase singularities in the whole heart is of paramount 
importance. It is intuitive that a single stable rotor or multiple 
stable rotors will give rise to monomorphic ventricular tachycar-
dia, and a moving rotor will give rise to polymorphic tachycardia. 
It is also intuitive that the faster the speed and the larger the area 
corresponding to spiral wave movement,71,72 the more irregular 
is the corresponding electrocardiogram (ECG), and it has been 
shown that even a single spiral wave gives rise to ECG patterns 
that resemble ventricular fibrillation (VF).52

The geometry of the whole heart is very complicated. In the 
healthy heart, cardiac myocytes are well connected electrically via 
gap junctions and are aligned anisotropically in fibers and sheets, 
which (in the ventricle) rotate across the ventricular wall and are 
arranged into laminar sheets and cleavage planes. The structures 
of the atria and ventricles are very different; therefore, the effects 
of geometrical factors on atrial (with its many “holes” capable of 
supporting anatomical reentry) and ventricular fibrillation are 
expected to be quite different.47

Rotors have a characteristic size, so the maximum number of 
rotors can be estimated for a given heart size,73 although one can 
expect the rotors to be much less densely packed than this theo-
retical maximum value. In addition to naturally (and unnaturally) 
occurring obstacles (and long-range connections such as trabecu-
lae), which provide the substrate for anatomical reentry,47 I 
believe that two main geometrical factors are related to the theo-
retical maximum number of rotors in the heart: surface area and 
wall thickness. The concept of a “critical mass” required for 
sustained fibrillation is well known and intuitive if we consider 
the underlying cause to be multiple unstable rotors. These rotors 
need a certain amount of space to exist, move, and break up in 
perpetuity. By estimating the CV and the period of rotors during 
VF to be approximately 30 cm/s and 100 ms, we can estimate the 
minimum perimeter for the rotating wave tip to be its product 
(3 cm); therefore, the minimum rotor diameter is approximately 
1 cm (3 cm ÷ π). It should be noted that the rotor period (and 
the APD) in mice and guinea pig can be much shorter than for 
other mammals,74 and the period of rotors in humans is closer to 
200 ms.75,76 In my opinion, this longer rotor period in human VF 
is one of the effects of disease, which paradoxically may increase 
rotor size and decrease irregularity!

The surface area necessary to support a 2D rotor therefore 
must be larger than 1 cm × 1 cm, and the first high–spatial reso-
lution (video images of Vm) experimental evidence of 2D spiral 
waves in cardiac tissue demonstrated stationary and drifting pat-
terns in tissue slices 2 cm × 2 cm.51 Subsequently, video movies 
of spiral waves of Vm were recorded on the heart surface of rabbit 
and sheep hearts, in which multiple windings were conspicuously 
absent.71 In fact, although the spatial density of phase singularities 
on the surface was high, only 20% of these lasted longer than one 
rotation, so the rotor density on the surface was relatively low (we 
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Despite important experimental and clinical evidence  
gained over past decades, the relationships between different 
characteristics of EGM and the propagation patterns that under-
lie them are still far from our complete understanding. Inherent 
limitations of the experimental mapping studies because they are 
performed sequentially, assuming temporal and spatial stability, 
together with limited spatial resolution, have contributed to this 
incomplete knowledge.

In recent years, computational modeling has provided a 
framework of multiscale integrated models for the study of 
cardiac arrhythmias.17,18 Computational cardiac models that sim-
ulate atrial activity have proved to be an important tool in facili-
tating understanding of the complex mechanisms underlying 
atrial arrhythmias. Computer simulations of atrial tissue have 
provided hypotheses that have been tested experimentally and, 
additionally, have been used to investigate and to explain experi-
mental and clinical observations. This chapter reviews the insights 
provided by these atrial models, with emphasis on the contribu-
tions of three-dimensional (3D) atrial models, and shows various 
examples of atrial arrhythmias simulated using a realistic 3D 
model of human atria developed by our group.

Brief Summary of Atrial Computer Models

Several computer atrial models have been developed and used to 
study atrial arrhythmias and to evaluate the efficacy of different 
therapeutic approaches. The first was developed by Moe et al19 
Using a cellular automata model, they suggested that AF can 
result from the activity of multiple independent wave fronts 
propagating simultaneously throughout the entire atria. The 
multiple wavelet hypothesis, as a mechanism underlying AF, was 
confirmed experimentally after several years.4 The development 
of comprehensive mathematical models of the electrophysiologi-
cal activity of human atrial cells20-23 has provided a useful tool for 
investigating the contribution of different ionic currents to atrial 
arrhythmias. Dr. Jalife’s group have been pioneers in combining 
experiments with simulation studies to understand the origin and 
maintenance of AF. Using a simplified 2D model of human atrial 
tissue, they have shown the important role of the IK1 current in 
stabilizing rotors during chronic AF, and how the blockade of IKur 
or Ito can terminate rotor activity.24 On the other hand, a recent 
study using a 2D model of atrial tissue suggested that electrotonic 
interaction between myocytes and fibroblasts plays an important 
role in the genesis of CFAE.25

The first 3D model of the human atria, which combined a 
detailed cellular ionic model (Nygren cell model20) with realistic 
geometry, was presented by Harrild and Henriquez.26 They 
showed how bundles of atrial muscle including the crista termi-
nalis (CT), the pectinate muscles (PM), Bachmannn’s bundle 
(BB), and the limbus of the fossa ovalis play an important role in 
determining spread of the propagation wave front. Vigmond  
et al27 presented a less geometrically realistic model but included 
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Atrial arrhythmias are the most common sustained cardiac 
arrhythmias in humans. Atrial arrhythmias, mainly atrial fibrilla-
tion (AF), which often provoke disabling symptoms and severe 
complications,1 are considered major causes of morbidity and 
mortality.

Additionally, it has been observed that AF induces changes in 
the atrial myocardium that help to perpetuate the arrhythmia 
“AF begets AF.” These changes, called atrial remodeling, include 
alterations in the expression of various ion channels affecting 
electrical activity of the atrial cells and changes in anatomical 
structure. They have been described in animals2 and in humans.3,4 
Changes in the electrical activity cause a decreased effective 
refractory period (ERP) and slowed conduction and reduction in 
rate adaptation of ERP,2,3 which may help the initiation and per-
sistence of AF, as suggested by experimental studies.2,3

Despite significant advances in our knowledge about the 
mechanisms that lead to the onset and maintenance of atrial 
arrhythmias, they remain incompletely elucidated. It is thought 
that atrial arrhythmias can be caused by focal ectopic activity, 
localized reentry, or multiple propagating wavelets.4-9 It is impor-
tant to understand the mechanisms of initiation and perpetuation 
of atrial arrhythmias because they have a strong influence in the 
design of antiarrhythmic therapies. Several experimental and 
clinical studies have shown that different mechanisms lead to 
differences in the characteristics of spatiotemporal organization 
of atrial arrhythmias.

Studies of the spatiotemporal organization of atrial arrhyth-
mias are currently being performed by analyzing the electro-
grams (EGM) recorded at different points on the atrial surface 
using different signal analysis techniques, including analysis of 
EGM morphology,10,11 dominant frequency (DF),7,12,13 and regu-
larity12 or organization indexes (OI).14

In recent high-density mapping studies, areas of complex frac-
tionated atrial electrograms (CFAE) and high DF have been 
proposed as critical regions for the maintenance of AF6,8,15 and 
have become target sites for AF ablation. However, ablation of 
high-DF areas has proven to be incompletely effective in patients 
with persistent AF.12 In addition, it is not universally accepted 
that improvement in AF ablation occurs after CFAE ablation in 
patients with persistent AF.16
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Building a 3D Model of the Human Atria

Anatomical Characteristics

A realistic 3D model of human atria that includes fiber orienta-
tion was previously developed by our group.35-37 The original set 
of surfaces of the model was based on the work of Harrild and 
Henriquez.26 These surfaces were modified in accordance with 
data from the literature and histologic observations.42,43 The 
model comprises the main structures (Figure 35-1): left and right 
atrial chambers (LA and RA), 20 pectinate muscles (PM), the 
fossa ovalis (FO), Bachmann’s bundle (BB), the crista terminalis 
(CT), left and right appendages (LAPG and RAPG), left and 
right pulmonary veins (LPV and RPV), superior and inferior 
caval veins (SCV and ICV), the isthmus of RA, atrioventricular 
rings (AVR) and the coronary sinus (CS). The sinoatrial node 
(SAN) is situated near the ostium of the SCV.

Several experimental observations have been made about the 
role of anatomical structure and electrophysiological heterogene-
ity in atrial electrical activity in both physiological and pathologic 
conditions.42,44 Notably, this atrial model includes a realistic fiber 
orientation based on histologic observations.42,45 The model was 
divided into 42 areas (see the colored zones in Figure 35-1), and a 
realistic fiber direction was assigned to each region. In Figure 
35-1, the main areas of the model and their fiber orientation 
(indicated by arrows) are shown. It is noted that circulating muscle 
bundles42,46 around the CS, the LPV and RPV, the SCV and ICV, 
the AVR, and both appendages (RAPG and LAPG) are present, 
whereas BB, CT, and PM show aligned fibers along their longi-
tudinal axes. The posterior walls of both atria (RA and LA) 
consist of mainly vertical fibers, whereas the fibers between the 
SCV and the ICV have a horizontal direction, provoking a 
complex arrangement of vertical, horizontal, and circular fibers 
in the ostium of the pulmonary veins.45

Electrophysiological Models

Nygren’s model20 of human atrial action potential (AP) was used 
to simulate cellular electrical activity. Electrophysiological 

morphologic details such as electrical interatrial communica-
tions, anisotropic conduction, and muscular structures. They 
observed how specific structures in the atria—coronary sinus 
(CS), CT, PM, and orifices such as inferior caval vein (ICV) and 
superior caval vein (SCV)—play an important role in reentrant 
activity. Lausanne’s group introduced a simplified fiber structure 
in a 3D model for studying the impact of anisotropy on the 
morphology of electrograms10 and later evaluated the effects of 
different ablation patterns in the treatment of AF,28 showing that 
the prediction of converting AF to sinus rhythm observed experi-
mentally was very similar to what was predicted by the computer 
model.29 This model, in combination with clinical data, has 
also been used to show that atrial fibrillatory cycle length is an 
important predictor of AF duration and of the rate of AF  
termination by ablation.30 In 2006, Seeman et al used data 
extracted from a visible female dataset to develop a 3D model of 
the atria with great anatomical detail. They included anisotropic 
properties of the tissue and heterogeneous electrophysiological 
properties to study the contributions of different anatomical 
structures in normal atrial conduction.31 Aslanidi et al presented 
a multiscale computational model based on this 3D model that 
included a human torso model to study the mechanisms underly-
ing atrial arrhythmias32 and to test the treatment efficacy of anti-
arrhythmic drugs.33 The effect of electrical versus structural 
remodeling on AF perpetuation has been studied using a 3D 
model based on Harrild and Henriquez’s work.26 It has been 
observed that both electrical remodeling and structural remodel-
ing contribute to APD shortenings, whereas structural remodel-
ing is the main contributor to reduced conduction velocity.34

All of the described 3D atrial models used a simplistic fiber 
structure lacking detailed description of fiber direction in the 
atria. In 2009, our group developed a 3D atrial model that inte-
grated realistic geometry and structure, as well as heterogeneous 
electrical properties, with detailed fiber orientation in the whole 
atria.35-39 In recent reports,40,41 semiautomatic methods were used 
to incorporate atrial anisotropy (including fiber orientation) and 
heterogeneities into patient-specific 3D models based on geom-
etries obtained from magnetic resonance imaging (MRI) data, 
gaining an important step toward the use of specific atrial models 
in the clinic.

Figure 35-1.  Frontal and dorsal views of the human atrial model. Colors represent areas with different fiber orientation. Arrows indicate the orientation of the fibers in the 
main areas of the atria. AVR, Atrioventricular rings; BB, Bachmann’s bundle; CS, coronary sinus; CT, crista terminalis; FO, fossa ovalis; ICV and SCV, inferior and superior caval 
veins; LA and RA, left and right atria; LAPG and RAPG, left and right appendages; PM, pectinate muscles; RPV and LPV, right and left pulmonary veins; SAN, sinoatrial node. 

(From Tobón, C, Ruiz-Villa C, Heidenreich E. et al: Three dimensional human atrial model with fiber orientation. Electrograms and arrhythmic activation patterns relationship. 
Plos One 8(2):1–13, 2013, Fig. 1.)
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where Sv corresponds to the surface-to-volume ratio, D is the 
conductivity tensor, Cm is the specific membrane capacitance 
(50 pF), Iion is the total ionic current that crosses the membrane 
cells, Vm is the membrane potential, and Istim is the stimulus 
current. The monodomain equation was solved using a finite 
element method.

Conductivity values were assigned to obtain realistic conduc-
tion velocities observed in the different atrial zones: 25 cm/s in 
very slow regions (SAN), 54 cm/s in slow regions (PV), 120 cm/s 
in fast regions (BB, limbus of the FO and PM), and 143 cm/s in 
very fast regions (CT bundle), whereas the remaining atria had a 
conduction velocity of 69 cm/s.50,51 An anisotropic ratio of conduc-
tivity was also introduced in agreement with experimental data.51,52 
The isthmus of the RA and the SAN were set isotropic, whereas 
an anisotropic ratio of 1 : 2 was used for BB, limbus of FO, PV, and 
AWM.52 Finally, an anisotropy ratio of 1 : 9 was used for CT.51

Unipolar pseudo-electrograms (EGM) were simulated in 
more than 43,000 points along the atrial surface. The extracel-
lular potential (Φe) was calculated by the following equation53:

Φe mr K V r
r r

dv( ) = − ′∇ ′( )⋅ ′∇
′ −





∫∫∫ 1

 [Eqn 2]

where ∇′Vm is the spatial gradient of transmembrane potential 
Vm, K is a constant that includes the ratio of intracellular and 
extracellular conductivities, r is the distance from the source 
point (x, y, z) to the measuring point (x′, y′, z′), and dv is the dif-
ferential volume.

EGM on the entire atrial surface were processed with a 40- to 
250-Hz band-pass filter, rectified, and further low-pass filtered at 
20 Hz.54 Spectral analysis of the signals was then performed with 

heterogeneity was included to reproduce AP in different zones 
of the atria47: PM, CT, AVR, left and right appendages (APG), 
and atrial working myocardium (AWM), which includes the 
remaining atrial structures. To obtain these AP models, maximum 
conductance of It, IKr, and ICaL was modified.35 To reproduce 
electrical remodeling conditions, changes in conductance and 
kinetics of different ionic channels observed in experimental 
studies of permanent AF3,48 have been incorporated into these AP 
models. Maximum conductance for IK1 was increased by 250% 
and for ICaL and It was decreased by 74% and 85%, respectively; 
kinetics of the fast inactivation of ICaL was increased by 62%, the 
activation curve of It was shifted by +16 mV; and the inactivation 
curve of INa was shifted by +1.6 mV.49

Figure 35-2 shows the last AP obtained when a train of 10 
stimuli at a basic cycle length of 1000 ms was applied for the 
different atrial cellular models considered (AWM, PM, CT, APG, 
and AVR) under both physiological (control) (Figure 35-2, A) and 
remodeling conditions (Figure 35-2, B). The APD90 values (see 
table in Figure 35-2, C) show that under control conditions, 
APD90 ranged from 180 ms to 307 ms. It is important to note, 
however, that atrial remodeling decreased the APD90 values in 
the whole atria (ranging from 56 ms to 92 ms) as well as the APD 
dispersion.

Figure 35-2, D illustrates restitution curves for AWM, for 
both physiological (control) and electrically remodeled cells. It is 
possible to observe how the remodeling condition provokes a 
reduction in APD and in ADP rate adaptation, inducing a 
decrease in ERP and a reduction in rate adaptation of ERP, which 
will facilitate ectopic beat propagation.

Propagation and Atrial Electrograms

To simulate the electrical propagation of AP, we used the 
monodomain model described by the following reaction-diffusion 
equation:

Figure 35-2.  AP for the different types of atrial cells: crista terminalis (CT), pectinate muscles (PM), left and right appendages (APG), atrioventricular rings (AVR), and atria 
working  myocardium  (AWM),  which  includes  the  rest  of  the  tissue;  under  (A)  physiological  conditions  (control)  and  (B)  remodeling  conditions  (remodeled),  at  a 
BCL = 1000 ms. C, APD90 values. D, Restitution curves for physiological and remodeling conditions for cells of the AWM. 

(From Tobón, C, Ruiz-Villa C, Heidenreich E. et al: Three dimensional human atrial model with fiber orientation. Electrograms and arrhythmic activation patterns relationship. 
Plos One 8(2):1–13, 2013, Fig. 3.)
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Figure 35-3.  Snapshots of the propagation of the last stimulus applied in the SAN area (the 10th beat) for both physiological (A) and electrically remodeled atria (B). Colors 
represent the distribution of membrane voltage (AP values in mV) in the entire atria. Depolarized zones are illustrated by a red color, whereas repolarized zones are repre-
sented by a blue color. 
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atrial depolarization occurred at 120 ms in normal conditions and 
at 138 ms in remodeled atria, ending in the distal LAPG. These 
values are in agreement with the values observed experimentally. 
Canavan et al55 showed that under physiological conditions, the 
last activation of atrial tissue occurred just before 120 ms. Another 
study56 observed the last activation of LA tissue at approximately 
116 ms. It is interesting to note that the entire atria repolarized 
faster in remodeled conditions than under physiological condi-
tions (see snapshots at 135 ms in Figure 35-3).

Atrial Arrhythmias in Electrically  
Remodeled Atria

After the 10th pulse was applied in the SAN area of the remod-
eled atria (see Figure 35-3, B), an ectopic focus (S2) was applied 
at different points of the atria. After the application of the bursts 
of six beats (S2) in the center of the posterior wall of the LA, the 
wave front induced by the ectopic focus fragmented, generating 
a reentrant activity (Figure 35-4). Different reentries in the RPV, 
SVC, and CT and wave fragmentations were observed (see snap-
shots at 3140 ms and 4824 ms in Figure 35-4, A). Thereafter, this 
complex activity became a more stable reentrant tachycardia 
rounded to RPV (see snapshot at 9317 ms in Figure 35-4, A), 
showing fragmentation of the wave front only in the CT arch 
area. The EGM calculated in three points of the LA—center of 
the posterior wall, center of the superior wall, and LAPG—and 
in three points of the RA—center of the posterior wall, CT, and 
RAPG—are shown in Figure 35-4, B. Figure 35-4, B also depicts 
the DF and OI values calculated from the spectral analysis of 
these EGM, using the method described in previous sections. In 
the entire atria, the EGM showed a stable and regular atrial 
activity (typical of a macro-reentrant atrial tachycardia) with 
single potentials, with the exception of the CT, where double 
potentials were observed as the result of fragmentation of the 
wave fronts that occurred in this region. Spectral analysis of the 
EGM also indicated organized and periodic overall activity, with 
DF values near 6 Hz and high OI values (near to 1), except in 
the CT with an OI of 0.84. It is noteworthy that the model 
reproduced stable and regular activation during reentrant atrial 
arrhythmias experimentally shown,57,58 and that the high OI 
values corresponded with this high regularity. Moreover, the 
model also reproduced the double potentials in the EGM 

fast Fourier transform (FFT), obtaining a spectral resolution of 
0.12 Hz. The DF, defined as the frequency corresponding to the 
highest peak of the power spectrum, was determined. To measure 
frequency variability in the spectrum, the OI was also calculated. 
Spectral power of the DF and its three harmonic peaks were 
calculated by computing the area under the peaks. The OI was 
obtained as the ratio of this spectral power to the total power of 
the spectrum.14,54 False color DF and OI maps were constructed 
by assigning a color between blue and red to each point for lowest 
and highest values, respectively.

Simulation Protocols

Different atrial arrhythmias were generated using an S1-S2 pro-
tocol as follows: A train of stimuli (rectangular current pulses of 
6 ms of duration and 30 µA of amplitude, stimulation area of 
approximately 10 mm2) with a basic cycle length of 1000 ms was 
applied during 10 seconds in the SAN area to simulate sinus 
rhythm (S1). Two different ectopic stimuli (S2) were simulated. 
After the last beat of the S1 stimulation, a burst of six ectopic 
beats or a continuous ectopic focus was delivered at a cycle length 
(CL) of 130 ms (S2). Once an ectopic focus was applied, the 
simulation was maintained for 10 seconds.

Atrial Activation during Sinus Rhythm

Normal atrial propagation patterns in sinus rhythm were simu-
lated by applying a periodic stimulation of 10 beats, at a basic 
cycle length of 1000 ms, in the SAN area. Figures 35-3 depicts 
various snapshots of the propagation of the last beat applied for 
both physiological (Figure 35-3, A) and remodeling (Figure 
35-3, B) conditions. As shown in the figures, the stimulus applied 
in the SAN region caused initiation of an almost triangular wave 
front that quickly spread to the ICV favored by high conductivity 
and anisotropy of the CT (see snapshots for 25 ms in Figure 
35-3, A, B). The depolarizing wave propagated to the anterior 
septal portion of the LA through the interatrial BB, inducing the 
first activation of the LA after 46 ms (in normal atria) and 54 ms 
(in remodeled atria) from the SAN activation.

Figure 35-3 also illustrated (see snapshots at 94 ms) the delay 
in propagation induced by remodeling conditions. The entire 
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Figure 35-4.  A, Snapshots of the reentrant activity observed in electrically remodeled atria when a burst of six beats (CL = 130 ms) was applied in the center of the LA 
posterior wall. Colors represent the distribution of membrane voltage (in mV). Depolarized zones are illustrated by a red color, whereas repolarized zones are represented 
by a blue color. Different reentries and wave fragmentations are observed before a reentrant activity is established around the RPV. Arrows indicate the direction of wave 
front propagation. The “

••
” indicates conduction block. B, EGM at different points of the atria. Values of DF and OI are illustrated. See text for details. 
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recorded at points along the blocking line that become the CT, 
in accordance with experimental observations.11

Upon application of the burst of six ectopic beats (S2) in the 
SCV, different reentrant mechanisms were observed (Figure 
35-5). During the first few seconds, a reentrant tachycardia was 
maintained by a reentry wave front anchored in the CT area (see 
snapshot at 2549 ms in Figure 35-5, A). Very quickly (at approxi-
mately 5.5 s after initiation of reentrant tachycardia), the reentry 
that maintained the tachycardia collided and became a macro-
reentry, turning the tricuspid annulus, starting a typical atrial 
flutter (AFL) (see snapshots at 5789 ms and 9965 ms in Figure 
35-5, A). The EGM calculated at the six different points of the 
atria showed a change in morphology after the second 5.5, caused 
by the evolution from atrial tachycardia to typical AFL (Figure 
35-5, B). During the first 5.5 seconds, the potentials are mainly 
simple in the entire atria, except in the CT, where double poten-
tials are provoked by the wave front turning around the blocking 
line in this area. Thereafter, the model reproduced a typical AFL 
episode with the reentrant excitation traveling around the tricus-
pid valve ring, similar to that experimentally observed.59 This 
macro-reentry propagated to the rest of the atria with a 1 : 1 
pattern of activation, according to experimental observations,60 
provoking uniform and regular EGM in the entire atria with DF 
values near 5 Hz, in agreement with the range observed in 
humans (4.2 to 5.8).61 The OI values near to the unit in the whole 
atria also indicated high regularity in overall atrial activation. It 
is important to note that spectral analysis of the EGM was per-
formed on the AFL pattern (the last 4.5 seconds of simulation).

When the ectopic focus S2 (burst of six beats) was applied at 
the base of the RPV, an AF maintained by different reentrant 
patterns in the LA was observed (see Figure 35-6). Initially, a 

rotor was triggered in the posterior wall of the LA, while frag-
mentations and collisions of wave fronts, mainly at the level of 
CT, were observed (see snapshot at 3701 ms in Figure 35-6, A). 
AF was then maintained by figure-of-eight reentries and macro-
reentries in the LA, whereas fragmentation of wave fronts and 
reentries around the CT continued in the RA (see snapshot at 
9303 ms in Figure 35-6, A); at the end of simulation, it was pos-
sible to observe a rotor in the posterior wall of the LA (see 
snapshot at 9663 ms in Figure 35-6, A).

The EGM calculated at various points in the atria (see Figure 
35-6, B) present mainly polymorphic single potentials. Double 
potentials and fragmented potentials (CFAE) are observed at 
pivot points, conduction blocks, and wave fragmentations. CL 
variations are also shown. Spectral analysis showed similar DF 
values and low OI values for the entire atria, accordingly with its 
irregular activity. To show distribution of DF and OI values 
throughout the whole atria, we developed DF and OI maps by 
processing more than 43,000 unipolar EGM distributed along 
the atrial surface. DF maps (see Figure 35-6, C) depict atrial 
zones with slight DF differences around a value of 5.8 Hz, 
whereas OI maps (see Figure 35-6, D) show how the overall atrial 
activity presents a low degree of organization (lower than 0.7).

The application of an ectopic focus S2 of continuous activity 
at the base of the RPV induced multiple fronts of reentry with 
irregular trajectories (see Figure 35-7). Zones of LA are activated 
periodically by the ectopic focus, and wave fragmentation and 
collisions are mainly observed throughout the rest of the atria 
(see snapshots at 3825 ms and 5928 ms in Figure 35-7, A). Rotors 
that collided and fragmented creating new wavefronts are mainly 
observed in RA (see snapshot at 7906 ms in Figure 35-7, A). In 
points near the ectopic focus, the EGM showed rapid and regular 
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activity of the atria during sinus rhythm.63 Since the introduction 
of Maze III, various ablation strategies have been tested to limit 
the number and length of ablation lines and, as a result, reduce 
undesirable damage to the atria.65,66 Evaluation of the effective-
ness of different ablation patterns is usually performed in experi-
mental and clinical studies. Recently, computer models have also 
been used to systematically evaluate the efficacy of different com-
binations of the ablation lines.29

Using the 3D model of human atria, we have simulated the 
effects of application of two ablation procedures on the AF 
pattern induced by application of a burst of six beats at the base 
of the RPV (shown in Figure 35-6). After AF was initiated, 10 
seconds from starting the application of the burst, ablation lines 
were introduced in the model following two patterns: Maze III 
(Figure 35-8, A) and left-sided partial Maze (Figure 35-8, B). The 
ablation lines were of two to three elements of thickness and zero 
conductivity, simulating perfect transmural obstacles to the wave 
front propagation. Maze III consisted of ten lines localized in 
both RA and LA,62 whereas the left-sided partial Maze consisted 
of only four lines in LA.66 Figure 35-8, A depicts AF progression 
after the application of Maze III. It is possible to observe that 
Maze III finished AF in less than 1 second, and the entire atria 
reached a resting state awaiting the next SAN beat (see snapshot 
at 314 ms in Figure 35-8, A). The ablation lines in LA blocked 
the rotors in this area, which maintained FA (see previous section). 
Simultaneously, lines in the RA blocked reentrant wave fronts 
and the fragmentations observed in this area. However, when 
left-sided partial Maze was applied, the AF did not stop but 

atrial activation with the highest DF and OI values, 7.7 Hz and 
0.83, respectively, in the EGM of the center of the LA posterior 
wall (see Figure 35-7, B). However, in the posterior wall of the 
RA and in the CT, the EGM presented polymorphic potentials 
and CL variations. For this case, the DF map (see Figure 35-7, C) 
indicated that the entire LA was activated homogeneously at high 
frequency (around 7.7 Hz), whereas RA was activated at a lower 
frequency (around 5 Hz) with slightly higher DF values in small 
areas of SCV, tricuspid ring, and posterior wall. The OI map (see 
Figure 35-7, D) showed a high degree of organization in various 
zones of the LA, such as in part of the posterior wall and in areas 
of the inferior wall, with the highest OI values (close to 1) at the 
site of the application of ectopic focus and in neighboring areas. 
In the RA, a low degree of organization can be observed with OI 
values of ≈0.3 in some areas. These results are in accordance with 
clinical observations in which low OI values were observed in 
areas where multiple wave fronts interacted, whereas high OI 
values were associated with the source that maintained the AF.54

Atrial Fibrillation Ablation

Surgical ablation is one of the most common treatments for AF. 
The surgical Maze III procedure, introduced by Cox et al,62 con-
sists of creating lines of blockage to prevent all possible reentrant 
circuits in both atria. Although Maze III has proven its efficacy 
in terms of AF termination,63,64 it affects the correct mechanical 

Figure 35-5.  A, Snapshots of  the reentrant activity observed  in the electrically  remodeled atria when a burst of six beats  (CL = 130 ms) was applied  in the SCV. Colors 
represent the distribution of membrane voltage (in mV). Depolarized zones are illustrated by a red color, whereas repolarized zones are represented by a blue color. In the 
first seconds, reentrant activity was maintained by reentry anchors in the CT. At 5.5 s, this reentrant activity became a typical AFL. Arrows indicate the direction of wave 
front propagation. B, EGM at different points of the atria. Values of DF and OI for these different points, calculated taking into account only the flutter activity (AFL), are 
illustrated. See text for details. 
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Figure 35-6.  A, Snapshots of the AF induced in the electrically remodeled atria when a burst of six beats (CL = 130 ms) was applied at the base of the RPV. Colors represent 
the distribution of membrane voltage (in mV). Depolarized zones are illustrated by a red color, whereas repolarized zones are represented by a blue color. Different reentries 
are observed in LA, whereas wave fragmentations are shown in RA. Arrows indicate the direction of wave front propagation. B, EGM at different points of the atria. Values 
of DF and OI are illustrated. C and D, DF and OI maps calculated by processing more than 43,000 EGM; red color indicates the highest values and blue color the lowest 
values, according to the color scale. See text for details. 
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Figure 35-7.  A, Snapshots of the AF induced in the electrically remodeled atria when a continuous ectopic focus was applied at the base of the RPV. Colors represent the 
distribution of membrane voltage (in mV). Depolarized zones are illustrated by a red color, whereas repolarized zones are represented by a blue color. Regular activation 
is observed  in points near the focus area, whereas rotors,  fragmentation, and collisions are observed  in the rest of the atria. Arrows  indicate the direction of wave front 
propagation. B, EGM at different points of the atria. Values of DF and OI are illustrated. C and D, DF and OI maps calculated by processing more than 43,000 EGM; red color 
indicates the highest values and blue color the lowest values, according to the color scale. See text for details. 
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became a reentrant tachycardia around the CT (see Figure 
35-8, B). In this case, the ablation lines blocked the rotors in the 
LA, but RA could maintain the reentrant activity around a block-
ing line in the CT (see snapshot at 9660 ms in Figure 35-8, B). 
Fragmentations and collisions were not observed in the RA, 
thereby a stable reentrant tachycardia was established. It has  
been reported that atrial tachycardia follows AF ablation in a  
high percentage of patients, ranging from 1% to 50%.16,67 
Although surgical ablation procedures are common interven-
tions, and a great number of investigators have attempted  
to optimize their efficacy, no universally accepted strategies for 
ablation are known, and only international recommendations can 
be reached, such as the recent Heart Rhythm Society (HRs)/ 
European Heart Rhythm Association (EHRA)/European  
Carbon Arrhythmia Society (ECAS) expert consensus statement 
on catheter and surgical ablation of atrial fibrillation.16

Figure 35-8.  Snapshots illustrating the evolution of the AF obtained by the application of a burst of six beats at the base of the RPV (see Figure 35-3) when two different 
ablation patterns were applied. Ablation lines are indicated in the left figures and consist of applying zero conductivity in elements along the line, 10 seconds after applica-
tion of  the burst.  A, Maze  III  ablation patterns finished AF very quickly. B,  Left-sided partial Maze did not  stop AF, but  it  converts AF  into  reentrant  tachycardia. Arrow 
indicates the direction of the reentry. See text for details. 
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36 

General Approach to Multi-scale 
Electromechanical Modeling  
of the Heart and Its Validation

Computational Representation of the 
Electromechanical Processes in the Heart

A schematic of the general approach to modeling multi-scale 
cardiac electromechanical function at the level of the organ is 
shown in Figure 36-1, A. The general approach consists of two 
coupled problems, simulating the electrical and mechanical func-
tions of the heart. A flowchart of the simulation process with 
connections within the model representation of each function as 
well as inter-relations between the two parts of the electrome-
chanical model is presented in Figure 36-1, B.

The electrical problem of the model simulates the propaga-
tion of a wave of transmembrane potential by solving the 
monodomain reaction-diffusion partial differential equation 
(PDE; or a system of coupled PDEs if the extracellular current 
flow is explicitly accounted for, i.e., the bidomain problem) over 
the volume of the heart.1 The reaction-diffusion PDE describes 
current flow through myocytes that are electrically connected via 
low-resistance gap junctions. Cardiac tissue has orthotopic 
passive electrical conductivities that arise from the cellular orga-
nization of the heart into fibers and laminar sheets. Global con-
ductivity values are obtained by combining fiber and sheet 
organization with myocyte-specific local conductivity values. 
Current flow in the tissue is driven by the active processes of ionic 
exchanges across myocyte membranes. These processes are rep-
resented by the cellular ionic model (see Figure 36-1, A, B), 
where current flow through ion channels, pumps, and exchangers 
and subcellular calcium cycling are governed by a set of ordinary 
differential (ODE) and algebraic equations; ionic models of dif-
ferent complexity are currently in use.2 Simultaneous solution of 
the PDE(s) with the set of ionic model equations represents 
simulation of electrical wave propagation in the heart.

The intracellular calcium released during electrical activation 
couples the electrical and mechanical components of the model 
by providing a bi-directional link between the cellular ionic and 
myofilament models (see Figure 36-1, A, B). The cellular myo-
filament model consists of another set of ODEs that represent 
the biophysical processes of calcium binding to troponin and 
cross-bridge cycling, as well as the mechanisms of cooperativity. 
Compared with the evolution of cellular ionic models, the devel-
opment of myofilament models has been slower and more diffi-
cult, as no clear consensus has been reached regarding the 
mathematical approach to model myofilament dynamics. An 
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The cyclic pumping of the heart arises from the synergy of its 
electrical and mechanical functions. Understanding the individ-
ual functions has been the subject of intense research in basic 
science and clinical cardiology. Over the years, experimental and 
clinical studies have provided significant insight into the electrical 
and mechanical activity of the beating heart from the molecular 
to the organ level. However, detailed information regarding the 
intricate electrical or mechanical processes at each level of this 
hierarchy might not be sufficient to elucidate the causes of emer-
gent phenomena at the level of the entire organ arising from the 
interactions between electrical and mechanical processes. With 
current experimental methods limited in their inability to explore 
the three-dimensional coupled electrical and mechanical activity 
in the heart simultaneously and with sufficient spatiotemporal 
resolution, computer modeling of whole-heart electromechanical 
function is rapidly becoming an important investigative tool in 
its own right. Today, owing to advancements in computational 
techniques and tools as well as in image processing, electrome-
chanical modeling of the heart has become a comprehensive 
methodology that combines detailed information regarding the 
electrophysiological and mechanical processes across the spatial 
scales in the heart, and serves to provide a higher level of under-
standing of the complex electromechanical interactions in the 
heart.

In this chapter, we present an overview of the current state-
of-the-art in whole-heart electromechanical modeling, focusing 
on realistic-geometry biophysically detailed model develop-
ments. We first present the general framework in modeling  
the electromechanical behavior of the heart. We then showcase 
the powerful utility of such realistic electromechanical models  
in revealing mechanisms at play in the normal and diseased  
heart by reviewing the latest insights obtained with such models. 
We conclude this chapter with a discussion of the developments 
in patient-specific electromechanical modeling, emphasizing 
translational efforts toward bringing computer modeling of heart 
electromechanics from the realm of the basic science into the 
clinic.
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as cylindrical and elliptical shapes to represent the ventricles) or 
anatomically accurate, the latter representing ventricular aver-
aged geometries obtained from histologic sectioning6-8 or the 
geometry and structure of individual hearts,9-11 as obtained from 
magnetic resonance imaging (MRI).12 Figure 36-1, C presents 
some of the ventricular geometries used in electromechanical 
modeling: The University of California San Diego (UCSD) 
rabbit ventricular geometry6 is an example of averaged geometry 
obtained through histologic sectioning, while another image 
exemplifies an MRI-based individual heart geometry.9 An example 
of an MRI-based atrial geometry only can be found in a recent 
publication.13

The aforesaid description of electromechanical modeling 
refers to models of strong coupling, where the electrical and 
mechanical problems are solved simultaneously.14 In cases that do 
not necessitate strong coupling, as for instance during examina-
tion of how the mechanical activation of the heart follows the 
electrical activation, weakly coupled schemes are employed. In a 
weakly coupled model, the electrical activation times (calculated 
from the electrical problem) are inputted into the mechanical 
part as the instances when the myofilament model is activated. 
In a more sophisticated approach, the ionic and cardiac myofila-
ment models can be coupled within the mechanics component, 
with the electrical activation times determining the instant at 
which this combined ionic-myofilament model is activated10; in 
this case, cooperativity mechanisms, such as calcium binding to 
troponin C, are represented in the model.

The governing equations describing cardiac electromechani-
cal behavior are solved on a spatially discretized version of  
the heart volume (i.e., on the computational mesh). The  
electrical and mechanical parts of the model have different 
requirements regarding the degree of discretization (i.e., element 
size) and the element type; thus the two parts of the model 

up-to-date review of cellular myofilament models can be found 
in a recent publication.3

The contraction of the heart arises from the active tension 
generated by the myofilaments within the cardiac cell. In the 
mechanics part of the model, deformation of the organ is 
described by the equations of continuum mechanics,4 with the 
passive properties of the myocardium described by a constitutive 
law. The most comprehensive formulation of cardiac tissue con-
stitutive relation can be found in a recent article by Holzapfel 
and Ogden.5 Simultaneous solution of the myofilament model 
equations and of those representing passive cardiac mechanics 
over the volume of the heart (see Figure 36-1, A, B) constitutes 
simulation of cardiac contraction. Finally, to simulate the cardiac 
cycle and the corresponding pressure-volume loops, conditions 
on chamber volume and pressure are imposed, arising typically 
from lumped-parameter models of the systemic and pulmonic 
circulatory systems (see Figure 36-1, A, B).

In addition to the bi-directional relationship between electri-
cal and mechanical components, provided by intracellular calcium 
cycling, a key feedback mechanism in the electromechanical 
model (acting within the mechanics component) is the length and 
velocity dependence of tension (see Figure 36-1, B): The stretch 
and stretch rate, as determined by the deformation of the heart, 
affect tension development in the cell. Mechanical deformation 
could further affect the electrical activity of the heart via the 
opening of stretch-activated channels (see Figure 36-1, A, B). To 
simulate this feedback mechanism, the stretch and stretch rate 
calculated from the mechanics component serve as an input into 
the electrical component: They determine the conductance of 
stretch-activated channels, the latter represented within the cel-
lular ionic model.

Solutions to organ-level electromechanical problems entail 
the use of organ-level geometries, which could be idealized (such 

Figure 36-1.  A, Schematic of the general approach to modeling cardiac electromechanical function. B, Flowchart of the simulation process. C, Geometric models of the 
heart (rabbit and canine). D, Computational meshes of the canine heart for electrical and mechanical problems. E, Fiber and sheet orientations obtained from diffusion 
tensor (DT)-magnetic resonance imaging (MRI) of the canine heart. 

(Images modified with permission from Vadakkumpadan F, Arevalo H, Prassl AJ, et al: Image-based models of cardiac structure in health and disease. Wiley Interdiscip Rev Syst 
Biol Med 2:489–506, 2010; Gurev V, Lee T, Constantino J, et al: Models of cardiac electromechanics based on individual hearts imaging data: Image-based electromechanical 
models of the heart. Biomech Model Mechanobiol 10:295–306, 2011.)
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maps. The mechanical component is validated with local strain 
measurements calculated from MRI or ultrasound images, or 
with hemodynamical metrics such as left ventricular (LV) pres-
sure and volume, ejection fraction, or maximal rate of pressure 
change.

A study by Provost et al21 provides a unique example of elec-
tromechanical (rather than separate electrical or mechanical) 
heart model validation. It is based on the use of electromechanical 
wave imaging (EWI),22 a novel noninvasive ultrasound-based 
imaging technique capable of mapping the propagation of the 
electromechanical wave along echocardiographic planes; this is 
achieved by mapping the interframe axial strains. In the Provost 
et al study,21 data from EWI were used to validate the MRI-based 
electromechanical model of the normal canine ventricles for dif-
ferent pacing protocols. Figure 36-2, A, B presents experimental 
and simulated EWI maps for pacing from the LV base; the cor-
responding isochronal maps of electromechanical activation are 
shown in Figure 36-2, C. In both experiments and simulations, 
the EW emerged from the basal region of the lateral wall and 
propagated toward the apex, the septum, and the right ventricular 
(RV) wall. Representative curves of the interframe strains over 
time in the lateral and septal wall are shown in Figure 36-2, D. 
This study provides an illustrative example of how emerging 
experimental techniques like EWI could be used for validation 
of cardiac electromechanical models.

Applications of Electromechanical Modeling

Electromechanical Interactions in the Heart

Understanding the mechanical consequences of an altered cardiac 
activation sequence is of great importance because dyssynchro-
nous electrical activation can cause abnormalities in perfusion and 
pump function. Early computational studies of electromechanics 
employed truncated ellipsoids as LV representations in an attempt 
to provide insight into the relationship between the spatial pattern 
of electrical activation and the resultant contraction.23 The study 
by Usyk and McCulloch24 was the first to examine the distribution 
of the time interval between myocyte depolarization and onset of 
myofiber shortening, termed the electromechanical delay, in a 
realistic-geometry ventricular canine model. The study by Gurev 
et al25 further advanced understanding of the three-dimensional 
(3D) electromechanical delay distribution in the intact ventricles 
for sinus rhythm and epicardial pacing. The authors employed an 
electromechanical model of the rabbit ventricles and dissected the 
role of loading conditions in altering the 3D distribution of elec-
tromechanical delay. Figure 36-3 presents the epicardial and 

require two different computational meshes. The electrical mesh 
requirements are based on spatiotemporal characteristics of wave 
propagation; a spatial resolution of about 250 to 300 micrometers 
is appropriate for electrophysiological finite element models. A 
novel approach was recently published for electrical mesh gen-
eration directly from segmented MRI15 (Figure 36-1, D). The 
mechanical mesh, on the other hand, typically consists of hexa-
hedral elements with a Hermite basis. This choice of finite ele-
ments increases the degree of strain continuity and is appropriate 
for maintaining incompressibility constraints. The mechanical 
mesh of the heart (see Figure 36-1, D) can also be generated 
directly from segmented MRI.10,16

Fiber and laminar sheet organization underlies the ortho-
tropic electrical conductivities of the tissue and its mechanical 
properties. In the electrical mesh, local fiber and sheet directions 
are typically mapped at the centroids of the finite elements, and 
in the mechanics mesh, fiber and sheet orientations and their 
derivatives are defined at mesh nodes and then are interpolated 
over the elements. This is typically done using histologic section-
ing information6 or diffusion tensor (DT) MRI data.9,10 Use of 
DT-MRI data is based on the fact that the primary, secondary, 
and tertiary eigenvectors of the water DTs are aligned with fiber 
direction, with the direction transverse to the fiber direction and 
in the plane of the laminar sheet, and with that normal to the 
laminar sheet, respectively.12 Figure 36-1, E presents fiber and 
sheet orientation, as reconstructed from DT-MRI of the canine 
heart. In cases where neither histologic nor DT-MRI informa-
tion is available, rule-based approaches17 or image transformation 
algorithms18 have been used to assign fiber and sheet orientation 
consistent with measurements.

Simulations of heart electromechanical function are typically 
executed on parallel high-performance computing hardware. 
Reviews of numeric approaches to simulating the electrome-
chanical activity of the heart can be found1,10,19,20; these articles 
also address the challenges involved in developing multi-scale 
models at the organ level.

Approaches to Experimental Validation of 
Electromechanical Models

Validating the ventricular (or atrial) model of cardiac electrome-
chanics with experimental data is a pivotal component of model 
development. It constrains the model parameter space and 
enhances the physiological relevance of the model. To validate 
the electrical component of the model, simulation results are 
often compared with electrical activation maps obtained from 
epicardial sock or plunge electrodes, from optical mapping, or 
from electrocardiograms (ECGs) and body surface potential 

Figure 36-2.  Validation of the electromechanical model of the canine heart with electromechanical wave imaging. Experimental (top) and simulated (bottom) interframe 
strain distribution associated with an electromechanical wave (A) and the corresponding isochronal maps of electromechanical activation (B) for LV base pacing. C, Experi-
mental and simulated interframe strain traces at the septum (black) and the lateral wall (blue). 

(Images modified with permission from Provost J, Gurev V, Trayanova N, et al: Mapping of cardiac electrical activation with electromechanical wave imaging: An in silico-in vivo 
reciprocity study. Heart Rhythm 8:752–759, 2011.)
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Figure 36-3.  Electromechanical delay during sinus rhythm and epicardial pacing 
in  a  model  of  rabbit  ventricular  electromechanics.  Each  panel  presents  the  left 
ventricular (LV) lateral view of epicardium (left) and endocardium (right). The lines 
represent fiber directions. 

(Images modified with permission from Gurev V, Lee T, Constantino J, et al: Models of 
cardiac electromechanics based on individual hearts imaging data: Image-based elec-
tromechanical models of the heart. Biomech Model Mechanobiol 10:295–306, 2011.)
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endocardial electromechanical delay distributions for sinus 
rhythm and epicardial pacing obtained in the study. Results 
revealed that during normal sinus rhythm, the electromechanical 
delay was longer on the epicardium than on the endocardium and 
at the base than at the apex. After epicardial pacing, electrome-
chanical delay distribution was markedly different. For both elec-
trical activation sequences, the late-depolarized regions were 
characterized by significant myofiber prestretch caused by con-
traction of the early-depolarized regions. This prestretch delayed 
the onset of myofiber shortening, thus resulting in a longer elec-
tromechanical delay, giving rise to heterogeneities in 3D electro-
mechanical delay distribution. This study underscored the central 
role that the electrical activation sequence and thus the loading 
conditions play in modulating the relationship between electrical 
activation and mechanical contraction.

The heart achieves an efficient coordinated contraction via a 
complex network of feedback mechanisms. Organ-level electro-
mechanical modeling by Niederer and Smith26 explored how 
cellular-level behaviors affect work transduction, stress and strain 
homogeneity at the whole-ventricle level, and the feedback loops 
that regulate normal contraction in an electromechanical model 
of the rat LV. The simulation research demonstrated that length-
dependent changes in Ca sensitivity and the filament overlap, 
which is believed to constitute the Frank-Starling law, were the 
two dominant regulators of the efficient transduction of work. 
The absence of either mechanism not only altered the spatial 
distribution of stress and strain, but also determined the trans-
mural variation in work. These results showed that feedback from 
muscle length to tension generation at the cellular level is an 
important control mechanism of the pumping efficiency of the 
heart. In a recent study, Land et al27 developed a murine model 
of electromechanics to explore how length-dependent and 
velocity-dependent feedback mechanisms alter the pressure 
developed by the ventricles. Simulation results revealed that the 
length-dependent changes in Ca sensitivity and filament overlap 
are the principal regulators of ejection and isovolumetric relax-
ation. The model also revealed that including velocity depen-
dence of tension in the model extended the LV pressure plateau, 
resulting in a better match between experiment and simulation. 
These two studies illustrate the importance of the cellular feed-
back mechanisms in regulating the emergent electromechanical 
activity of the whole heart.

Mechanoelectrical Coupling

One of the most important mechanisms of mechanoelectrical 
coupling in the heart is seen in the sarcolemmal channels that are 

activated by mechanical stimuli. Of these, stretch-activated chan-
nels (SACs) have long been implicated as important contributors 
to the proarrhythmic substrate in the heart. The nonuniform 
distribution of positive myofiber strain (stretching) during 
mechanical contraction under a variety of pathologic conditions 
could produce, via SACs, proarrhythmic dispersion in electro-
physiological properties. SACs have been shown to shorten or 
lengthen the action potential duration (APD) of a single myocyte 
or to produce ectopic beats, depending on the timing of the 
mechanical stimulus application relative to the phase of the action 
potential. However, uncovering the mechanisms by which SACs 
contribute to ventricular arrhythmogenesis under a variety of 
pathologic conditions has been hampered by the lack of experi-
mental methods that can record the 3D electrical and mechanical 
activity simultaneously and with high spatiotemporal resolution. 
Thus, computer simulations have emerged as a valuable tool  
in dissecting the mechanisms by which SACs contribute to 
arrhythmogenesis.

Role of Mechanoelectrical Feedback in the Stability  
of Ventricular Tachycardia/Fibrillation
A study by Keldermann et al28 employed an electromechanical 
model of human LV to study the effect of mechanoelectrical feed-
back via SAC on reentrant wave dynamics. SAC conductance was 
dependent on the stretch ratio in the fiber direction. The authors 
found that nonuniform activation of SACs can result in the degen-
eration of a stable scroll wave (representing ventricular tachycar-
dia [VT]) into turbulent patterns characteristic of ventricular 
fibrillation (VF). Simulation results revealed that regions of wave-
break were those undergoing stretch. At these regions, depolar-
ization due to SAC opening blocked propagation at the stretched 
region. This simulation study suggested an explanation of the 
degeneration of ventricular tachycardia into ventricular fibrilla-
tion that offered an alternative to the restitution hypothesis. 
However, Keldermann et al analyzed only how opening of SACs 
with a reversal potential close to zero and large conductance 
affected the stability of VT/VF. Because experimental studies 
have found that SACs exhibit a variety of reversal potentials and 
conductances,29 a more comprehensive study of the effects of 
SACs on the stability of VT/VF was needed.

Hu et al30 aimed to analyze spiral wave stability using an MRI-
based electromechanical model of the human heart that included 
a variety of SAC reversal potentials and channel conductances. 
Investigators found that recruitment of SACs can also have the 
opposite effect: Opening of SACs with large negative reversal 
potentials or of those with reversal potentials close to zero and 
low conductance led to suppression of scroll wave breakup. As 
shown in Figure 36-4, A, in a model without SAC representation, 
scroll waves break up continuously, sustaining VF. Representing 
SAC with negative reversal potentials (e.g., −60 mV) decreased 
the average number of scroll wave filaments by 46% to 62%. 
Mechanistic analysis revealed that recruitment of SACs in this 
case inhibited scroll wave breakup through flattening of the APD 
restitution relationship, although to a different degree in differ-
ent regions. Opening of SACs with less negative reversal poten-
tials (e.g., −10 mV) and with low channel conductances also 
suppressed scroll wave breakup (Figure 36-4, B) but by a different 
mechanism, rendering the conduction velocity restitution curve 
shallower. This study revealed that recruitment of SACs affects 
scroll wave stability via different mechanisms, depending on the 
SAC population characteristics.

Role of Mechanoelectrical Feedback in Initiation  
and Perpetuation of Atrial Fibrillation
Because atrial dilatation increases vulnerability to atrial fibrilla-
tion (AF), understanding the mechanism for initiation and per-
petuation of AF during acute stretch is of paramount importance. 
The study by Kuijpers et al31 addressed this issue by developing 
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explored using electromechanical modeling. Wall et al33 devel-
oped an electromechanical model of the infarcted ovine LV and 
found that APD dispersion in the border zone, which may provide 
the substrate for arrhythmias in the setting of myocardial infarc-
tion, was created by the combined effects of stretch and reduced 
electrical connectivity.

Cardiac Resynchronization Therapy

Mechanisms Regulating Pump Dyssynchrony and the 
Response to Cardiac Resynchronization Therapy
Heart failure patients often exhibit contractile dyssynchrony due 
to electrical intraventricular delay, which diminishes the heart 
systolic function. Cardiac resynchronization therapy (CRT) is a 
clinical treatment that re-coordinates contraction by applying 
appropriately timed pacing stimuli to the ventricles. Although 
CRT reduces morbidity and mortality, 30% of patients fail to 
respond to the therapy. Current dyssynchrony indices used to 
identify potential responders to CRT have poor predictive capa-
bility, reflecting an incomplete understanding of the electrome-
chanical behavior involved in dyssychronous heart failure. 
Ventricular electromechanical simulations offer an opportunity 
to elucidate the mechanisms that underlie heart failure dyssyn-
chrony and to provide novel therapeutic strategies.

an image-based model of atrial electromechanics. In this model, 
the mechanical problem was represented by interconnected seg-
ments, each consisting of elastic and contractile components, 
rather than continuum mechanics equations. The model incor-
porated mechanoelectrical feedback via SAC opening. Simula-
tion results revealed that regional differences in the stretch ratio 
resulted in heterogeneities in membrane excitability, impulse 
propagation, APD, and the effective refractory period (ERP). 
Dispersions of APD and ERP were further enhanced by contrac-
tion of active parts of the atria and passive stretch of the rest. The 
study by Kuijpers et al provided evidence that mechanoelectrical 
feedback during atrial dilatation resulted in regional changes in 
electrophysiological properties of the atria, contributing to the 
inducibility and perpetuation of AF.

Spontaneous Induction of Arrhythmias in the Regionally 
Ischemic Heart
In the normal heart, tissue stretch can result in spontaneous firing 
of myocytes and ventricular premature beats (VPBs). In cases of 
significant mechanical stimuli, such as impact to the precordial 
region of the chest, as often occurs in normal young athletes, 
tissue stretch can lead to arrhythmia induction, a phenomenon 
known as commotio cordis.

In the acutely ischemic heart, occurrence of VPBs has also 
been associated with rapid regional distention. The mechanisms 
by which ischemia-induced mechanical dysfunction can result in 
VPBs and induce reentry were examined by Jie et al.32 A 3D 
electromechanical model of the beating rabbit ventricles with 
regional ischemia (4 minutes post occlusion) was developed and 
contained a central ischemic zone (CIZ), a border zone (BZ), and 
a normal zone (NZ). In both BZ and CIZ, cells underwent sig-
nificant stretch during contraction, which led to depolarizations 
due to the opening of SACs there, while such depolarizations 
were absent in NZ. The depolarizations resulted in mechanically 
induced VPBs originating from the ischemic border (particularly 
in the LV endocardium, where fiber strain and strain rate were 
the largest), but not from CIZ, although the magnitude of the 
depolarizations was larger there, because in the latter, ischemic 
injury suppressed excitability. VPBs then traveled intramurally 
until emerging from the ischemic border on the epicardium, 
initiating reentry (Figure 36-5). The study by Jie et al32 provided 
the first evidence that mechanically induced membrane depolar-
izations and their spatial distribution within the ischemic region 
are possible mechanisms by which mechanical activity contrib-
utes to the origin of spontaneous arrhythmias.

The role of mechanoelectrical feedback via SACs in altering 
the electrical activity in myocardial infarction has also been 

Figure 36-4.  Recruitment of stretch-activated channel (SAC) and scroll wave stability. Epicardial transmembrane potential distribution maps on the posterior wall (top) and 
corresponding semitransparent view of the ventricles (bottom) at two different time points (1 s apart) from a simulation of ventricular fibrillation without SAC representation 
(A) and a simulation of spiral wavebreak suppression resulting from SAC opening (B). Pink dots in transmembrane potential maps indicate the locations of epicardial phase 
singularities. Blue denotes filament distribution in the semitransparent view of the ventricles; activation wavefronts are shown in red. 
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Figure 36-5.  Evolution of a mechanically induced ventricular premature beat (VPB) 
and reentry in the regionally ischemic heart. Insets of 191 to 195 ms present short- 
and long-axis views of the apical region for better visualization of the spontaneous 
generation of a propagating wave. 240- to 360-ms panels present a titled anterior 
view of the ventricles to allow visualization of reentry formation. Arrow in 191-ms 
inset indicates the location of earliest spontaneous firing. 

(Images modified with permission from Jie X, Gurev V, Trayanova N: Mechanisms of 
mechanically induced spontaneous arrhythmias in acute regional ischemia. Circ Res 
106:185–192, 2010.)
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Kerckhoffs et al34 employed a computational model of failing 
canine ventricles to assess the sensitivity of current clinical indices 
quantifying mechanical dyssynchrony to various abnormalities 
responsible for contractile dysfunction. These indices include the 
echocardiography-based metric, the time to peak shortening 
(WTpeak), and the MRI-based metrics of circumferential unifor-
mity ratio estimate (CURE) and internal stretch fraction (ISF), 
which measure regional strain magnitudes. The abnormalities 
examined were dilatation, dyssychronous activation, decreased 
inotropy, and prolonged relaxation. A sensitivity analysis of these 
abnormalities revealed that all indices were sensitive to dyssy-
chronous activation; however, the synergistic effect of dyssychro-
nous activation and dilatation resulted in greatest changes in ISF 
and CURE. These simulation results also demonstrated that ISF 
and CURE were better indices of mechanical dyssynchrony  
because of their sensitivity to regional strain inhomogeneity. The 
study concluded that if geometry and electrical activation 
sequence, which can be established by a clinical evaluation, are 
the major determinants of regional cardiac function, and if the 
hard-to-measure material properties play a minor role, patient-
specific simulations are feasible and could be performed to 
suggest optimal CRT strategies tailored to the individual.

Using an electromechanical model of the human ventricles, 
Niederer et al35 performed a parameter sensitivity analysis to 
determine the mechanisms that regulate CRT response. The 
simulation research revealed that the degree of length depen-
dence on tension and the minimum length of tension generation 
(the length at which no active tension is generated) were the 
significant parameters that determined CRT efficacy. At baseline 
(pre-CRT), attenuating length-dependent tension regulation 
augmented dyssynchrony in tension development, fiber shorten-
ing, and dispersion time to the peak in tension development rate 
(tpeak). Because synchronization of tpeak following CRT was great-
est when length dependence was reduced, the change in the 
maximum rate of change in LV pressure (CRT response) was the 
largest. Because the minimum length of tension generation is 
unaltered in heart failure, these results suggest that reduced 
length dependence of tension is a mechanism underpinning CRT 
efficacy.

Optimizing the Response to CRT
Suboptimal placement of the LV lead constitutes a major reason 
underlying the high nonresponse rate to CRT. To date, no clear 
consensus has been reached as to where the LV pacing lead 
should be placed to achieve optimal CRT response. Studies have 
indicated that the site of latest electrical or latest mechanical 
activation is associated with greater hemodynamic benefit in 
CRT; however, recent human data36 suggest a lack of concor-
dance between the site of latest electrical or mechanical activation 
and the CRT response.

Constantino et al37 proposed a new strategy to determine the 
LV pacing location that optimizes the response to CRT: targeting 
the regions with the longest electromechanical delay. An MRI-
based electromechanical model of canine dyssychronous heart 
failure (DHF), which incorporated DHF-associated remodeling 
aspects such as altered ventricular structure, slowed conduction, 
deranged calcium handling, and reduced stiffness, was employed. 
CRT was delivered by pacing at the RV apex, with the LV pacing 
electrode placed at 18 different epicardial sites along the LV free 
wall. With the use of transmural electromechanical delay maps 
(Figure 36-6, A), the region with the longest electromechanical 
delay during left bundle branch block was determined to be the 
endocardial surface of the lateral wall between the base and the 
midventricles. Figure 36-6, B presents CRT response as a func-
tion of LV pacing location. Maximal hemodynamic benefit 
occurred when the LV pacing site was located near the base, 
which was within the region of longest electromechanical delay. 
The relationship between LV pacing location relative to the 

Figure 36-6.  Optimization  of  cardiac  resynchronization  therapy  (CRT)  response 
based on electromechanical delay distribution. A, Transmural short-axis electrome-
chanical  delay  maps  during  left  bundle  branch  block  generated  with  a  
magnetic  resonance  imaging  (MRI)-based  electromechanical  model  of  
dyssynchronous heart failure. In each map, the anterior and posterior walls are at 
the  top  and  bottom,  respectively.  B,  Map  of  the  percentage  increase  in 
maximal rate of change in pressure as a function of the left ventricular (LV) pacing 
site.  Red  dots  denote  LV  pacing  sites.  C,  Correlation  of  longitudinal  distance 
between  LV  pacing  site  and  region  with  longest  electromechanical  delay,  and 
percentage increase in dP/dtmax. 

(Images modified with permission from Constantino J, Hu Y, Trayanova N: A compu-
tational approach to understanding the electromechanical activation sequence in the 
normal and failing heart, with translation to the clinical practice of CRT. Prog Biophys 
Mol Biol. 110:372–379, 2012)
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Initial Efforts Toward Patient-Specific 
Electromechanical Modeling of the Heart

With advancements in computational techniques and medical 
imaging and image processing, the groundwork for patient-
specific modeling of electromechanics has been laid, and the era 
of personalized computational cardiac medicine is fast approach-
ing. The first step in conducting patient-specific cardiac electro-
mechanical simulations is to construct the computational model 
of the heart from the patient’s medical images. In addition to the 
challenges involved in reconstructing heart geometry from in 
vivo clinical scans of low resolution for any other applications, a 
specific hurdle in constructing the geometric mesh of a patient’s 
heart for electromechanical applications is defining the unloaded 
state of the heart, because the heart is constantly loaded during 
image acquisition. Aguado-Sierra et al41 used an iterative 
estimation scheme to approximate the unloaded geometry from 
end-diastolic geometry and ventricular pressures. To help accel-
erate the clinical adoption of personalized simulations, Lamata 
et al16 developed a robust method that uses a variation of the 
warping technique to accurately and quickly construct patient-
specific meshes from a template heart in a matter of minutes. 

Figure 36-7.  A, Short-axis view of ventricular geometry and fiber helix angle  for 
undeformed  (left)  and  dilated  (right)  rabbit  ventricles.  Transmembrane  potential 
distributions in the undeformed (B) and dilated (C) ventricles following a mono-
phasic truncated exponential shock of 10-ms duration applied at 120 ms after the 
last pacing stimuli. This electrode configuration results in a uniform electrical field; 
thus  virtual  electrode  polarization  (VEP)  formation  depends  only  on  ventricular 
geometry and fiber orientation. Shock-end transmembrane potential distribution 
is at 10 ms. Differences in VEP are marked by black ovals. The postshock reentry is 
illustrated in the 180- and 210-ms panels. 

(Images modified with permission from Trayanova N, Gurev V, Constantino J, et al: 
Mathematical models of ventricular mechano-electric coupling and arrhythmia. In 
Kohl P, Sachs F, Franz MR (eds): Cardiac Mechano-electric Feedback and Arrhythmias. 
Oxford, 2011, Oxford University Press, pp 256–258.)
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longest electromechanical delay region and the corresponding 
CRT response is quantified in Figure 36-6, C. Improvement in 
maximal rate of change in LV pressure strongly correlated with 
the longitudinal distance between the LV pacing site and the 
center of the region with longest electromechanical delay. This 
study proposed a new approach to determining the optimal CRT 
pacing location that accounts for the relation between electrical 
and mechanical activation sequences in the DHF heart.

Alternatively, computational models can be used to test new 
pacing protocols in efforts to optimize CRT. Multi-site CRT, 
which applies pacing stimuli via one RV lead and two LV leads, 
has been shown to hold great promise as an alternative strategy 
in improving CRT response. In addition, quadripolar leads, in 
which two pacing stimuli can be delivered from one lead, have 
recently been developed. Niederer et al38 aimed to determine 
whether multi-site CRT with a quadripolar lead resulted in 
improved CRT response in a model of human electromechanics. 
The study found that multi-site CRT conferred a greater 
improvement in dP/dtmax, as compared with conventional CRT, 
only in hearts with an infarct. Because the presence of scar often 
results in poor CRT response, multi-site CRT with quadripolar 
leads may thus improve the response to CRT in ischemic cardio-
myopathy patients. These studies provide convincing evidence 
that cardiac electromechanical models can be used for model-
guided optimization of CRT lead position and pacing protocols 
in the near future.

Abnormal Mechanical Deformation and Its  
Role in Vulnerability to Electrical Shocks  
and Defibrillation

Clinical studies have demonstrated that patients with dilated, 
volume- or pressure-overloaded hearts have elevated defibrilla-
tion thresholds (DFTs). The mechanisms underlying these find-
ings are not well understood. Using a rabbit ventricular 
electromechanics model, Trayanova et al39 conducted simulations 
of vulnerability to strong shocks and defibrillation under condi-
tions of LV dilatation, and determined the mechanisms by which 
mechanical deformation may lead to increased vulnerability and 
elevated DFT. Studies of defibrillation mechanisms have demon-
strated that following shock delivery, ventricular geometry and 
fiber orientation determine the large-scale distribution and mag-
nitude of the virtual electrode polarization (VEP) induced by the 
strong shock.40 Thus, ventricular dilatation could affect VEP 
through changes in ventricular geometry and fiber architecture, 
leading to changes in the upper limit of vulnerability and DFT. 
The model revealed that LV dilatation indeed results in geomet-
ric alterations, with the most prominent change noted in septal 
fiber orientation (Figure 36-7, A). Transmembrane voltage maps 
following shock application, shown in Figure 36-7, B,C for the 
undeformed and dilated ventricles, respectively, illustrate the dif-
ferent postshock responses in the two cases. At the end of the 
shock (see Figure 36-7, B, C; 10 ms), VEP in the bulk of the 
septal myocardium was different: A larger excitable gap was seen. 
Consequently, although no reentrant activity was observed in the 
undeformed ventricles (see Figure 36-7, B), a postshock sustained 
reentry was formed on the RV side of the septum in the deformed 
ventricles (see Figure 36-7, C), indicating increased vulnerability 
to electrical shocks. Similarly, DFT in the dilated ventricles was 
found to be 38%±20% higher than that in the normal ventricles 
(for an implantable cardioverter-defibrillator [ICD] electrode 
configuration), which showed good agreement with experimental 
findings. Results of the study suggest that not only ventricular 
geometry but rather rearrangement of fiber architecture in the 
deformed ventricles is responsible for the increased vulnerability 
to electrical shocks and for reduced defibrillation efficacy in the 
dilated ventricles.
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myofilament model have been systematically adjusted to achieve 
match between measured and simulated results. These initial 
results in the development of patient-specific cardiac electrome-
chanical models attest to the potential utility of cardiac simula-
tion in the diagnosis and treatment of disorders in the pumping 
function of the heart.

Concluding Remarks

It can be argued that cardiac electromechanical models are the 
most sophisticated organ models to date. Electromechanical 
models now integrate knowledge of the intricate processes across 
the scales of biologic complexity and reveal behavior resulting 
from cooperative interactions across temporal and spatial scales. 
The studies discussed in this chapter demonstrate how electro-
mechanical modeling can advance our understanding of cardiac 
function and dysfunction. Specifically, we showcase modeling 
studies that have provided insight into the mechanisms by which 
mechanoelectrical coupling contributes to arrhythmia induction 
and maintenance under a variety of pathologic conditions, and 
into those pertaining to dyssynchronous electromechanical acti-
vation. Modeling studies focusing on optimization of CRT dem-
onstrate that patient-specific cardiac electromechanical modeling 
holds high promise in improving the efficacy and providing 
enhanced benefits of the clinical procedure.

Although the use of biophysically based electromechanical 
heart models in tailor-made diagnosis, treatment planning, and 

Last, the patient’s fiber and sheet orientation needs to be incor-
porated into the model. To date, no imaging method can obtain 
the fiber/sheet architecture from in vivo images. Hence, the first 
patient-specific electromechanical models have incorporated 
fiber orientations adapted from animal hearts or have used rule-
based methods17 to assign the fiber orientation. Image transfor-
mation algorithms for fiber estimation from in vivo hearty scans 
have shown significant promise.18 An example of patient fiber 
orientation estimated with such image transformation algorithms 
is shown in Figure 36-8, A.

Equally important is the process of parameterizing and enrich-
ing the electromechanical model of the heart with the patient’s 
own clinical data. Validating the model with patient-specific 
metrics personalizes the model and establishes its predictive capa-
bilities. The types of electrophysiological data typically used for 
clinical validation are the standard ECG, total electrical activa-
tion time, and activation maps determined from endocardial 
recordings. Figure 36-8, B shows measured and simulated iso-
chronal maps of ventricular electrical activation from a patient-
specific electromechanical model by Sermesant et al.42 To 
personalize the mechanical problem of the patient’s model heart, 
the simulation data are compared with pressure and volume 
curves and gross wall motion from cineMRI. Temporal traces of 
LV and RV pressures from a patient-specific electromechanical 
heart model by Aguado-Sierra et al41 are presented in Figure 
36-8, C, and a comparison of cineMRI data with simulated wall 
motion as calculated from a patient-specific heart model by Nie-
derer et al35 is shown in Figure 36-8, D. In these models, the 
material properties of the myocardium and parameters of the 

Figure 36-8.  Patient-specific electromechanical modeling of the heart. A, Mapping. B, Measured (left) and simulated (right) endocardial ischronal maps of electrical activa-
tion with a patient-specific model. C, Left and right ventricular pressure traces from clinical measurements and a patient-specific model. D, Ventricular wall motion  (red 
lines) simulated by a patient-specific model superimposed on the patient’s cineMRI. 

(A, Modified with permission from Vadakkumpadan F, Arevalo H, Ceritoglu C, et al: Image-based estimation of ventricular fiber orientations for personalized modeling of cardiac 
electrophysiology. IEEE Trans Med Imaging 31:1051–1060, 2012. B, Modified with permission from Sermesant M, Chabiniok R, Chinchapatnam P, et al: Patient-specific electro-
mechanical models of the heart for the prediction of pacing acute effects in CRT: A preliminary clinical validation. Med Image Anal 16:201–215, 2012. C, Modified with permission 
from Aguado-Sierra J, Krishnamurthy A, Villongco C, et al: Patient-specific modeling of dyssynchronous heart failure: A case study. Prog Biophys Mol Biol 107:147–155, 2011.  
D, Modified with permission from Niederer SA, Plank G, Chinchapatnam P, et al: Length-dependent tension in the failing heart and the efficacy of cardiac resynchronization 
therapy. Cardiovasc Res 89:336–343, 2011.)
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36 
model levels, and to advance algorithms and approaches to high-
speed simulation, are of critical importance for implementing 
heart modeling at the bedside. Despite these challenges, the 
expectation is that computational modeling of cardiac electrome-
chanical function will continue to grow because it is providing a 
new, quantitative approach to understanding, detecting, and 
treating cardiac disease.
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prevention of sudden cardiac death and pump dysfunction is 
slowly becoming a reality, a number of challenges need to be 
addressed to clear the way for the translation of patient-specific 
heart modeling into the clinic. Clinical heart imaging data are 
currently of low spatial resolution, posing a challenge for the 
construction of heart models in cases of myocardial structural 
remodeling, such as in ischemic cardiomyopathy or interstitial 
fibrosis, and hindering the development of efficient segmentation 
algorithms with minimum manual intervention. Furthermore, 
although the initial application of patient-specific heart models 
in the clinic is expected to address optimization of therapies 
whereby rhythm or pump dysfunction is strongly dependent on 
patient heart structural remodeling, broader usage of the models 
in cardiac treatment planning will require the development of 
capabilities for informing and adjusting the models, on the fly, 
with patient-specific cardiac electrophysiological and mechanical 
information. Finally, efforts to modularize and interface multiple 
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Overview of the β-Adrenergic Regulation 
of L-Type Calcium Channels

In cardiac cells, the L-type calcium channel (LTCC) current also 
called ICa,L underlies the plateau phase of the action potential (AP). 
Upon depolarization, ICa,L reflects calcium influx via the CaV1.2 
channels. This current initiates cardiac contraction by gating the 
ryanodine receptor, thereby triggering the calcium release from 
the sarcoplasmic reticulum.1 Among several regulatory pathways 
of this current, the best described is the β-adrenergic stimulation, 
which contributes to the positive inotropic effects of catechol-
amines. To date, three β-adrenergic receptors (β-ARs), respec-
tively β1-AR, β2-AR, and β3-AR, have been cloned,2 and this major 
achievement has led to the 2012 Nobel prize award to Robert 
Lefkowitz and Brian Kobilka for paving the road to the current 
understanding of their structures and functions. The classical 
pathway for β-AR receptor signaling is activation of adenylyl 
cyclases via Gαs, resulting in increased intracellular cyclic adenos-
ine monophosphate (cAMP) levels. The primary target of cAMP 
is the cAMP-dependent protein kinase (PKA) that in turn phos-
phorylates the CaV1.2 channels among other key proteins of the 
excitation-contraction coupling (Figure 37-1). Although direct 
modulation by G proteins of LTCCs was first suggested to par-
tially mediate the upregulation of ICa,L upon β-AR activation, it 
has been clearly established that a cAMP phosphorylation medi-
ated by PKA is responsible for this increase.3,4

This chapter reviews the literature on the β-AR regulation of 
LTCCs, with emphasis on recent information on the molecular 
mechanisms of PKA regulation of CaV1.2 channels and the local 
compartmentation of β-AR/cAMP/PKA signaling around these 
channels. We conclude with an overview of such modulation in 
a pathologic context. Additional details concerning LTCCs can 
be found in Chapter 2.

Molecular Mechanisms of Protein Kinase 
Regulation of L-Type Calcium Channels

LTCCs display three distinct gating modes upon depolarization: 
mode 1 corresponds to brief openings, mode 2 corresponds to 
long lasting openings, and mode 0 corresponds to a silent mode 
because of unavailability.5 PKA phosphorylation of CaV1.2 chan-
nels results in a shift of the channel from the gating mode 1 to 
mode 2.6 As a result, ICa,L density is increased twofold to three-
fold, and its voltage dependence shifted slightly toward hyperpo-
larized potentials (Figure 37-2, A). Voltage steady-state activation 
and inactivation in adult mouse ventricular myocytes are pre-
sented in Figure 37-2. Activation for ICa,L starts at –40 mV and 
is maximal around 5 mV while inactivation begins at –45 mV and 
is maximal at approximately 0 mV. The overlap of the two curves 
defines a “window current” between –40 and 0 mV (i.e., near the 
action potential plateau phase). The β-adrenergic stimulation 
leads to an increased window current because of the effect of PKA 
phosphorylation on channel activation. As presented in Figure 
37-2, B, isoproterenol application at a maximal concentration of 
100 nM shifts the activation by 5 mV toward negative potentials, 
whereas a minor shift of availability of approximately 2.5 mV is 
observed. During maintained depolarizations, ICa,L decreases with 
time, a phenomenon named inactivation, which depends on time, 
voltage, and intracellular calcium.7 Because β-AR activation 
enhances calcium entry, it also accelerates ICa,L inactivation,8 and 
calcium-dependent inactivation becomes the main mechanism by 
which the channel inactivates.9 Overall, β-AR stimulation pro-
motes ICa,L and thus the calcium entry during action potential that 
is partially responsible for its positive inotropic effects.

The LTCC current ICa,L in the working myocardium is medi-
ated by the predominantly expressed CaV1.2 channels. These 
channels are multimeric proteins composed of a central subunit, 
α1C, the pore-forming subunit, which determines the main bio-
physical and pharmacologic properties of the channel. This 
subunit is a protein of approximately 240 kDa with 24 transmem-
brane segments according to its hydropathic profile, organized 
into four repeated domains (I to IV) of six transmembrane seg-
ments each (1 to 6), with intracellular N- and a large C-termini.4 
Like other high-voltage–gated calcium channels, CaV1.2 associ-
ates with a largely extracellular disulfide-linked α2-δ subunit of 
170 kDa.10 It also binds CaVβ subunits to its α interaction domain 
present in its intracellular I-II loop via their guanylate kinase–like 
domain.11 Four genes encode four CaVβ subunits (β1-4), 
but CaVβ2 is thought to be the main isoform expressed in the 
heart.12 Both α2-δ13, and CaVβ14 auxiliary subunits influence the 
biophysical properties and increase the trafficking of the channel 
at the plasma membrane. γ(4,6-8) subunits are also expressed in 
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the difficulty of reconstituting such modulation in heterologous 
overexpression systems. The α1C-subunit of CaV1.2 channels 
exhibits multiple potential PKA phosphorylation sites in the N- 
and the C-terminal regions (Figure 37-3).2 Despite the fact that 
α1C is a substrate for phosphorylation by PKA in vitro,16,17 several 
attempts to mimic the adrenergic stimulation of CaV1.2 channels 
in expression systems have failed.18-20 This failure led to the 
hypothesis that at least one missing link in heterologous systems 
would preclude the reconstitution of such modulation of overex-
pressed CaV1.2 channels. One of these links could be an A-kinase-
anchoring protein (AKAP) that allows the cAMP modulation and 
the PKA phosphorylation of serine 1928 in the C-terminus of 
CaV1.2 channels in HEK293 cells.21 A conserved leucine zipper 
motif in the C-terminus of CaV1.2 identified in native cardiac 

ventricular cells and, like γ1 for the skeletal muscle calcium 
channel CaV1.1, can interact with the CaV1.2 channel to modu-
late its function when coexpressed in HEK-293 cells; however, 
the exact role for these accessory proteins on CaV1.2 in native 
cardiac tissues remains to be determined.15

α-1 Subunit

If the main effects of β-AR stimulation on voltage dependence 
and amplitude of the ICa,L and their consequences for the fight-
or-flight response are well documented in the literature, the 
molecular events that mediate the increase of CaV1.2 activity 
during a sympathetic stimulation remain elusive; this is due to 

Figure 37-1.  β-Adrenergic modulation of cardiac L-type calcium channels. Modulation of cardiac CaV1.2 channels by β-adrenergic receptor (β-AR) stimulation occurs via a 
G protein pathway. β-ARs couple to heterodimeric G proteins. Agonist catecholamine binding to β-AR activates the stimulatory heterotrimeric G protein by inducing the 
exchange of guanosine diphosphate (GDP) for guanosine-5′-triphosphate (GTP) on GαS. GαS dissociates from its Gβγ partner to stimulate the adenylyl cyclase (AC) present 
in the plasma membrane. The AC catalyses the conversion of adenosine triphosphate (ATP) in cyclic 3’,5’ monophosphate (cAMP) that in turn activates the cAMP dependent 
protein kinase (PKA) to phosphorylate CaV1.2. 

β-AR

Gβγ Gαs

Ext

Int

AC Cav1.2

P

cAMP

ATP PKA

Figure 37-2.  The effect of β-adrenergic stimulation on ICa,L in adult mice ventricular cardiomyocytes. A, Example of current traces of ICa,L recorded using the patch-clamp 
technique under whole-cell conditions at 0 mV (holding potential at –50 mV) obtained before and after activation of the β-adrenergic receptors with 100 nM isoproterenol. 
An  approximately  twofold  increase  of  ICa,L  amplitude  is  induced  by  the  application  of  the  agonist.  B,  Influence  of β-adrenergic  stimulation  on  cardiac  calcium  channel 
activation and availability: ICa,L availability and steady-state inactivation were measured by applying a 200-ms pulse from –60 to 60 mV, followed by a 3-ms repolarization 
to –50 mV, before a 200-ms test pulse to 0 mV. The present curves are mean data obtained from 16 different adult mice ventricular myocytes before and after application 
of 100 nM isoproterenol. Steady-state inactivation curves were obtained by normalizing the peak current at each test potential to the maximal current. Activation curves 
were derived from current–voltage relations and described by: G / Gmax = 1 / (1+exp[{V½,act − V} / k]). A and B were obtained in similar recording conditions as described 
by Leroy et al.91 
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upregulation of the current by cAMP/PKA pathway, whereas 
expression of mutated CaVβ2a at serine 478 and 479, but not at 
position 459, was unable to do so.28 The authors concluded that 
the CaVβ2a ancillary subunit was the main target for PKA to 
mediate the β–AR stimulation of ICa,L; however, this conclusion 
has been questioned by experiments realized in a more physio-
logic context. Overexpression of a CaVβ2a construct mutated for 
its PKA phosphorylation sites in ventricular cardiac cells did not 
prevent the cAMP/PKA modulation of ICa,L.14 Nonetheless, the 
CaVβ2 subunit can associate with the giant cytoskeletal protein of 
700 kDa named ahnak, which emerged as an important player in 
the β-AR regulation of cardiac ICa,L (see Figure 37-3). Through 
its interaction with CaVβ2, ahnak would serve as a brake on ICa,L 
that would be relieved by PKA phosphorylation of the ancillary 
subunit and the cytoskeletal protein.29 Interestingly, ahnak poly-
morphism occurs, and the genetic variant generated interferes 
with the β-AR stimulation of ICa,L by reducing the CaVβ2 interac-
tion with ahnak.29 However, if the involvement of the CaVβ or 
other binding partners such as ahnak cannot be ruled out com-
pletely, recent studies have reaffirmed the importance of the 
proteolytically cleaved distal C-terminus of CaV1.2 for its upreg-
ulation upon β-AR stimulation. In addition, a new model for the 
molecular basis of β-AR stimulation of CaV1.2 has been pro-
posed.30 Overexpression in TsA-201 cells of a truncated CaV1.2 
channel at position A1800 (the site of in vivo proteolytic cleavage 
previously determined for skeletal muscle CaV1.1 channel31) with 
α2δ1 and CaVβ1b and the distal C-terminal part of the channel 
(peptide from 1821-2171) produced a functional channel that is 
autoinhibited. Two presumed sites for PKA phosphorylation 
were identified upstream from the proteolytic site—a serine at 
position 1700 and a threonine 1704 at the interface of the distal 
and the proximal C-terminal parts. Although a mutation of S1928  
confirmed that its phosphorylation is not required for the  
increase of the current, substitution of T1704 and S1700 for 
alanines revealed that phosphorylation of T1704 is required for 
basal CaV1.2 channel activity, whereas S1700 is crucial for its 
cAMP/PKA-induced upregulation. In this scheme, the AKAP15 

cells directly anchors a low molecular weight AKAP15-PKA 
complex to ensure a fast and efficient β-adrenergic modulation 
of ICa,L (see Figure 37-3),22 allowing its phosphorylation at serine 
1928 when β-ARs are stimulated.23 Surprisingly, the C-terminal 
part of rabbit CaV1.2 undergoes proteolytic processing by calpain 
at residue 1821, leaving two size forms of the α1C-subunit of these 
channels expressed in cardiac cells,17 whereas this distal 37 to 
50-kDa peptide contains the serine 1928 phosphorylated by PKA 
and the binding site for AKAP15. In fact, this fragment consti-
tutes a potent autoinhibitory domain that covalently associates 
with the proximal C-terminal part of α1C, reducing its open prob-
ability and shifting the voltage dependence of activation to depo-
larized potentials.24 The role of serine 1928 in ICa,L upregulation 
by β-AR has since been challenged. A first study showed that a 
DHP-resistant CaV1.2 channels mutated at position 1928 
(S1928A) displays an unaltered response to the β-AR agonist 
isoproterenol when overexpressed in isolated ventricular myo-
cytes.25 Moreover, the generation of a S1928A knock-in mouse 
model confirmed that the phosphorylation of this residue by PKA 
is not required for the functional effects of β-AR stimulation on 
CaV1.2 in cardiac cells, because these mice exhibit an essentially 
conserved response of ICa,L to isoproterenol and typical chrono-
tropic and inotropic responses to β-AR stimulation.26 Therefore, 
although phosphorylation of serine 1928 within the C-terminus 
of CaV1.2 definitely occurs when β-ARs are stimulated,17,21,23 it 
does not correlate with the functional effects observed on ICa,L. 
As a result, PKA would phosphorylate other PKA sites within the 
channel or another binding partner to mediate the increase of its 
activity.

β-Subunit

Three serines (S459, S478, and S479) of the cardiac the CaVβ2a 
subunit were identified as putative PKA phosphorylation sites.27 
Coexpression of this subunit with a CaV1.2 lacking the C-terminal 
part including the serine 1928 in TsA-201 cells allowed an 

Figure 37-3.  Subunit structure of cardiac L-type CaV1.2 channel and phosphorylation sites  for PKA mediated upregulation of  ICa,L. The α1C-subunit constitutes  the pore-
forming subunit of the cardiac CaV1.2 channel. It presents four domains (I to IV) composed of six transmembrane segments (S1 to S6), with S4 exhibiting positively charged 
residues that confer their sensitivity to potential and a pore loop between S5 and S6 of each domains. The intracellular I-II  loop of the α1C-subunit associates with the β 
interaction domain (BID) in the guanylate kinase–like domain of the intracellular CaVβ2a auxiliary subunit via its α interaction domain (AID). CaV1.2 associates also with the 
largely extracellular glycosylphosphatidylinositol (GPI)-anchored α2-δ subunit. The C-terminal part of the α1C undergoes proteolytic cleavage by calpain at residue 1821. 
The cleaved distal fragment associates monocovalently with the proximal C-terminal part to inhibit the channel. This necessary association for β-AR regulation of CaV1.2 is 
relieved by the phosphorylation of serine 1700 by the PKA tethered in the distal C-terminus by AKAP15 to produce the upregulation of channel activity. PKA also phos-
phorylates serine 1704 to control its basal activity while phosphorylation of serine 1928 serves an undetermined regulatory function. PKA also phosphorylates CaVβ2a on 
the two serine residues 478 and 479. This subunit associates to the giant ahnak cytosqueletal protein that could also be an important factor for the cAMP/PKA regulation 
of CaV1.2 channels. 
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serotonin 5-HT4 receptors,57 which are also coupled to increases 
in force of contraction58 or ICa,L

59 in atria but not in healthy 
ventricles.

Role of A-Kinase-Anchoring Proteins

Cyclic AMP signaling components are organized into multipro-
tein complexes, an arrangement that increases both efficiency and 
specificity of the transduction cascade. AKAPs have an essential 
role in these arrangements. AKAPs form a large family of proteins 
comprising more than 50 members whose primary function is to 
anchor PKA in the vicinity of its substrates, thus ensuring the 
preferential phosphorylation of a limited number of targets.60,61 As 
discussed earlier, AKAP15 (also called AKAP 7 or AKAP15/18) is 
the main AKAP controlling the PKA phosphorylation of LTCCs. 
However, in a recent study, CaV1.2 phosphorylation and β-AR 
stimulation of ICa,L was found to be unchanged in mice in which 
the gene encoding this protein was inactivated, suggesting that 
PKA is anchored by a different protein to the channel.62 Further-
more, AKAP5 was found to target ACs, PKA and phosphatases 
within caveolae to allow specific PKA phosphorylation of the 
subpopulation of channels present in this compartment upon 
β-AR stimulation.63 Although AKAPs share in common their 
ability to bind PKA, they are remarkably diverse scaffold proteins. 
Within each signalosome, AKAPs couple PKA to different sub-
strates, enhancing the rate and fidelity of their phosphorylation by 
the kinase. Importantly, AKAPs not only bind PKA but act as 
scaffold proteins for other signaling components, including phos-
phatases 1 and 2,64,65 Epac,66 adenylyl cyclases,67,68 and PDEs.69 
Recently, it has been demonstrated that the phosphoinositide 
3-kinase p110γ, that was shown recently tether PKA,70 orches-
trates multiprotein complexes including different PDEs to control 
cardiac CaV1.2 phosphorylation during β-AR stimulation.71 The 
combination of PDEs and phosphatases present in individual 
AKAP complexes will affect the duration, amplitude, and spatial 
extent of cAMP/PKA signaling. Thus, by bringing together dif-
ferent combinations of upstream and downstream signaling mol-
ecules, AKAPs provide the architectural infrastructure for 
specialization of the cAMP signaling network.61,66,72

Role of Phosphodiesterases

Localized cAMP signals can be generated by the interplay 
between discrete cAMP production sites and restricted diffusion 
within the cytoplasm. Restricted diffusion of cAMP can be 
achieved by several means. A first possibility is that physical bar-
riers are created by specialized membrane structures within the 
cytoplasm. This method was initially proposed to explain  
the differences in cAMP concentration elicited by PGE1 at the 
plasma membrane and in the bulk cytosol of HEK293 cells, 
although an experimental proof that this actually occurs is still 
lacking.73 Another important mechanism that limits cAMP diffu-
sion is cAMP degradation by PDEs, which appears to be critical 
to the formation of dynamic microdomains that confer specificity 
of the response.35,60

Cardiac cAMP PDEs degrading belong to five families (PDE1 
to PDE4 and PDE8) that can be distinguished by distinct enzy-
matic properties and pharmacology.74 Among these families 
various enzymes were shown to degrade cAMP to allow a fine 
tuning of ICa,L regulation by PKA in the heart. Although PDE2 is 
not highly expressed in cardiomyocytes, it controls LTCC activity 
in various species, including human atrial myocytes.75-78 This 
enzyme is activated by cGMP, and stimulation of guanylyl cyclase 
strongly decreases local cAMP levels controlling ICa,L with only 
modest effects on its global concentration, suggesting the exis-
tence of a cAMP microdomain including β-AR and LTCCs under 

is still required to coordinate the PKA phosphorylation of S1700 
that disrupts the interaction of the noncovalently distal 
C-terminus, thus relieving the inhibition of the channel.30 This 
assumption is reinforced by the fact that mice expressing a CaV1.2 
channel deleted for the distal C-terminus display altered cAMP/
PKA regulation accompanied with reduced expression of 
AKAP15.32

Compartmentation of cAMP/PKA  
Regulation of L-Type Calcium Channels

In light of the knowledge accumulated over the years, it is evident 
that intracellular cAMP is not uniformly distributed, and nor is 
PKA uniformly activated within cardiomyocytes upon β-AR stim-
ulation.33 On the contrary, a tight cAMP/PKA compartmentation 
is required for adequate processing and targeting of the informa-
tion generated at the cell surface, conferring the specificity of the 
response to various hormones linked to Gαs-coupled receptors.34,35 
In the case of β-ARs, several processes contribute to a localized 
cAMP/PKA response: catecholamines activate different β-AR 
subtypes located at different places of the cell surface (e.g., caveo-
lae, T-tubules); Gαs activation of different adenylyl cyclase (AC) 
isoforms can lead to cAMP synthesis at different locations; cAMP 
diffusion may be restricted because of localized phosphodiesterase 
(PDE) activity; anchoring of PKA to AKAPs position PKA at dif-
ferent subcellular compartments to selectively phosphorylate a 
local pool of proteins for specific cellular processes.36,37 In addi-
tion, AKAPs also ensure that PKA is coupled to its upstream 
activators, including membrane β-ARs and ACs, and to signal 
termination enzymes such as PDEs and phosphatases.36

Receptor Specificity

Although only three types of β-adrenergic receptors (β-ARs) have 
been cloned (β1-, β2-, and β3-ARs), the effect of catecholamines 
in the human heart is generally attributed to β1- and β2-ARs. 
β1- and β2-ARs are highly homologous receptors and are 
both positively coupled to AC/cAMP/PKA cascade, ICa,L and 
cardiac performance33; however, they exert opposite effects on 
hypertrophy38,39 and apoptosis,40,41 and their respective contribu-
tion varies significantly depending on the cardiac tissue, patho-
physiologic state, age, or developmental stage.42 Part of the 
difference is because β2-ARs couple not only to Gαs but also to 
Gαi proteins, and this confines the cAMP-dependent signal to the 
membrane compartment and to activation of the LTCCs.43 
Another difference between the two β-AR subtypes is their loca-
tion at the cell surface, with β2-ARs present in the caveolae/lipid 
rafts44,45 of the transverse-tubular structure46 and β1-ARs distrib-
uted throughout both caveolae–lipid rafts and nonlipid raft mem-
brane domains44 and in both plasma and T-tubular membranes.46 
Accordingly, the β2-AR downstream activation of ICa,L is sensitive 
to disruption of caveolae by cholesterol depletion, whereas the 
β1-AR stimulatory effect is not.47 Therefore, β2-AR stimulation 
exerts a local activation of LTCCs, whereas β1-AR stimulation 
leads to activation of LTCCs in the distance.43,48,49

The β3-AR differs from β1-and β2-AR subtypes in its molecu-
lar structure and pharmacologic functions.50 Expression of β3-AR 
was demonstrated in human myocardium at the mRNA51,52 and 
protein levels.52-55 Interestingly, β3-AR activation produces a 
negative inotropic effect in human endomyocardial biopsies from 
transplanted hearts50,51 and in left ventricular samples from failing 
and nonfailing explanted hearts50,54 that is due to activation of the 
NO/cGMP pathway, but increases ICa,L and contractility in 
human atrial tissue via the cAMP/PKA pathway (Figure 37-4).56 
This effect is reminiscent of the contractile effects of the 
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PDE3 inhibitor milrinone in guinea pig perfused hearts. Whereas 
each of these treatments increased intracellular cAMP and pro-
duced positive inotropic and lusitropic effects, differences in the 
phosphorylation pattern of PLB, TnI, and MyBP-C by PKA 
were observed.98 These results were attributed to a functional 
cellular compartmentation of cAMP and PKA substrates owing 
to a different expression of PDEs at the membrane and in the 
cytosol.92 In canine ventricular myocytes, an increase in particu-
late but not total cAMP correlated to an increase in Ca2+ transient 
amplitude and decay kinetics.99 In response to β-AR stimulation, 
approximately 45% of the total cAMP was found in the particu-
late fraction, but this fraction declined to less than 20% when 
IBMX was added to Iso, although cAMP production was up to 
threefold to fourfold greater. These results show that cAMP-
PDEs reside predominantly in the cytoplasm, where they prevent 
excessive cAMP accumulation upon β-AR activation. Thus, 
PDEs appear to be important to maintain the specificity of the 
β-AR response by limiting the amount of cAMP diffusing from 
membrane to cytoplasm. Similar results were obtained when 
studying the effect of PDE inhibition on ICa,L regulation by local 
application of Iso in frog ventricular myocytes.100 In the absence 
of IBMX, the application of Iso to half of the cell increased ICa,L 
half maximally, corresponding to activation of the channels 
located in the same part of the cell as the β-AR agonist. When 
IBMX was added with Iso on half of the cell, the effect of Iso was 
greatly potentiated because in this condition, LTCCs in the 
remote part of the cells could be recruited. These results suggest 

tight control of PDE2.79 Contrary to PDE2, PDE3 is inhibited by 
cGMP; this explains in part why cGMP at low concentration can 
also increase basal ICa,L as shown in human atrial myocytes.78,80 
In rodents, PDE3 and PDE4 are the major contributors to  
the total cAMP-hydrolytic activity34,81 and PDE4 is dominant to 
modulate β-AR regulation of cAMP levels.49,82-84 Multiple PDE4 
variants associate with β-ARs,85-87 RyR2,88 SERCA2,89,90 ICa,L,91 
and IKs

72 to exert local control of ECC. In larger mammals, PDE3 
activity is dominant in microsomal fractions,92-94 and PDE3 inhib-
itors exert a potent positive inotropic effect.95 Selective inhibition 
of PDE3 with milrinone has been shown to improve cardiac  
contractility in patients with congestive heart failure.96 The 
role of PDE4 is less well defined, but evidence is emerging that 
PDE4 could also have an important role in these species. In the 
canine heart, a large PDE4 activity is found in the cytoplasm,92 but 
PDE4 is also present in microsomal fractions, where it accounts 
for approximately 20% of the activity.93 Recent studies have indi-
cated that PDE4 is expressed in the human ventricle where, 
similar to rodents, it associates with β-ARs, RyR2, and phosphol-
amban.81,88 Moreover, PDE4 is the main PDE modulating LTCC 
activity in rodent cardiomyocytes,77,84 and PDE4 was recently 
shown to control ICa,L, ECC and arrhythmias in the human 
atrium.97

Early evidence of the contribution of PDEs to intracellular 
cyclic nucleotide compartmentation was obtained by comparing 
the effects of the nonselective β-AR agonist Iso, or the nonselec-
tive PDE inhibitor, 3-isobutyl-1-methylxanthine (IBMX), or the 

Figure 37-4.  Opposite effect of β3-adrenergic receptor stimulation on L-type calcium channel (LTCC) activity in a human atrium and ventricle. In the atrium (top), the β3-
adrenergic receptor (β3-AR) is positively coupled to the Gs-protein and to adenylyl cyclase (AC). Upon activation of the β3-AR, cAMP synthesis is increased, which leads to 
PKA phosphorylation of LTCCs and a stimulation of Ca2+ influx. In the human ventricle (bottom), the β3-AR is coupled to the endothelial nitric oxide synthase (eNOS), pre-
sumably via the Gi/o-protein. Activation of eNOS leads to NO production, which activates soluble guanylyl cyclase (sGC) and increases  intracellular cGMP concentration. 
This leads to PKG-phosphorylation of LTCCs and an inhibition of Ca2+ influx. 
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common is the autonomic nervous system.110 In pathologic con-
ditions such as atrial fibrillation (AF), cardiac hypertrophy or 
heart failure (HF), these factors are united to trigger fatal cardiac 
arrhythmias. These pathologies are accompanied with structural 
changes, electrophysiological remodeling, and abnormal β-AR 
activation at tissue and cellular levels promoting aberrant electri-
cal activities and modulation. Modified excitation-contraction 
coupling owing to altered calcium homeostasis in pathologic con-
ditions is a major cause of arrhythmias.111 As described in the 
previous paragraph, a fine tuning of the LTCC (i.e., of calcium 
cycling) and its regulation in discrete subcellular compartments 
is required to achieve a normal cardiomyocyte function. In phys-
iopathologic conditions, deregulation of this coupling leads to 
calcium waves and calcium alternans to promote reentrant 
arrhythmias and triggered activities.111,112 At the level of the car-
diomyocyte in AF113 or in HF,114 calcium handling is perturbed, 
leading to afterdepolarizations. When action potential duration 
(APD) is excessively prolonged, early afterdepolarization (EAD) 
can occur during the repolarization phase, whereas arrhythmo-
genic delayed afterdepolarization (DAD) can occur when the cell 
is fully returned to its resting potential. Non-reentrant mecha-
nisms involve triggered activities from either EADs or DADs. 
When APD is prolonged, owing to alteration of Na+ or K+ con-
ductances (as in long QT syndromes or upon antiarrhythmic 
treatments), ICa,L recovery from inactivation occurs during the 
plateau phase of the AP which causes EADs.115 This is particu-
larly true when ICa,L window current is increased upon β-AR 
activation, thus increasing calcium entry during the plateau phase 
and allowing its reactivation.115,116 EADs are also promoted by 
increased calmodulin-dependent protein kinase II (CaMKII) 
activity in hypertrophy and HF. CaMKII is activated by increased 
intracellular calcium levels upon β-AR activation via PKA-
dependent and independent mechanisms.117,118 CaMKII in turn 
phosphorylates CaV1.2 on its CaVβ2a subunit, triggering afterde-
polarizations.119,120 However, intracellular calcium overload, by 
activating the reverse mode of the Na+/Ca2+ exchange, generates 
a depolarizing current during the late AP phase 2 and phase 3, 
which is believed to act synergistically with ICa,L to induce 
EADs.121,122 Similarly, DADs occur at high intracellular calcium 
load, and their incidence is increased by both rapid pacing and 
β-AR stimulation.114,123 The main triggering mechanism for 
DADs is spontaneous calcium release activating a transient 
inward current (ITI) because of excess diastolic calcium handled 
by sarcolemmal Na+/Ca2+ exchange. Large enough DADs can 
eventually sufficiently depolarize the membrane potential to 
reach threshold and trigger an AP. Again, increased LTCC activ-
ity contributes to DAD occurrence and Ca2+-evoked arrhythmias. 
For example, mutations in the LTCC have been associated with 
a number of inherited arrhythmia syndromes.124 Increased LTCC 
owing to CaV1.2 mutations such as those depicted in the Timothy 
syndrome when reinforced upon β-AR stimulation is a source for 
intracellular calcium disorders triggering DADs and severe 
arrhythmias.125 These observations demonstrate that a fine tuning 
of the β-AR modulation of calcium entry via CaV1.2 channels in 
the myocytes is required to maintain proper calcium homeostasis 
and electrical activity of the heart.

Atrial Fibrillation

Atrial fibrillation (AF) is an extremely common cardiac arrhyth-
mia, most prevalent in elderly people, that is profoundly influ-
enced by the autonomic nervous system, especially by the 
adrenergic component.126 It is accompanied by APD shortening 
and intracellular calcium homeostasis disorders.113,127 Decreased 
depolarizing ICa,L contributes to such APD shortening by favor-
ing repolarization thus reentry substrates. If reductions in ICa,L 

that PDE activity is important for the definition of local cAMP 
pools involved in the β-AR stimulation of LTCCs. Subsequent 
studies using ratiometric FRET biosensors to monitor cAMP 
directly have shown that the second messenger increases prefer-
entially in discrete microdomains corresponding to the dyad 
region under β-AR stimulation, and that cAMP diffusion is 
limited by PDE activity.101,102 Other studies using recombinant 
cyclic nucleotide gated channels to measure cAMP generated at 
the plasma membrane identified specific functional coupling of 
individual PDE families, mainly PDE3 and PDE4, to β1-AR, 
β2-AR, PGE1-R, and Glu-R as a major mechanism enabling 
cardiac cells to generate heterogeneous cAMP signals in response 
to different hormones.84

Although PDE4 regulates ICa,L in cardiomyocytes,77,84 the 
molecular identity of the PDE4 regulating the LTCC was 
unveiled only recently.91 In mouse cardiomyocytes, PDE4B and 
PDE4D, but not PDE4A, were found to be part of a CaV1.2 
signaling complex. However, in mice deficient for the Pde4d gene 
(Pde4d–/–), basal or β-AR stimulated ICa,L were not different from 
wild-type mice, whereas in Pde4b–/– mice the β-AR response of 
ICa,L was increased, together with an increase in cell contraction 
and Ca2+ transients.91 Upon β-AR stimulation in vivo, catheter-
mediated burst pacing triggers ventricular tachycardia in Pde4b–/– 
mice but not in wild type.91 Thus, PDE4B is the main PDE4 
isoform regulating cardiac LTCC activity and has a key role 
during β-AR stimulation of cardiac function. PDE4B, by limiting 
the amount of Ca2+ that enters the cell via the LTCCs, prevents 
Ca2+ overload and arrhythmias.

Role of Phosphatases

Formation of inside-out patches from rabbit ventricular myo-
cytes causes run-down of LTCC activity that is blocked by 
okadaic acid, a serine/threonine phosphatase inhibitor.103 This 
observation provided early functional evidence that a phospha-
tase is anchored in close proximity to the channel that counteracts 
upregulation of CaV1.2 by phosphorylation. Later, two major 
cardiac serine–threonine phosphatases,104 phosphatase 2A (PP2A) 
and 2B (PP2B or calcineurin), were found to associate with 
cardiac CaV1.2.105,106 For PP2A, two attachment sites were identi-
fied within the C-terminus of the α1-subunit:107,108 one region 
spans residues 1795 to 1818 and the other spans residues 1965 to 
1971. PP2B binds immediately downstream of residues 1965 to 
1971 without competition between these two phosphatases for 
binding to this rather narrow region.108 Injection of a peptide that 
contains residues 1965 to 1971 and displaces PP2A but not PP2B 
from endogenous CaV1.2 increases basal and β-AR stimulated 
cardiac ICa,L.108 Similarly, inhibition of PP2B with cyclosporin A 
or the calcineurin autoinhibitory peptide increases cardiac ICa,L.109 
This indicates that anchoring of PP2A and PP2B on cardiac 
Cav1.2 negatively regulates LTCC activity, most likely by coun-
terbalancing basal and stimulated phosphorylation that is medi-
ated by PKA and possibly other kinases.

β-Adrenergic Regulation of L-Type Calcium 
Channels in Pathologic Situations

CaV1.2 Involvement in Early and Delayed 
Afterdepolarizations

According to the Coumel’s triangle, the production of a clinical 
arrhythmia requires three ingredients: an arrhythmogenic sub-
strate, a trigger factor, and modulation factors of which the most 
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channels is well described in animals models for HF, it seems 
largely accepted that ICa,L amplitude is maintained especially in 
failing human cardiomyocytes.159,160 This apparent discrepancy 
might be explained by an increased open probability of single 
CaV1.2 channels because of either their increased phosphoryla-
tion161,162 to altered PKA and phosphatase activities155,163 or 
increased expression of CaVβ ancillary subunits.164,165 Further-
more, cardiac remodeling induced by chronic activation of β-AR 
signaling activates CaMKII,166,167 which is known to increase the 
CaV1.2 channel activity120 and participate in calcium influx 
remodeling in heart failure.168 Blunted β-AR stimulation of ICa,L 
in human failing cardiomyocytes has been consistently 
reported,162,169 probably because of more abundant heteromeric 
Gi/oα proteins,170-172 leading to an increased β2-R receptor cou-
pling with Gi antagonizing the β1-AR stimulation of ICa,L.173 In 
addition, increased Gi/oα modifies PP1 and PP2A activities, 
which are two phosphatases that control LTCC phosphoryla-
tion.163 GRK2 could also contribute to the remodeling of the 
β-AR stimulation of ICa,L in HF, because knockout mice for this 
kinase appear to be more resistant to adverse remodeling follow-
ing myocardial infarction, but they demonstrated an increased 
basal ICa,L amplitude and blunted β-AR stimulation.174 Further-
more, overexpression of βARKct, a peptide derived from the 
GRK2 C-terminus, is able to increase β-AR stimulation of ICa,L 
independently of PKA in normal and failing cardiomyocytes by 
sequestering Gβγ proteins.175 Moreover, expression of a PDE4 
isoform—PDE4B, which modulates β-AR stimulation of ICa,L

91—
has been shown to be decreased in a rat model of compensated 
hypertrophy,176 suggesting that not only the production but the 
enzymatic degradation of the cAMP controlling ICa,L is affected 
in pathological conditions. Thus, in hypertrophy and HF, the 
β-AR regulation of CaV1.2 channels is altered, contributing to a 
dysregulation of calcium handling promoting calcium-induced 
arrhythmias. Accurate calcium influx is not only a determinant 
for normal cardiomyocyte function during the excitation-
contraction coupling; recent evidence in the literature high-
lighted a possible role of CaV1.2 channels in gene transcription 
and prohypertrophic signaling.177 Few studies have stated that 
chronic increase calcium influx via CaV1.2 channels is deleterious 
by promoting prohypertrophic signaling pathways. For example, 
mice overexpressing the α1C-subunit of CaV1.2 channels exhibit 
cardiac growth and cardiomyopathy hypertrophy178 and similarly, 
overexpression of CaVβ2a leads to cardiac hypertrophy by increas-
ing ICa,L, and activation of calcineurin/nuclear factor of activated 
T cells (NFAT) and CaMKII/HDAC signaling pathways.179 
These assumptions are confirmed by the fact that LTCC blockers 
can prevent cardiac remodeling in animal subjected to pressure 
overload180 and by the attenuation of cardiac hypertrophy 
observed when the expression of CaVβ2 subunit is inhibited.181 
Astonishingly, decreasing the expression of α1C in mice also pro-
duces cardiac hypertrophy and HF, but this deleterious effect 
appears not to be connected directly to the diminished ICa,L 
amplitude, but more possibly to the compensatory neuroendo-
crine stress induced to balance the decreased contractility.182 
Recently, it has been proposed that PKA phosphorylation of  
the serine 1700 of α1C relieves its autoinhibition by inducing the 
dissociation of its proteolytically cleaved and covalently reassoci-
ated distal C-terminus from the proximal C-terminus.30 Interest-
ingly, the C-terminus part of α1C can translocate to the nucleus 
to act as a transcription factor for its own expression and to 
activate hypertrophic signaling.183 A possible role of its C-terminus 
in hypertrophy and HF is reaffirmed by recent studies showing 
that deletion of the terminal part of the α1C-subunit results in HF 
in vivo.32,184 It is tempting to speculate that chronic β-AR stimula-
tion promotes hypertrophy and HF by favoring a permanent 
dissociation of the C-terminus of the pore-forming subunit of 
CaV1.2 channels to induce cardiac remodeling.

have been observed consistently in atrial myocytes from patients 
with permanent AF128-130 or from patients in sinus rhythm with a 
high risk of AF,131,132 the exact mechanism for such downregula-
tion is not clearly established. This reduction might be primarily 
the result of transcriptional downregulation of the α1C-subunit of 
LTCCs via a Ca2+-dependent calmodulin-calcineurin-NFAT 
system at the cost of the APD reduction observed in AF.133 
Besides, it has been also associated with diminished expression of 
the CaVβ and α2-δ accessory subunits,134 which are essential for 
α1C trafficking to the plasma membrane. Normal trafficking of 
CaV1.2 might as well be impaired by a zinc binding protein 
(ZnT-1) upregulated in patients with AF.135 Upregulation of a 
microRNA, miR-328, has also been correlated to AF producing 
downexpression of α1C and CaVβ1.136 Oxidative stress that occurs 
in AF could also participate to decrease LTCC activity by induc-
ing S-nitrosylation of α1C

137 and by promoting its β-AR stimula-
tion to trigger arrhythmogenic EADs.138 ICa,L amplitude is clearly 
decreased in AF, but its β-AR regulation is not systematically 
modified.139 Although β-AR receptor density is not impaired in 
AF140, polymorphism of β1-AR occurs in patients with AF, leading 
to decreased β-AR cascade,141 that could partially explain the 
decreased LTCC activity in AF. Another plausible mechanism has 
been proposed as a decreased phosphorylation of the CaV1.2 
channel because of suppress to the increased phosphatase 1 or 
phosphatase 2A activities observed in AF.130,142 This might be also 
influenced by the hyperphosphorylation by PKA of the peptide 
inhibitor 1 that is prominent in AF to increase its inhibitory effect 
on PP-1.142,143 Furthermore, depressed expression of the major 
PDE4 isoform detected in human atria, PDE4D, correlates with 
aging a well-known favoring factor for AF development.97 
Although PDE3 is the main cAMP-degrading enzyme in human 
atria, PDE4 substantially contributes to the enzymatic control of 
β-AR stimulation of ICa,L in human atria, and its inhibition leads 
to arrhythmias because of dysregulated intracellular calcium 
homeostasis.97 All these observations suggest that altered β-AR 
modulation of CaV1.2 channels happens in AF to contribute to 
such arrhythmia.

Hypertrophy and Heart Failure

In human HF, a chronic activation of β-AR induced by the eleva-
tion of circulating catecholamine levels occurs and contributes to 
the progression of the disease,144,145 stressing the necessity for a 
strict control of β-AR signaling. This hypothesis is further dem-
onstrated in animal models with exacerbated β-AR/cAMP/PKA 
signaling and that develop cardiac hypertrophy and heart 
failure.146-148 A hallmark of heart failure is β-AR desensitization 
with a loss of β-AR signaling compartmentation35,144 and intracel-
lular calcium cycling perturbations,114 accompanied by profound 
alterations of the structure of the cardiomyocytes notably a loss 
of the T-tubules.149,150 Desensitization of β-AR is promoted by its 
phosphorylation by the G-protein–coupled receptor kinase 2 
(GRK2), a serine/threonine kinase upregulated in hypertrophy 
and HF.151 The number of functional β-AR is reduced in HF, and 
their localization is changed, with a redistribution to cell crests 
of the β2-AR subtype normally localized in the T-tubules, whereas 
β1-R remain uniformly distributed at the membrane.46 Interest-
ingly, 80% of the CaV1.2 channels are located in the T-tubules152 
where they are targeted by the protein BIN-1.153 The number of 
T-tubular LTCCs is decreased in failing myocytes,154,155 a reduc-
tion associated with a down-regulation of BIN-1 in human failing 
cardiomyocytes.156 This must contribute to the decreased EC 
coupling157 that might be also affected by the architectural reor-
ganization of the dyadic cleft.157,158 Nonetheless, there is no real 
consensus in the literature concerning a reduction of ICa,L ampli-
tude in failing cardiomyocytes. If the reduction of CaV1.2 
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coupled to Gi-proteins) can activate cardiac IK,ACh channels. Based 
on their regulation and biophysics, IK,ACh channels are also des-
ignated G-protein–activated inwardly rectifying K+ (GIRK) 
channels. In contrast to ventricular tissue, IK,ACh channels are 
highly expressed in the atria, including SA and atrioventricular 
nodes, where they contribute to vagal regulation of heart rate 
(negative chronotropic effect) and conduction from the atria to 
the ventricles (negative dromotropic effects).10-12

M2-Receptor–Dependent IK,ACh Facilitates Initiation 
and Maintenance of Atrial Fibrillation

In atrial myocytes, IK,ACh channel activation leads to hyperpolar-
ization of the resting membrane potential and shortening of the 
action-potential duration (APD).13 ACh-induced APD shorten-
ing and resting membrane potential hyperpolarization create an 
arrhythmogenic substrate facilitating the induction of atrial 
fibrillation (AF; see also chapter 45 of this book).14 It is well 
known that vagal nerve stimulation promotes AF in animal 
models and patients by facilitating the initiation and maintenance 
of reentry circuits.15 Reentry, the most established basic mecha-
nism of AF, is described as continuous impulse propagation 
around a functional barrier or an anatomical obstacle. An impor-
tant requirement for reentry is that the initially activated tissue 
zone regains excitability while the electrical impulse propagates 
around the reentry circuit, explaining why reduced effective 
refractory period or decreased conduction velocity can provide a 
substrate for AF maintenance. APD shortening induced by IK,ACh 
activation reduces effective refractory period, thereby favoring 
AF initiation by vagal stimulation. In knockout mice lacking the 
Kir3.4 channel subunit, M-receptor stimulation does not induce 
AF, clearly suggesting that the AF facilitating effects of vagal 
nerve activation are exclusively mediated by IK,ACh.16 In addition, 
mathematical modeling studies suggest that increases in an 
inward-rectifier K+ current such as IK,ACh have a significant role 
in AF promotion.17 Because of their ability to hyperpolarize atrial 
cardiomyocytes and remove voltage-dependent Na+-current (INa) 
inactivation, enhanced inward-rectifier K+ currents are more 
effective in stabilizing and accelerating AF-sustaining reentry 
circuits (rotors) than are changes in other ionic currents (e.g., 
reduced L-type Ca2+ currents) that produce a similar degree of 
APD shortening. In vivo evidence has been obtained to support 
the validity of these modeling data.18

Interestingly, AF-related atrial remodeling is associated with 
reduced maximum activation of IK,ACh upon M-receptor stimula-
tion,13,19-22 which might partly result from reduced expression 
levels of Kir3.1 and Kir3.4 subunits in AF patients.13,21 The 
reduced agonist-dependent IK,ACh in AF patients could be a pro-
tective mechanism against the profibrillatory effects of vagal 
nerve stimulation.

Left-to-right atrial gradients of inward-rectifier K+ currents 
contribute to AF pathophysiology. There is clinical and experi-
mental evidence that certain cases of paroxysmal AF (pAF) and 
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Stimulation of the vagal nerve, the principal cardiac arm of the 
parasympathetic nervous system, reduces heart rate and slows 
conduction in the atrioventricular node, thereby tuning the heart 
rate to “rest-and-digest” activities. In 1921, Otto Loewi found 
that the vagal effects on the heart are mediated by release of 
acetylcholine (ACh) from the parasympathetic synapses, and ACh 
became the first neurotransmitter ever discovered.1 However, it 
took more than 50 years until it was suggested that ACh activates 
a specific population of K+ channels (ACh-gated IK,ACh; Figure 
38-1, A) leading to hyperpolarization of the cell membrane, 
thereby decreasing pacemaker activity in sinoatrial (SA) node 
cells.2 It was also found that IK,ACh conductance is voltage depen-
dent, with high K+ conductance at hyperpolarized membrane 
potentials (at which the current is typically inward) and small 
conductance at depolarized membrane potentials associated with 
outward current. This typical current-voltage (IV) relationship 
designates IK,ACh as an inward-rectifier K+ current (see Figure 
38-1, B and C) similar to IK1, which is active in the absence of any 
receptor agonists, and IK,ATP, which is activated by reduced intra-
cellular ATP levels. Cardiac IK,ACh channels are heterotetramers, 
usually consisting of two Kir3.1 and two Kir3.4 channel 
subunits.3

IK,ACh channels are activated by ACh binding to type-2 mus-
carinic receptors (M2-receptors), which causes dissociation of 
inhibitory Gi-proteins, thereby increasing IK,ACh open probability 
via direct interaction of G-protein βγ-subunits with the channel 
(Figure 38-2, A, B).4,5 After current activation by M2-receptor 
stimulation, atrial IK,ACh shows a characteristic biphasic desensiti-
zation that starts within a few seconds (Figure 38-3, middle). 
Although both Kir3.1 and Kir3.4 channel homomers produce 
similar peak-current densities upon M2-receptor stimulation 
when expressed in HEK-cells, IK,ACh desensitization was observed 
in Kir3.1 homomers only. Moreover, the desensitization process 
depends on the presence of the Kir3.1 subunit within the channel 
complex.6 Besides channel subunit composition, kinetics of 
G-protein cycle, membrane content of the anionic phospholipid 
phosphatidylinositol-4,5-bisphosphate (PIP2), and phosphoryla-
tion processes also contribute IK,ACh regulation and desensitiza-
tion (see Figure 38-3).

Apart from canonical M2-receptor–mediated activation of 
IK,ACh, purinergic A1,7,8 and sphingolipid Edg-39 receptors (also 
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these dominant frequency gradients.22 In a sheep model of ACh-
mediated, pacing-induced AF, the left-to-right (LA-RA) domi-
nant frequency gradient parallels a left-to-right IK,ACh gradient, 
supporting the hypothesis that an unequal LA-RA distribution of 
inward-rectifier K+ currents can contribute to AF maintenance.26 
However, in atria from patients with SR, there is a right-to-left 

chronic AF (cAF) are maintained by high-frequency reentrant 
sources (rotors) with a consistent left-to-right dominant fre-
quency gradient, particularly in pAF.23-25 Because increased 
inward-rectifier currents enhance rotor frequency, the left-to-
right atrial gradient in the basal inward-rectifier current present 
in pAF, but not in cAF or sinus rhythm (SR), can contribute to 

Figure 38-1.  Basal and muscarinic  (M2)-receptor activated  inward-rectifier potassium  (K+)  currents  in  sinus  rhythm  (SR) and chronic atrial fibrillation  (cAF). A,  Left panel, 
Physiologically G-protein–activated inward-rectifier K+ (GIRK) channels are supposed to be closed in the absence of M-receptor agonists and only the basal inward-rectifier 
potassium current IK1 is active. B and C, Representative single-channel (upper tracings) and whole-cell recordings (lower tracings) in patients with SR (B) and cAF (C). The 
single-channel recordings were performed at –100 mV in a cell-attached configuration. Filled and empty arrow heads indicate closed and open levels of IK,ACh, respectively. 
In the absence of M-receptor agonists (basal conditions), myocytes from the cAF patients (C) exhibit both IK1 (#) and constitutive IK,ACh openings (*), whereas the latter is a 
rare event in myocytes from patients with SR (B). Besides increased expression of IK1 channels, constitutive IK,ACh,c activity can contribute to the increased whole-cell basal 
inward-rectifier current in cAF (compare left lower tracings in B and C) 

(Replotted with permission from Dobrev D, Friedrich A, Voigt N, et al: The G protein-gated potassium current IK,ACh is constitutively active in patients with chronic atrial fibrillation. 
Circulation 112:3697–3706, 2005. Figure was produced using Servier Medical Art.)
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Figure 38-2.  Muscarinic (M2)-receptor and nucleoside diphosphate kinase (NDPK)-dependent activation of Gi-proteins. A, Agonist binding to M2-receptors triggers GDP/
GTP (guanosine-5′-triphosphate and guanosine-5′-diphosphate) exchange at the Gαi-subunit of the heterotrimeric Gi-proteins. Consecutive dissociation of the Gαi- and 
Gβγ-subunits leads to activation of IK,ACh by binding of the Gβγ-subunit to the IK,ACh channel (B). Intrinsic GTPase activity of the Gαi-subunit hydrolyses GTP into GDP resulting 
in reassociation of the heterotrimeric G-protein and restorage of the initial state. NDPKs provide the GTP, which is necessary for G-protein dissociation, by a phosphotransfer 
from ATP to GDP. C, In the subpopulation of heterotrimeric Gi-proteins complexed with NDPK B, a phosphotransfer from ATP to His118 in NDPK-B, and subsequently onto 
His266 of the Gβ, results in a high energetic phosphate, which promotes the formation of GTP and leads to receptor independent G-protein activation. This can contribute 
to the development of receptor-independent constitutive IK,ACh activity. 

(Figure was produced using Servier Medical Art.)
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also Chapter 45). Therefore, agonist-independent IK,ACh,c is 
expected to increase atrial vulnerability to tachyarrhythmias and 
to promote persistence of AF. Accordingly, inhibition of IK,ACh 
with the highly-selective IK,ACh blocker tertiapin reverses the APD 
abbreviation and prevents the AF promotion in dogs with atrial 
tachycardia remodeling (ATR) that also develop increased 
IK,ACh,c.30 IK,ACh is almost absent in ventricles; therefore, it is a 
promising atrial-selective anti-AF target that lacks proarrhythmic 
side effects in the ventricles.31

In whole-cell patch-clamp experiments, electrophysiological 
properties of IK,ACh (i.e., current-voltage relationship) are 
comparable with other inward-rectifier currents such as IK1 or 
IK,ATP; therefore, single-channel recordings are often used as a 
direct index of increased constitutive IK,ACh,c activity in atrial 
myocytes from patients with cAF and dogs with ATR.19,32-34 
Due to their short opening-times and a characteristic single-
channel conductance of approximately 40 pS IK,ACh single-
channel openings are clearly different from openings of IK1 or 
IK,ATP (Table 38-1). Figure 38-1 shows representative recordings 
of IK,ACh in the presence and absence of a muscarinic-receptor 
agonist in atrial myocytes from patients with SR and cAF. 

atrial gradient of IK,ACh current that is absent in pAF and cAF.22 
The lack of RA-dominant agonist-activated IK,ACh could have a 
permissive role for LA-dominant drivers in pAF and cAF, par-
ticularly in vagal contexts.

Agonist-Independent, Constitutively Active IK,ACh 
Can Contribute to Atrial Fibrillation Maintenance

It is well recognized that IK,ACh can possess agonist-independent 
“resting” activity, with a much lower opening frequency than 
agonist-induced IK,ACh.27 Constitutive IK,ACh current (IK,ACh,c) may 
underlie a major part of basal K+ conductance in SA node cells, 
which lack IK1, creating an important role in regulating heart 
rate.28 In the normal heart, constitutive IK,ACh activity is low in 
atrial myocytes, but can increase substantially with cardiac 
pathology. Agonist-independent IK,ACh,c activity increases in atrial 
myocytes from patients and animal models of AF, whereas 
maximum M-receptor activation of IK,ACh is reduced (see Figure 
38-1, C).19,20,22,29 IK,ACh,c might contribute to APD shortening, 
which is a hallmark of the AF-related electrical remodeling14 (see 

Figure 38-3.  Mechanisms contributing to IK,ACh desensitization. Upon muscarinic (M2)-receptor activation, IK,ACh is activated by direct binding of liberated Gβγ-subunits to 
the  IK,ACh channel,  followed by a biphasic desensitization (fast and  intermediate desensitization). A, The binding of Gβγ-subunits to the  IK,ACh channel subunits Kir3.1 and 
Kir3.4 strengthens their interaction with cell membrane–located phosphatidyl inositol 4,5-bisphosphate (PIP2), thereby increasing IK,ACh open probability. Similarly, increased 
intracellular Na+ also strengthens the interaction of PIP2 with the channel leading to receptor-independent current activation. In contrast, stimulation of Gq-coupled M1/3-
receptors activates phospholipase-C (PLC), thereby lowering the PIP2 membrane content resulting in IK,ACh inhibition and contributing to fast IK,ACh desensitization. B, Regulator 
of G-protein signaling proteins (RGS) accelerate the GTP hydrolysis rate of the Gαi-subunit, thereby contributing to faster desensitization and reducing agonist-independent 
constitutive IK,ACh,c activity (see also Figure 38-2, A). C, The phosphorylation of muscarinic (M) receptors and IK,ACh channels is controlled by various kinases and phosphatases, 
whereby channel phosphorylation increases  IK,ACh, while concomitant phosphorylation of M-receptors reduces IK,ACh. Whereas channel dephosphorylation is supposed to 
contribute  to  the  fast phase  (green),  the  intermediate phase  (blue)  involves progressive  receptor phosphorylation by a G-protein–coupled  receptor kinase  (GRK), which 
uncouples the receptor from the G-protein. 

(Figure was produced using Servier Medical Art.)
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the initial inactive state.39 Gα-subunits are subdivided into Gαs-
subunits, which stimulate adenylate cyclases, Gαi-subunits, which 
inhibit adenylate cyclases, and Gαq-subunits, which activate 
phospholipase-C (see later). IK,ACh channels are activated by direct 
binding of βγ-subunits originating from Gi-protein.4,38 It is unclear 
whether Gβγ-subunits originating from Gs- or Gq-proteins also 
activate IK,ACh channels under physiological conditions.

Although Gαi-subunits do not directly activate IK,ACh channels, 
they certainly have an important role in IK,ACh regulation. Under 
resting conditions, the GDP-bound Gαi-subunit is associated 
with the Kir3.1 channel subunit, thereby creating a “preformed 
complex” between the heterotrimeric G-protein and the IK,ACh 
channel.40 In this condition, Gβγ-subunits are always in close 
proximity to the channel and can thus effectively and rapidly 
activate IK,ACh upon Gαi-dissociation. The interaction between 
GαI and Kir3.1 is therefore an important contributor to the 
specificity between receptor stimulation and IK,ACh activation. In 
addition, GDP-bound Gαi can act as a Gβγ-scavenger, continu-
ously chelating Gβγ-subunits from IK,ACh channels, thereby pre-
venting agonist-independent IK,ACh activity.41 It is unknown 
whether reduced Gαi-expression or a higher Gβγ-subunit avail-
ability contribute to the enhanced constitutive IK,ACh activity in 
patients with AF.

The cycling of Gi-proteins is fine-tuned by multiple mecha-
nisms. Regulator of G-protein signaling (RGS) proteins, which 
accelerate the GTPase activity of the Gα-protein subunit, accel-
erate the inactivation kinetics of receptor-activated IK,ACh (see 
Figure 38-3, B).42 [Na+]i also accelerates the G-protein cycle,43,44 
although direct binding of Na+ to Kir3.4 could activate IK,ACh 
channels (see Figure 38-3, A).45-47,47a In addition, nucleoside 
diphosphate kinases (NDPKs), which classically transfer phos-
phates from ATP to GDP by a ping-pong mechanism involving 
the formation of a high-energy phosphate intermediate on 
histidine-118, might also contribute to the replenishment of the 
GTP necessary for the G-protein cycle (see Figure 38-2, B, C).39

Constitutively Active IK,ACh

Previous studies showed that the M-receptor antagonist atropine 
does not abolish constitutive IK,ACh,c activity in atrial myocytes 

Inclusion of the nonselective M-receptor agonist carbachol 
(10 µM) in the pipette solution strongly activated IK,ACh in both 
groups, causing frequent channel openings. In the absence of 
M-receptor agonists, constitutive IK,ACh,c openings are apparent 
in cAF, whereas they occur only sporadically in myocytes from 
SR patients.19

In dogs subjected to AF mimicking, atrial tachycardia remod-
eling IK,ACh also develops agonist-independent constitutive IK,ACh,c 
activity, suggesting that the development of IK,ACh,c in patients 
with cAF can result from the high atrial rate rather than from the 
underlying heart disease.29,30,34 In addition, the alterations in 
single-channel properties of IK,ACh,c are comparable between dogs 
with ATR and cAF patients, suggesting a common molecular 
basis.34 The complex regulation of IK,ACh points to several possible 
mechanisms that could contribute to the development of IK,ACh,c. 
The following discussion summarizes the current knowledge 
about the molecular regulation of agonist-dependent IK,ACh in 
atrial myocytes, particularly focusing on the putative mechanisms 
underlying constitutive IK,ACh activity in AF.

G-Protein Cycle Can Contribute to the 
Generation of Constitutive IK,ACh

M2-Receptor–Dependent IK,ACh

Inward-rectifier IK,ACh channels are activated through stimulation 
of appropriate Gi-protein–coupled receptors (M2-receptors), 
resulting in the dissociation of heterotrimeric Gi-proteins and 
consecutive binding of Gβγ-subunits to the channel (see Figure 
38-2, A, B).38 Heterotrimeric G-proteins are composed of two 
functional units, the guanosine-5′-diphosphate and guanosine-5′-
triphosphate (GDP/GTP) binding Gα-subunit and the Gβγ-
dimer. Upon stimulation of G-protein–coupled receptors, GDP 
(bound to the Gα-subunit under resting conditions) is released 
and replaced by GTP. The resulting conformational changes lead 
to a dissociation of Gα and Gβγ subunits, which then initiate and 
regulate multiple intracellular pathways. Intrinsic GTPase activity 
of the Gα-subunit results in GTP hydrolysis into GDP followed 
by reassembly of the G-protein subunits and reestablishment of 

Table 38-1. Single-Channel Characteristics of Inward-Rectifier K+ Currents in human Atrial Myocytes: Acetylcholine/Carbachol (10 µM) Activated 
IK,ACh in Patients with Sinus Rhythm

GS (pS) Mean open time (ms) Mean closed time (ms) Popen (%) References

42.0 ± 1.2 1.7 ± 0.5 1.4 ± 0.2
18.0 ± 4.4

2.7 ± 0.4
30.0 ± 7.6

35

46.0 ± 2.0 τopen (ms) = 2.5 ± 0.2 τclose = 4.2 ± 0.2 – 36

49.4 ± 3.6 τopen (ms) = 3.9 ± 0.1 31.6 ± 1.5 19

Constitutively active IK,ACh in cAF

36.3 ± 2.5 2.4 ± 0.2 5.4 ± 0.7 19, 32

IK1 in SR patients

27.0 ± 1.4 8.7 ± 2.7 0.7 ± 0.1
66.0 ± 32.0

75.0 ± 23.0 35

27.0 ± 2.0 τopen (ms) = 30.2 ± 4.0 – 56.0 ± 6.0 37

29.4 ± 1.9 τopen (ms) = 7.8 ± 0.3 – 11.4 ± 0.7 19

IK,ATP in SR patients

73.0 ± 2.5 1.4 ± 0.2 0.3 ± 0.1 – 35

GS, single-channel conductance; Popen, channel open probability; τopen/τclose, time constant for open and closed time distributions.
In pico siemens (pS)/S = 1 V/A.
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neutralize a negatively charged aspartate in the C-terminus of 
Kir3.4, but not in Kir3.1, allowing stronger binding of PIP2 (see 
Figure 38-3, A). Mintert et al46 found that increases in [Na+]i 
resulted in higher constitutive IK,ACh,c activity in rat atrial cardio-
myocytes overexpressing the Kir3.4 subunit.46 However, it is 
unknown whether changes in PIP2 membrane content or 
the subunit composition of the IK,ACh-channel contribute to 
clinically relevant constitutive IK,ACh,c activity and AF-associated 
IK,ACh remodeling. Nevertheless, rapid atrial rate-related 
increases in subsarcolemmal [Na+]i are likely to occur during 
AF in vivo, potentially contributing to constitutive IK,ACh,c 
activity.60

Phosphorylation-Dependent IK,ACh Regulation

M2-Receptor–Dependent IK,ACh

The GIRK channel forms a macromolecular complex that is 
composed of the catalytic subunits of protein kinase A (PKA) and 
C (PKC), the Ca2+/calmodulin-regulated protein kinase II 
(CaMKII) and the type-1 and type-2A protein phosphatases (PP1 
and PP2A).61 In addition, the Kir3.1 and Kir3.4 channel subunits 
possess phosphorylation sites for PKA, PKC, CaMKII, and pos-
sibly for PKG,61,62 suggesting that channel phosphorylation status 
might play a crucial role in the regulation of IK,ACh activity (see 
Figure 38-3, C).

Inhibition of CaMKII, PKC, and PKG reduced agonist-
activated IK,ACh current in human atrial myocytes, suggesting that 
CaMKII-, PKC- and PKG-mediated channel phosphorylation 
may stabilize the binding of Gβγ-subunits to the channel, thereby 
increasing IK,ACh.20 The regulation of IK,ACh by PKC is isoform 
specific. The PKC family contains many isoforms, including con-
ventional isoforms (cPKCs), which are activated by Ca2+ and 
DAG, and novel isoforms (nPKCs), which require DAG but not 
Ca2+ for activation.63 There are at least five major PKC isoforms 
in the heart: cPKCα, cPKCβI, cPKCβII, nPKCδ, and nPKCε. 
Purified cPKC isoforms strongly reduce GTPγS-activated IK,ACh 
channel, whereas nPKC isoforms have the opposite effect.33 The 
relative expression-levels of stimulatory and inhibitory PKC iso-
forms can vary depending on species, diseases, or other condi-
tions, potentially accounting for discrepant results between 
neonatal rat and canine atrial myocytes, in which PKC activation 
inhibits IK,ACh and human atrial myocytes, for which PKC 
appears to stimulate IK,ACh.61,64 PKA activity is expected to be 
reduced via Gαi-coupled M2-receptor activation consequent to 
ACh-application.

Upon application of ACh, direct binding of liberated Gβγ-
subunits to the IK,ACh channel causes rapid activation of IK,ACh, 
followed by desensitization with a typical biphasic pattern (see 
Figure 38-3, middle).62 Although other mechanisms such as RGS 
proteins and PIP2 depletion owing to activation of Gq-protein–
coupled M1/M3-receptors could also contribute, it has been sug-
gested that the fast phase of desensitization is due to channel 
dephosphorylation,65,66 whereas the slower (intermediate) phase 
involves progressive M-receptor phosphorylation by a G-protein–
coupled receptor type-2 kinase, which uncouples the receptor 
from the G-protein (see Figure 38-3, C).67

Because there is evidence for increased PKA, CaMKII, and 
PKC activity in cAF patients,20,68 IK,ACh phosphorylation might 
also be involved in disease-associated remodeling of IK,ACh. 
However, inhibition of CaMKII, PKC, PKG, and PKA does not 
affect M-receptor–activated IK,ACh in patients with cAF.20 In addi-
tion, activities of PP1 and PP2A are higher in cAF than in control 
SR patients and do not translate into altered protein 
phosphorylation.69-71 Thus, the lack of contribution of the these 
kinases to M-receptor–activated IK,ACh in cAF might result from 

from cAF patients or ATR-dogs, suggesting that a receptor-
independent mechanism might be implicated in the formation of 
constitutive IK,ACh,c.19 Whether increased receptor-independent 
dissociation of Gαi- and Gβγ-subunits contributes to generation 
of constitutive IK,ACh,c in cAF patients is not known. Neither 
pertussis toxin, which uncouples Gi-proteins from the receptor, 
nor the absence of GTP, which is necessary for the action of 
G-proteins, affected the IK,ACh-like current component of the 
basal inward-rectifier K+ current in atrial myocytes from ATR 
dogs and atrial myocytes from cAF patients,19,29 suggesting that 
receptor-independent dissociation of Gαi- and Gβγ-subunits 
might not be a major contributor to constitutive IK,ACh,c in AF. 
However, a fraction of G-protein βγ-subunits forms complexes 
with the B-isoform of NDPKs and these complexes may cause 
receptor-independent G-protein activation (see Figure 38-2, B).39 
This process involves NDPK-B–mediated phosphorylation of 
the Gβ-subunit at histidine-266. Subsequently the phosphate is 
transferred onto GDP bound to the Gα-subunit, and the formed 
GTP leads to receptor-independent G-protein activation. 
Because NDPK-B accumulates in the atrial membrane fraction 
of cAF patients48 and is involved in IK,ACh regulation,49 this 
receptor-independent mechanism of G-protein activation could 
be a major contributor to the development of constitutive IK,ACh,c 
in patients with cAF, although the NDPK hypothesis has also 
been challenged as a possible explanation for agonist-independent 
channel activation.50

Regulation of IK,ACh Gating by PIP2

M2-Receptor Dependent IK,ACh

IK,ACh channels require PIP2 to maintain physiological properties 
and removal of PIP2 completely runs down the IK,ACh current.51 
Under resting conditions, the interaction between IK,ACh-channels 
and PIP2 is weak, and IK,ACh activity is low. Binding of Gβγ-
subunits to IK,ACh channels strengthen the PIP2-channel subunit 
interaction, strongly increasing IK,ACh activity (see Figure 38-3, 
A). In atrial myocytes, the membrane PIP2 levels close to the 
IK,ACh channel are dynamically regulated by Gαq-protein–coupled 
receptors, the stimulation of which results in PIP2 breakdown by 
activating the PIP2 hydrolyzing enzyme phospholipase-C (see 
Figure 38-3, A). IK,ACh is also regulated by Gq-protein–coupled 
α1-adrenergic-, angiotensin-II type-1 (AT1)-, and endothelin-A 
(ETA) receptors, suggesting that GIRK-channels integrate 
hormone and neurotransmitter signals from different path-
ways.52,53 In addition, there is also evidence for the existence of 
Gαq-coupled M1- and M3-receptors in atria.54,55 Activation of 
Gαq-coupled M1- and M3-receptors and the associated PIP2 
depletion are suggested to contribute to the fast desensitization 
of M2-receptor–activated IK,ACh current (see Figure 38-3, B).56,57 
However, the existence of functional non–M2-receptors in atria 
is still controversial.58,59

Constitutively Active IK,ACh

Activation of IK,ACh channels via Gβγ-subunits is mediated via 
stronger binding of PIP2 (see Figure 38-3, A), and enhanced PIP2 
levels in the IK,ACh channel microdomain activate the IK,ACh 
channel, even in the absence of Gβγ-subunits.51 As a result, 
agonist-independent IK,ACh,c activity can result from a Gβγ-
independent increase in the PIP2-IK,ACh channel interaction. In 
addition, IK,ACh channels containing Kir3.4 subunits can be acti-
vated by an increase in [Na+]i in a Gβγ-subunit–independent 
manner (see Figure 38-3, A).45-47 Na+ ions are thought to 
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IK,ACh Channels as Potential Therapeutic 
Targets in Atrial Fibrillation

Constitutive IK,ACh activity has emerged as a potentially interest-
ing therapeutic target for AF treatment. Because of much higher 
IK,ACh expression in the atria in comparison to the ventricles, 
selective IK,ACh inhibition could have antiarrhythmic effects in the 
atria, without ventricular side effects.72 Because some drugs with 
anti-AF efficacy (e.g., amiodarone, flecainide, quinidine, vera-
pamil) are also inhibitors of IK,ACh,4,21,73,74 their clinical effective-
ness may result in part from blockade of IK,ACh,c.

Recent research on structural motifs in K+ channel drug inter-
actions can allow the development of more specific IK,ACh-channel 
blocking agents for AF therapy. In addition to a central conduction 
pathway formed by four channel subunits, both the amino and 
carboxyl termini of the subunits form a second cytoplasmic pore 
that extends the ion permeation pathway toward the intracellular 
side of the membrane.75,76 Tertiapin, a peptide toxin from the 
honey bee venom, inhibits IK,ACh-channel selectively77-79 by binding 
to the external vestibule of the central conduction pathway.80,81 In 
contrast, chloroquine blocks inward-rectifier K+ channels by 
interacting with the center of the cytoplasmic conduction pore via 
interference with negatively charged aromatic residues within a 
central cavity.82 These results suggest that compounds targeting 
the specific cytoplasmic domain residues of ACh-dependent 
inward-rectifier K+ channels might constitute chemical leads for 
the design of novel selective IK,ACh channel blockers.

During the past few years, several IK,ACh-selective drugs have 
been developed (e.g., NIP-142, NTC-801). However off-target 
effects on IK,ACh channels in the SA node and peripheral tissues 
(i.e., gastrointestinal tract, genitourinary system) could limit the 
value of directly targeting the channel pore.72 An improved 
understanding of the molecular basis for increased constitutive 
IK,ACh,c activity in cAF might allow for atrial-selective and 

opposing increases in channel dephosphorylation. Alternatively, 
the channel could be hyperphosphorylated because of abnormal 
control of kinase–phosphatase signaling in the macromolecular 
complex,61 and inhibition of a single kinase might not reduce the 
channel’s phosphorylation state below the threshold required to 
impair agonist-activated IK,ACh. Further work is needed to verify 
these hypotheses.

Constitutively Active IK,ACh,c

Because activation of IK,ACh requires ATP, modified 
phosphorylation-dependent channel regulation could contribute 
to constitutive IK,ACh,c activity.62,66 In single-channel patch-clamp 
experiments, excision of the patch and removal from the intact 
cell produces a cell-free piece of sarcolemma attached to the 
pipette and containing the IK,ACh channel (inside-out configura-
tion), with the cytosolic side facing the bath solution. Under 
these conditions, IK,ACh,c open probability is strongly reduced, 
suggesting that an intracellular component necessary for consti-
tutive IK,ACh,c activity is washed out.33 In the presence of phospha-
tase inhibitors, excision of the patch only slightly reduces the 
open probability of constitutive IK,ACh,c. These experiments point 
to a crucial role of phosphorylation in IK,ACh,c. Inhibition of PKC 
reduces basal current, which contains constitutive IK,ACh,c activity, 
in patients with cAF but not SR, further suggesting that PKC-
mediated phosphorylation of IK,ACh channels is involved in main-
taining constitutive IK,ACh,c.20 The expression level of PKCε, 
which stimulates IK,ACh,33 is increased in patients with cAF, whereas 
PKCα, PKCβI, and PKCδ remains unchanged.20 These data 
indicate the involvement of PKC isoform imbalance in the devel-
opment of agonist-independent IK,ACh,c. Consistent with this 
hypothesis, Makary et al.33 showed that changes in the balance 
between stimulatory nPKC and inhibitory cPKC isoforms con-
tribute to increased constitutive IK,ACh,c activity in AF.33 The 
cPKC (inhibitory) phenotype predominates in control dogs, 
whereas the nPKC (stimulatory) phenotype prevails in ATR dogs 
(Figure 38-4).33 This idea is supported by a reduced total 
expression of PKCα (cPKC isoform) and increased membrane 
translocation of PKCε (nPKC isoform), in atrial myocytes from 
ATR dogs. In control myocytes, blocking cPKC isoforms 
increases constitutive IK,ACh,c, suggesting tonic cPKC-mediated 
inhibition of IK,ACh because of predominance of inhibitory PKCα 
isoforms. cPKC inhibition has no effect in ATR dogs. In contrast, 
blocking PKCε does not affect constitutive IK,ACh,c in control 
myocytes, but it reduces IK,ACh,c in ATR myocytes to levels seen 
in control dogs. These data indicate that a reduced tonic inhibi-
tory effect of PKCα and an increased stimulatory effect of PKCε 
are the major determinants of enhanced constitutive IK,ACh,c activ-
ity in AF.

Rapid in vitro pacing of isolated atrial myocytes from control 
dogs reproduces the phenotype seen in ATR dogs, with a PKC 
isoform switch and increased constitutive IK,ACh,c activity, demon-
strating that the PKC isoform switch in ATR could be attribut-
able to the rapid atrial activity per se.33 In addition, the cellular 
in vitro pacing experiments revealed that PKCα downregulation 
likely results from atrial tachycardia-induced Ca2+ loading and 
subsequent activation of the Ca2+-dependent protease calpain, 
which might increase the degradation of PKCα isoforms. In 
contrast, the increased membrane translocation of PKCε in ATR 
myocytes seems to be Ca2+ independent (see Figure 38-4), sug-
gesting that two independent mechanisms combine to cause con-
stitutive IK,ACh,c activity in AF. Although there is only indirect 
evidence that phosphorylation-dependent mechanisms contrib-
ute to the increase of constitutive IK,ACh,c in human AF,20 these 
posttranslational mechanisms could provide interesting new 
therapeutic targets for atrial-selective and pathology-specific 
treatment of AF.

Figure 38-4.  Protein  kinase  C  (PKC)  isoform  shift  contributes  to  development  of 
constitutively active IK,ACh (IK,ACh,c). Atrial tachycardia induces Ca2+-independent trans-
location  of  PKCε  from  the  cytosol  to  the  membrane  and  causes  Ca2+/calpain–
dependent  breakdown  of  PKCα.  Both  reduced  PKCα  expression  and  PKCε 
membrane translocation contribute to increased IK,ACh,c. 

(Figure was produced using Servier Medical Art.)
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disease-specific targeting of IK,ACh in AF. However, such strategies 
are still in their infancy, and much more work is needed before 
this approach can be tested for efficacy and value in clinical AF.
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several cardiac regions, coronary vasculature, and the major 
intrathoracic and cervical vessels.5

Intrinsic Nervous System

Initially, the ICNS was thought to be composed of parasympa-
thetic postganglionic neurons and their axonal projections, 
alongside with intramyocardial chromaffin cells, which act as a 
simple relay region under the control of the central nervous 
system. However, more recent studies have shown that the ICNS 
represents the final relay center for the coordination of regional 
cardiac function and is composed of sensory (afferent), intercon-
necting (local circuit), and motor (adrenergic an cholinergic 
efferent) neurons. These neurons communicate with intratho-
racic extracardiac ganglia, forming a distributive network that 
processes centripetal and centrifugal neuronal impulses for 
cardiac control, under the influence of the central nervous system, 
and circulating catecholamines.2

The number of cardiac ganglia is variable and species depen-
dent.6 The location, shape, and size are also variable, but in many 
mammals, including humans, intrinsic cardiac ganglia are usually 
distributed at specific atrial regions: around the sinoatrial node 
(SAN), the roots of caval and pulmonary veins (PVs), and near 
the atrioventricular node.7,8 Intrinsic cardiac ganglia are also 
present within the ventricles, although in a smaller number com-
pared with the atria.9

The ICNS regulates several aspects of cardiac function such 
as heart rate, atrial and ventricular refractoriness, conduction, 
contractility and blood flow.10 Furthermore, the ICNS modulates 
intrathoracic and central cardiovascular-cardiac reflexes and 
coordinates parasympathetic and sympathetic efferent postgan-
glionic neuronal input to the heart.11

It has been suggested that intrinsic cardiac ganglionated plex-
uses exert influence over adjacent myocardial regions,12-14 where 
vagal deceleration of heart rate can be mediated selectively by 
neurons located at the junction of the right atrium and superior 
vena cava, whereas the effects on atrioventricular nodal transmis-
sion can be controlled by the neurons of a fat pad at the junction 
of the inferior vena cava and the inferior left atrium.13

On the other hand, Armour2 proposed that intrinsic cardiac 
ganglia in atrial or ventricular ganglionated plexuses can selec-
tively influence the electrical and mechanical properties in adja-
cent tissues and cardiac chambers. For example, it has been 
reported that the cholinergic neurons of the right atrial ganglion-
ated plexuses can decrease the rate of discharge of SAN, depress 
the atrioventricular node conduction, and affect ventricular con-
tractility.15 In addition, the repolarization of ventricular muscle 
can be influenced by atrial and ventricular ganglia.16

Autonomic Regulation of Pacemaker Activity

The rhythmic and spontaneous contraction of the heart is initi-
ated by the periodic electrical discharges of the SAN. The control 
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Autonomic Innervation of the Heart

The traditional view of the sympathetic and parasympathetic 
branches of the autonomic nervous system is that they exert fine-
tuned reciprocal influences on the heart. Sympathetic stimulation 
increases heart rate, electrical conductivity, and contractility, 
whereas in general, parasympathetic stimulation produces oppos-
ing inhibitory effects. However, the cardiac regulation driven by 
the two branches of the autonomic nervous system is complex. 
In fact, the electromechanical function of the heart is subject to 
the influence of not one, but two separate autonomic nervous 
systems—one extrinsic and the other intrinsic. In the extrinsic 
system, the primary site for regulating sympathetic and parasym-
pathetic (vagal) outflow to the heart and blood vessels is the 
medulla, which is located in the brainstem above the spinal cord. 
The intrinsic cardiac nervous system (ICNS) is composed of 
ganglionated plexi distributed at various locations within the 
heart, including the epicardium, myocardium and endocardium.1 
Efferent fibers of extrinsic autonomic system enter the heart 
through the hilum and then connect with and modulate the activ-
ity of the intrinsic cardiac ganglionated plexi. Both systems are 
susceptible to neuromodulatory influences from various inputs, 
including the central nervous system, the baroreceptor and che-
moreceptor reflexes, and the local interneuronal interactions 
within the heart itself.2

Extrinsic Nervous System

Efferent preganglionic parasympathetic innervation originates 
mainly in the nucleus ambiguous of the medulla, whereas some 
neurons are located in the dorsal motor nucleus and the regions 
between these two nuclei. Neurons originating in these areas 
project their axons to form synapses with postganglionic neurons 
located throughout the various atrial or ventricular ganglionated 
plexi.2

On the other hand, sympathetic innervation originates in the 
interomediolateral nucleus of spinal cord and segments C1-C3, 
C7-C8, and T1-T4,3 where preganglionic axons advance to form 
synapses with the sympathetic postganglionic neurons of the 
intrathoracic ganglia (left and right stellate ganglia, cranial tho-
racic sympathetic chain ganglia, middle and superior cervical 
ganglia and mediastinal ganglia) and the intrinsic cardiac ganglia.4 
In addition to this efferent component, the extrinsic nervous 
system contains afferent neurons that transmit mechanosensitive 
and chemosensitive information from the local environment of 
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Pulmonary Vein Ganglia and Heart  
Rate Control

Neuroanatomy

The pulmonary vein ganglia (PVG) are located at the roots of 
the pulmonary veins and form a circuit via interconnecting nerve 
fibers (Figure 39-1). They have received special attention because 
they might have a role in promoting pathophysiological condi-
tions such as atrial fibrillation (AF).26

Recent studies have focused on the macroscopic and micro-
scopic neuroanatomy of the PVs and have provided detailed 
descriptions of nerve distribution and characteristics. Chevalier 
et al27 found that, in human hearts, nerve fibers and ganglia have 
distinct distribution patterns in the PVs, with a higher nerve 
density at the ostia compared with the distal PVs, and are more 
abundant epicardially, rather than endocardially. In addition, Tan 
et al28 performed immunostaining of 192 PV-atrial segments 
from eight human hearts using anti–tyrosine hydroxylase and 
anti–choline acetyltransferase antibodies to label adrenergic and 
cholinergic elements, respectively. They found a similar  
d noted adrenergic and cholinergic immunofluorescence colocal-
ization in approximately 90% of ganglia. A significant proportion 
of ganglia (30%) expressed both tyrosine hydroxylase–positive 
and choline acetyltransferase–positive cells simultaneously. More 
recently, Vaitkevicius et al29 investigated in detail the character-
istics and distribution of the neural routes by which autonomic 
nerves supply the human PVs in 35 intact (nonsectioned) left 
atrial-PV complexes stained with the Karnovsky–Roots acetyl-
cholinesterase precipitation reaction. They found that three 

of the autonomic nervous system over the SAN is essential for 
the regulation of the heart rate.

Parasympathetic stimulation produces negative chronotropic 
effects mediated by the release of acetylcholine (ACh) from para-
sympathetic postganglionic neurons, launching a second mes-
senger signaling cascade resulting in the modification of ion 
channels activities, negative regulation of cAMP production, and 
positive regulation of cAMP hydrolysis.17 The neurotransmitter 
ACh binds to the muscarinic receptor M2 and activates the inhibi-
tory G-protein, whose αi subunit inhibits adenylyl cyclase activ-
ity, reduces intracellular cAMP levels and protein kinase A (PKA) 
activity, and produces an overall decrease of the funny current  
(If) and the L-type calcium current (ICa-L).18,19 However, the βγ-
subunit directly activates the ACh-sensitive inward-rectifier 
potassium current (IKACh). In pacemaker cells, the integration of 
these effects leads to a relatively more hyperpolarized maximal 
diastolic potential, slower phase 4 depolarization, and smaller 
action potential amplitude, producing a decrease in the rate of 
discharge of the SAN.17

Conversely, sympathetic stimulation increases the SAN rate 
of discharge via activation of β-adrenergic receptors, enhancing 
the activity of several ion channels as well as intracellular calcium 
release and cycling.17 Activation of β1 receptors stimulates adeny-
lyl cyclase activity and results in an increase in intracellular cAMP 
concentration, activating PKA, which phosphorylates membrane 
proteins and enhances ICa-L, If, the slow and rapid delayed rectifier 
currents (IKs, and IKr), and the sodium calcium exchange current.20-

23 Collectively, these effects increase the pacemaker cell’s action 
potential upstroke velocity, decrease the action potential dura-
tion, increase the slope of diastolic depolarization, and conse-
quently increase the SAN activation rate.24

Figure 39-1.  Neuroanatomical characterization of pulmonary veins (PVs) whole-mount preparations. A, A macrophotograph illustrating the neuroanatomy of the left dorsal 
neural subplexus at the base of the PVs in a mouse heart stained histochemically for acetylcholinesterase. White arrowheads point to the intrinsic cardiac ganglia, and black 
arrowheads  indicate  topographically  comparable  nerves  at  the  coronary  sinus.  Dashed lines  demarcate  limits  of  the  heart  hilum.  B,  A  macrophotograph  of  the  inferior 
surface of human embryonic left PVs showing the course of epicardial ganglionated nerves (extending from the middle and left dorsal neural subplexi to the PV roots). 
Dotted line indicates limits of the cardiac hilum; black arrowheads indicate epicardial ganglia. CS, coronary sinus; LCV, left cranial (left azygos) vein; LPV, left pulmonary vein; 
LV,  left ventricle; MPV, middle pulmonary vein; LD,  left dorsal subplexus; LIPV,  left  inferior pulmonary vein; LSPV,  left superior pulmonary vein; OTrV, orifice of tributaries of 
the pulmonary vein. 

(Modified from Rysevaite K, Saburkina I, Pauziene N, et al: Morphologic pattern of the intrinsic ganglionated nerve plexus in mouse heart. Heart Rhythm 8:448–454, 2011.)
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epicardial subplexi located at the inferior portion of PVs are the 
sole source of nerve supply (nerves extend to the PVs from the 
cardiac ganglionated plexus only), whereas free sensory nerve 
endings aggregate subendothelially. Based on the correlation 
between the areas of epicardial ganglia and the number of somas 
they contain, it was estimated that approximately 8000 intrinsic 
nerve cells (2000 associated with each PV) contribute to the 
neural control of PVs in humans.29

Nerve fibers originating from PVG can extend to different 
regions of the heart. Puodziukynas et al.30 examined in sheep, the 
long-term effects of radiofrequency ablation of PVG on the 
structure of epicardial nerves located distally from the ablation 
sites. Ablation of PVG resulted in the degeneration of remote 
epicardial nerves after 2 to 3 months. There was disorganization 
in the neural structures of the dorsal left atrium, coronary sinus, 
ventricle, and atrioventricular node. These experiments sug-
gested that there could be anatomical links between the PVG and 
areas distal to the PVs surrounding. Based on that information, 
mouse whole-mount atrial preparations31 were used to show that 
PVG form a circuit via interconnecting nerve fibers. Most impor-
tant, nerves emerged from the PV ganglionic circuit and advanced 
toward the SAN area and innervate it. The data demonstrated 
that there was a direct neuroanatomical communication between 
the PVG and the SAN.

Control of Heart Rate

It is well known that the SAN can be regulated by intrinsic 
ganglia located in its vicinity, and this regulation has been 
assumed to be parasympathetic.10,32-34 Indeed, experimental 
studies have shown that ganglia of the fat pad located near the 
right superior pulmonary vein, at the junction of the right atrium 
and superior vena cava (right atrial ganglionated plexus [RAGP]), 
mediate a selective negative chronotropic effect.35 Similarly, the 

posterior atrial ganglia (found in a fat pad on the rostral surface 
of the right atrium) have a modest role in producing vagal bra-
dycardia,33 but can mediate more pronounced parasympathetic 
effects.36,37 A third fat pad located between the medial superior 
vena cava and aortic root appears to be the “head station” of vagal 
fibers that project to both atria.38

In humans, RF ablation of PVG produces a bradycardic 
response,39,40 and PVG can be stimulated by high-frequency 
trains of pulses to elicit a decrease in heart rate.26 The bradycardic 
responses have been attributed to an evoked vagal reflex, but the 
link between these ganglia and SAN has not been fully elucidated. 
Hou et al41 investigated the interactions between the extrinsic 
and intrinsic cardiac nervous system in the context of SAN modu-
lation. They proposed a complex interaction between the RAGP 
and the superior left ganglionated plexus (SLGP), located adja-
cent to the base of the left superior pulmonary vein between the 
left atrial appendage and the left pulmonary artery. They also 
suggested that the main neural pathway between the left vago-
sympathetic trunk and the SAN traverses the SLGP and RAGP 
sequentially before proceeding to the SAN, and the stimulation 
of the right and left vagosympathetic chains produced a negative 
chronotropic effect (measured as the mean of 20 beats after stim-
ulation) reflecting only a parasympathetic response.

We studied the effects of PVG high-frequency stimulation of 
different train durations (200 to 2000 ms) on SAN activity modu-
lation in the isolated murine heart.31 The immediate effect of 
PVG stimulation was a significant increase in the mean P-P 
interval of the first three beats after stimulation (Figure 39-2, A), 
whereas PVG stimulation under autonomic blockade with 1 µM 
atropine and 0.5 µM propranolol abolished all PVG stimulation 
effects (see Figure 39-2, D). High-frequency stimulation of the 
right atrial appendage did not affect the cardiac cycle length (see 
Figure 39-2, B, E). When these data were plotted as a percentage 
of increase in P-P interval with respect to pre-stimulation versus 
the train duration, the effects of PVG stimulation were more 

Figure 39-2.  Effects of pulmonary vein ganglia (PVG) stimulation heart rate. A, The average of three P-P intervals after stimulation at the different frequencies used, before 
stimulation, and immediately after stimulation (*P < 0.05 vs. prestimulation; n = 12). B, High-frequency stimulation in the right atrial appendage (RAA) produced no effect 
on heart rate (not significant vs. prestimulation; n = 23), ensuring that the parameters used were subthreshold for atrial cells but sufficient to stimulate the ganglia, as shown 
in A. D, Autonomic blockade with 1 µM atropine (A) and 0.5 µM propranolol (P) abolished all PVG stimulation effects (n = 16). High-frequency stimulation applied in the 
RAA produced no effect on heart rate (D, NS vs. prestimulation; n = 16). C and F, The P-P interval percentage of increase with respect to prestimulation in each train dura-
tion. *P < 0.05 vs. PVG stimulation A + P; #P < 0.05 vs. 200 ms train. Error bars indicate SEM. 
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stimulation caused downward (68.2% of cases) or upward (31.8%) 
displacement of the earliest activation site, where the origin of 
the activation shifted by 0.80 ± 0.23 mm upward or 1.14 ± 
0.34 mm downward with respect to control (Figure 39-4). These 
results are consistent with the dominant parasympathetic effects 
of PVG.

The mechanism by which pacemaker shifts occur after para-
sympathetic stimulation has been studied using numerical simu-
lations.51 It was proposed that the SAN is composed of electrically 
coupled oscillators (pacemaker cells) with different intrinsic 
firing rates. Through reciprocal phase-dependent interactions, 
the coupled oscillators mutually entrain, resulting in the emer-
gence of an origin of activation. Those mutually entrained oscil-
lators, or pacemaker cells, respond to exogenous perturbations 
such as ACh through changes in maximum diastolic potential, 
action potential duration, and cycle length. In the simulations by 
Michaels et al,51 ACh caused a downward shift in the dominant 
pacemaker region, in addition to an increase in the cycle length 
of the array. By the 10th beat, the array returned to its control 
pattern and rate of activation, which is similar to our experimen-
tal findings31 (see Figures 39-3, 39-4). It has also been suggested 
that nerve stimulation can produce a pacemaker shift from the 
center to the periphery of the SAN because of electrophysiologi-
cal and neuroanatomical heterogeneities inherent to the 
SAN.44,46,52-56

Pulmonary Veins Ganglia  
and Atrial Fibrillation

It is accepted that the PVs are an important source of ectopic 
beats, initiating frequent paroxysms of AF.57 It has also been 
postulated that a possible mechanism by which ectopic foci arise 
from the PVs involves the enhanced activity of their intrinsic 
nerves58.

The role of the PVs and the associated ganglionated plexus as 
a trigger of AF has received considerable attention during the last 
few years. Lemola et al59 showed that intact PVs are not needed 
for the maintenance of experimental cholinergic AF, and they 
proposed that the PVG, not the PVs themselves, are important 
in vagally mediated AF promotion. Neural factors are believed 
to play a key role in the initiation of paroxysmal AF. Although 
both limbs of the autonomic nervous system have a role in AF, 
cholinergic stimulation is thought to be the main factor for spon-
taneous AF initiation.60 To determine the relative role of the 
intrinsic cardiac nerve activity in triggering atrial arrhythmias 
and AF, Choi et al61 performed continuous in vivo nerve record-
ings from extrinsic cardiac nerve activity (vagus nerve and left 
stellate ganglion) and the ICNS (superior left ganglionated plexi 
at the base of the left superior pulmonary vein and Ligament of 
Marshall) in dogs submitted to rapid atrial pacing. It was found 

pronounced with the longest trains of stimulation (see Figure 
39-2, C).

Analysis of the time course of beat-to-beat changes during the 
first 20 intervals following high frequency stimulation showed 
that upon PVG with 200-ms trains, the initial slowing of heart 
rate was followed by a progressive return toward baseline (Figure 
39-3). Autonomic blockade with atropine and propranolol abol-
ished PVG stimulation effects. Therefore, these experiments 
indicate that the SAN can be directly modulated by remotely 
located ganglia of the PVs.

Modulation of Sinoatrial Node Activation Pattern

The location of the SAN earliest site of activation is not fixed. It 
can shift to different zones in response to stimuli such as sympa-
thetic and parasympathetic stimulation, changes in temperature, 
pharmacologic agents, and modifications in extracellular ions.

For example, in vivo studies in the dog reported that stimula-
tion of the stellate ganglia and the vagus nerve cause cranial and 
caudal shifts, respectively, of the earliest activation site.42 
Schuessler et al43 reported that vagal stimulation, from either the 
right or left vagosympathetic trunk, caused a downward shift in 
the earliest activation site. In isolated rabbit and canine SAN 
preparations, it has been shown that the site of earliest activation 
shifted downward or upward or remained the same after nerve 
stimulation.43-46 This finding is in accord with what has been 
shown recently in isolated rabbit and murine SAN preparations 
subjected to direct high-frequency stimulation or isoproterenol–
ACh administration.47-50

Optical mapping of whole-heart preparations was used to 
examine the role of PVG stimulation on the modulation of SAN 
cycle length and pattern of activation. In these experiments, PVG 

Figure 39-3.  Time-course  effects  (20  beats  after  stimulation)  of  pulmonary  vein 
ganglia  stimulation  with  a  200-ms  high-frequency  stimulation  trains.  Error  bars 
indicate SEM. 
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parasympathetic effects on the sinus node and atrial myocardium, 
suggesting that reinnervation occurs after ganglionated plexi 
ablation. More recently, Puodziukynas et al30 determined the 
long-term effects of RFA at the roots of the PVs on the structure 
of epicardial nerves located distally from the PVs. After 2 to 3 
months, alterations in the structure and degeneration of remote 
atrial and ventricular nerves occurred, which suggests that long-
term autonomic dysfunction is a potential risk of RFA of PVG. 
In humans, an upregulation of nerve growth factor expression has 
been reported after RFA. Although RFA did not increase trans-
cardiac nerve growth factor immediately after the procedure, 
significant systemic increases were observed on the first day after 
the procedure, and they persisted for at least 2 days.71 Further-
more, ablation of free nerves can result in reinnervation after a 
few months, and ablation of ganglia can cause denervation hyper-
sensitivity and autonomic dysfunction.29

Alternative approaches to ablation of the PVG are being 
developed. Li et al72 and Shen et al73 found that AF can be sup-
pressed by low-level, high-frequency stimulation of vagosympa-
thetic trunks. On the other hand, Yu et al74 demonstrated that 
the function of ganglionated plexuses can be suppressed with the 
intravascular administration of magnetic nanoparticles contain-
ing the neurotoxic agent N-isopropyl acrylamide monomer. Con-
sequently, targeted drug delivery or inhibitory low-level, 
high-frequency stimulation can achieve autonomic denervation 
and could potentially be used as means to treat AF without the 
risks associated with ablation.
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that activity of the ICNS always preceded the onset of paroxysmal 
atrial tachyarrhythmias, suggesting that these intrinsic ganglia 
are an invariable trigger of paroxysmal AF and atrial tachycardias. 
Once initiated, paroxysmal AF leads to atrial remodeling through 
alteration of electrical and structural properties of the atria, 
which facilitates maintenance and recurrence of AF.62

Radiofrequency ablation of the PVG in human and experi-
mental studies can result in successful denervation and preven-
tion of AF inducibility.39,63 Circumferential PVs ablation, which 
produces a concomitant autonomic denervation by PVG destruc-
tion, seems to correlate well with a lower recurrence of AF epi-
sodes.39 Lu et al61 showed that high-frequency stimulation applied 
to PVG can initiate PV rapid firings and promote paroxysmal AF, 
and ablation of the ganglionated plexuses eliminated those rapid 
firings, suggesting an important role of the ICNS in the genesis 
of AF in structurally normal hearts.

Selective ablation of intrinsic cardiac ganglia in the PVs using 
radiofrequency ablation (RFA) has been proposed as a single 
treatment of patients with AF40,64-66 or in combination with PV 
isolation.67,68 These studies showed that RFA of selected sites 
where high-frequency stimulation induces vagal reflexes can 
prevent AF recurrence64-66; however, anatomic PVG ablation 
yields significantly lower success rates compared with the com-
bined PVG and PV ablation.65,67

Although studies have demonstrated the efficacy of PVG abla-
tion, other factors must be considered. Studies in dogs showed 
that nerve sprouting occurred within 2 hours after RFA in the 
right atrium, and sprouting persisted for at least 1 month after 
the intervention, even at remote sites in relation to the place of 
RFA69. Sakamoto et al70 demonstrated that removal of the epicar-
dial fat pads and ganglionated plexi ablation greatly reduced the 
effects of vagal stimulation in the atrial conduction system and 
the atrial myocardium. Four weeks later, there was a return of 
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pathways. Sympathetic nerves are located primarily around blood 
vessels and between myocytes. The nerve fibers are oriented 
along the long axis of myocytes. The cardiac branches of the 
vagus nerve, which are preganglionic fibers, make synaptic con-
nections with ganglion cells in the ganglionated plexi (the intrin-
sic cardiac nervous system). Cardiac nerves can be demonstrated 
by labeling nerve-specific markers such as S100 protein (marker 
of Schwann cells), neurofilament, synaptophysin, protein gene 
product 9.5, and various regulatory neuropeptides (e.g., 
neuropeptide-Y) using immunohistochemistry techniques.  
Sympathetic nerves can be identified by immune-labeling tyro-
sine hydroxylase (TH) and parasympathetic nerves by acetylcho-
linesterase or cholineacetyltransferase (ChAT). 

Intrinsic Cardiac Nerves

In addition to the extrinsic cardiac nerves, the heart is also richly 
innervated by an extensive intrinsic cardiac nervous system.1,2 
The intrinsic cardiac nervous system includes sensory, intercon-
necting, and autonomic neurons that communicate with each 
other and with the extrinsic cardiac nervous system. The nerve 
structures of the intrinsic cardiac nerves are found in various parts 
of the heart, but mostly in the ganglionated plexi within epicar-
dial fat pads. Among the ganglionated plexi, the right-atrial gan-
glionated plexi innervates the sinus node, whereas the inferior 
vena cava–inferior atrial ganglionated plexi (at the junction of 
inferior vena cava and the left atrium) innervates the atrioven-
tricular node. Another region that is richly innervated is located 
at the pulmonary vein (PV)-left atrium (LA) junction. Radiofre-
quency catheter ablation at these sites can potentially result in 
successful denervation and prevent the inducibility of AF.3 
However, preserving (rather than ablating) the anterior epicardial 
fat pad during coronary arterial bypass surgery decreases inci-
dence of postoperative atrial fibrillation.

Coexistence of Sympathetic and Parasympathetic 
Nerves in the Same Structure

A common misunderstanding of the autonomic nervous system 
is that the nerve structures are either sympathetic or parasympa-
thetic. For example, the term vagal tone is generally used to 
describe the level of activity in the parasympathetic nervous 
system. Vagal denervation was used to describe the successful 
elimination of bradycardiac responses during catheter ablation of 
AF. The fact, however, is that the vagus nerves and almost all 
other cardiac nerve structures contain both sympathetic (adren-
ergic) and parasympathetic (cholinergic) components. It is not 
possible to stimulate or ablate one branch of the autonomic 
nervous system without affecting the other. Tan et al4 performed 
immunostaining of tissues from the human PV-LA junction. The 
authors found that adrenergic and cholinergic nerves coexist in 
all ganglionated plexi. It is also possible for the same neuron to 
express both TH and ChAT. These findings indicate that it is 
impossible to target either sympathetic or parasympathetic nerves 
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Atrial tachyarrhythmia, including atrial fibrillation (AF), is a 
major public health problem. Many studies in animal models and 
in human patients have suggested that the activities of the auto-
nomic nervous system has an important role in the generation 
and maintenance of atrial tachyarrhythmias. However, the mech-
anisms by which autonomic activation induce atrial tachyarrhyth-
mias remain poorly understood. This gap in knowledge is in part 
due to the limited availability of information on the anatomical 
structures of the autonomic nerves that innervate the heart, the 
general absence of information on spontaneous autonomic nerve 
discharges in ambulatory animals or humans and a limited avail-
ability of animal model of spontaneous atrial tachyarrhythmias. 
The latter limitations have prevented the investigators from 
studying the temporal relationship between autonomic nerve dis-
charges and spontaneous atrial tachyarrhythmias. This chapter 
summarizes the data obtained over the past few years in the 
understanding of the anatomy and physiology of the autonomic 
nerves, and attempts to relate the neural activities to the genera-
tion and maintenance of atrial tachyarrhythmias. There will also 
be a brief discussion of the use of neuromodulation in the preven-
tion and treatment of atrial arrhythmias.

Cardiac Nerves

Extrinsic cardiac nerves

The preganglionic sympathetic nerves that innervate the heart 
arise in the upper four or five segments of thoracic spinal cord. 
These preganglionic sympathetic nerves pass through white rami 
communicantes, enter the sympathetic trunk, and terminate in 
the superior cervical ganglion, the middle cervical ganglion (if 
present), and the cervicothoracic (stellate) ganglion. These 
ganglia give off cardiac nerves that join with the cardiac branches 
of the vagus nerve and form cardiac plexus. The cardiac plexus, 
which is divided into a superficial (ventral) and deep (dorsal) 
cardiac plexus, then gives branches of the coronary and atrial 
plexuses to innervate the heart. The sympathetic nerves are dis-
tributed in the superficial epicardial layer throughout most sur-
faces and penetrate into myocardium along coronary arterial 



400 NEURAL CONTROL OF CARDIAC ELECTRICAL ACTIVITY

parasympathetic nerve structure. Therefore, vagal tone includes 
both sympathetic and parasympathetic components.

Neural Activity and Atrial Tachyarrhythmias

Recording Neural Activities in Ambulatory Animals

Jung et al7 continuously recorded the activity of stellate ganglia 
in healthy dogs for an average of 41.5 days and documented that 
both the heart rate and the stellate ganglion nerve activity 
(SGNA) showed a circadian variation. Ogawa et al5 and Tan et al8 
then applied the same methods to record vagus nerve activity 

selectively during radiofrequency catheter-ablation procedures. 
Sympathetic nerve fibers are also present in the thoracic vagus 
nerve.5 More recently, Park et al.6 performed TH and ChAT 
staining of the left cervical vagus nerve (Figure 40-1). ChAT 
positive nerve structures formed a majority of the cervical vagus 
nerve (see Figure 40-1, A, B). However, a small amount of 
TH-positive nerves were also present at the edge of the nerve 
bundles (see Figure 40-1, C, D). Unexpectedly, the authors iden-
tified sympathetic neurons in the vagus nerve (see Figure 40-1, 
E), indicating that the cervical vagus nerve was a source of sym-
pathetic innervation. The same neurons stained negative for 
ChAT (see Figure 40-1, F). The presence of both TH-positive 
neurons and TH-positive nerve fibers is consistent with the 
notion that the vagus nerve is a mixed sympathetic and 

Figure 40-1.  Immunocytochemical  staining of  the cervical  vagus nerve.  A  and  C,  Examples of  the nerves  sectioned  transversely. Other panels  show nerves  sectioned 
longitudinally (craniocaudal). Each cervical vagus nerve contains multiple parallel nerve bundles, most staining positively (brown) for cholineacetyltransferase (ChAT), as 
shown in A and B. However, a small percentage of the nerve bundles, primarily at the periphery of the nerves, stained positively for tyrosine hydroxylase (TH; arrows in C 
and D). E,  In addition, TH-positive ganglion cells are also present  in the nerves. F, These cells were ChAT negative. These findings  indicate that bundles of sympathetic 
nerves are present within the cervical vagus nerves. The presence of sympathetic ganglion cells in the vagus nerve suggests that the cervical vagus nerve is also an impor-
tant source of sympathetic innervation. A to C, Original magnification ×100. D to F, Original magnification ×40. 

(From Park HW, Shen MJ, Han S, et al: Neural control of ventricular rate in ambulatory dogs with pacing induced sustained atrial fibrillation. Circ Arrhythm Electrophysiol 
5:571–580, 2012.)

A B

C D

E F
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contractions and nonsustained ventricular tachycardia.9 A second 
important observation is that, in ambulatory animals, the nerve 
structures often activate either simultaneously or alternatively, 
suggesting a close coordination among the nerve activities from 
different parts of the autonomic nervous system. For example, 
the left and right stellate ganglion usually activate together.7 
Similarly, the VNA can activate with SGNA.5,8 The VNA can 
also activate simultaneously with the ganglionated plexi.11-13 
Figure 40-3, A, shows simultaneous discharges of the right and 
left stellate ganglion in a normal dog. Figure 40-3, B, shows 
simultaneous recording of both extrinsic and intrinsic nerve 
activities in a dog with intermittent rapid atrial pacing. Note that 
both extrinsic nerve activities (SGNA and VNA) activated 
together with one of the intrinsic nerve structure (superior left 
ganglionated plexus, SLGPNA), but not the ligament of Marshall 
ganglionated plexus. The VNA and SLGPNA activation patterns 
were almost mirror images of each other, suggesting that these 
two structures closely coordinate with each other. Another 
important finding is that the SGNA in Figure 40-3, A, resulted 
in less apparent heart rate acceleration than that shown in Figure 
40-2, whereas in Figure 40-3, B, there was sinus rate acceleration 
associated with SGNA. Subsequent studies showed that right 

(VNA). These earlier studies showed several findings about nerve 
discharges that were previously unknown. First of all, there are 
fundamentally two different types of nerve activities (Figure 
40-2). The vast majority of the nerve activities were the low-
amplitude burst discharge activities (LABDA), with an amplitude 
less than 0.2 mV and variable duration. A second type of nerve 
activity is the high-amplitude spike discharge activity (HASDA) 
with amplitude of greater than 0.2 mV (average, 1.4 mV). There 
is usually a nearly isoelectric interval between the spikes, with 
obvious depolarization shifts in some of the episodes. The 
HASDA has a frequency of approximately 6.6 Hz, and there is 
an average of 6.7 spikes per run.5 HASDA episodes were rare, 
with an average of approximately 15 episodes per 24 hours. 
However, when they were observed, there was a high likelihood 
of both atrial and ventricular arrhythmias.5,9,10 Figure 40-2, A, 
shows examples of LABDA and HASDA in a normal dog. Note 
that LABDA in the SGNA can accelerate the heart rate. HASDA 
usually occurs during LABDA and can further accelerate the 
heart rate. Figure 40-2, B, shows that a HASDA episode imme-
diately precedes the premature atrial contraction in a dog with 
pacing-induced heart failure.5 In another study, we have observed 
multiple episodes of HASDA-induced premature ventricular 

Figure 40-2.  Two types of nerve activities  in ambulatory dogs. A, Patterns of nerve activities form a normal dog. The upper panel shows low-amplitude burst discharge 
activity (LABDA), which accounts for the vast majority of nerve activities in all nerve structures. In this example, LABDA accelerated the heart rate. The lower panel shows 
high-amplitude spike discharge activity (HASDA), which further accelerated the heart rate. Units for stellate ganglion nerve activity and electrocardiogram (ECG) are given 
in millivolts (mV) in this and all other figures. B, Patterns of nerve activities from a dog with pacing-induced heart failure. The premature atrial contraction (arrow on ECG 
channel) was preceded immediately by simultaneous sympathovagal discharges. The sympathetic nerve activity show spiky discharges (HASDA). 

(A, From Zhou S, Jung BC, Tan AY, et al: Spontaneous stellate ganglion nerve activity and ventricular arrhythmia in a canine model of sudden death. Heart Rhythm 5:131–139, 
2008. B, From Ogawa M, Tan AY, Song J, et al: Cryoablation of extrinsic cardiac sympathetic nerves markedly reduces atrial arrhythmias in ambulatory dogs with pacing-induced 
heart failure. Heart Rhythm 5:S54, 2008.)
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innervations and extensive atrial nerve sprouting. Such neural 
remodeling could, in turn, promote the electrical remodeling 
caused by rapid atrial pacing.15 However, because human AF is 
not induced by electrical stimulations, it is not known whether 
this model adequately simulates human AF remains.

Simultaneous Sympathovagal Discharges and 
Paroxysmal Atrial Tachyarrhythmias

To determine whether autonomic nerve discharges preceded par-
oxysmal AF and other atrial tachyarrhythmias, Tan et al8 
implanted a pacemaker and a radiotransmitter in dogs to simul-
taneously record nerve activities of the left stellate ganglion and 
left vagal nerve as well as a surface electrocardiogram (ECG) over 
a period of several weeks. The authors then performed intermit-
tent rapid atrial pacing and monitored the nerve activity when 
the pacemaker was turned off. They found that there is a circa-
dian variation of the frequencies of atrial tachyarrhythmias 
(Figure 40-4, A), similar to that found in human patients with 
symptomatic paroxysmal AF. They found that simultaneous sym-
pathovagal discharges are a common trigger for premature atrial 
contractions (see Figure 40-4, B) and the most frequent trigger 
of paroxysmal atrial tachyarrhythmias (see Figure 40-4, C).8 
Cryoablation of bilateral stellate ganglia and of the superior 

anterior ganglionated plexus has an important role in heart rate 
control.13 Therefore, recording extrinsic nerve activity alone 
might not be sufficient in determining the mechanisms of heart 
rate control in ambulatory animals. The complex interactions 
among different autonomic nerve structures is one of the mecha-
nisms by which heart rate variability measurements in general fail 
to accurately predict the instantaneous sympathetic and parasym-
pathetic nerve activities. In dogs with heart failure, the relation-
ship between nerve discharge and heart rate control is further 
uncoupled because of the sinus node dysfunction.13 Therefore, 
there is little relationship between the heart rate variability 
parameters and the actual autonomic nerve discharge patterns in 
heart failure.14

Canine Models of Atrial Tachyarrhythmias

We used two different canine models to study the spontaneous 
atrial arrhythmias. One is rapid ventricular pacing to induce heart 
failure. A significant amount of spontaneous atrial tachyarrhyth-
mias are observed in this heart failure model.5 The second model 
uses intermittent rapid atrial pacing to cause electrical remodel-
ing and paroxysmal atrial tachyarrhythmias. This model is par-
ticularly suitable for the study of neural activation because it is 
associated with a heterogeneous increase of sympathetic 

Figure 40-3.  Coordinated activation among different nerve structures. A, An ambulatory dog with simultaneous recording of left and right stellate ganglion nerve activity 
(SGNA). The arrow points to the onset of right SGNA, which slightly preceded onset of left SGNA. B, Simultaneous recording of both extrinsic and intrinsic nerve activities. 
Note the similarities between the nerve activities recorded by the superior left ganglionated plexus nerve activity (SLGPNA) and the vagus nerve activity (VNA). LOMNA, 
Ligament of Marshall nerve activity. 

(A, From Jung BC, Dave AS, Tan AY, et al: Circadian variations of stellate ganglion nerve activity in ambulatory dogs. Heart Rhythm 3:78–85, 2006. B, From Choi E-K, Shen MJ, 
Han S, et al: Intrinsic cardiac nerve activity and paroxysmal atrial tachyarrhythmia in ambulatory dogs. Circulation 121:2615–2623, 2010.)
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cardiac branches of the left vagus nerve eliminated all episodes 
of paroxysmal AF and atrial tachycardias, indicating a causal 
relationship between ANS activity and the generation of parox-
ysmal atrial tachyarrhythmias. Similarly, in a canine model of 
pacing-induced heart failure, simultaneous sympathovagal dis-
charge was the most frequent trigger of atrial tachyarrhythmias,5 
which could be prevented by cryoablation of the stellate ganglion 
and the T2-T4 thoracic sympathetic ganglia.16 Choi et al11 
recorded both left extrinsic nervous system activity (SGNA and 
VNA) and intrinsic nerve activity (the superior left ganglionated 
plexi and the ligament of Marshall). They found that the vast 
majority of atrial tachyarrhythmia episodes were preceded by 
simultaneous discharges of both extrinsic and intrinsic nervous 
systems, whereas a small percentage (10% to 20%) of episodes 
was preceded by intrinsic nerve activity alone without the par-
ticipation of the extrinsic nervous system. In all dog studies, 
intrinsic cardiac nerve activities invariably preceded atrial tachyar-
rhythmia episodes. An example is shown in Figure 40-5. The 
importance of intrinsic cardiac nervous system in generating par-
oxysmal atrial tachyarrhythmias is further supported by Nishida 
et al,17 who reported that ganglionated plexi ablation reduced the 
inducibility of AF in dogs with rapid atrial pacing. Another inter-
esting observation in this study11 is that the activities of intrinsic 
cardiac nerves might contaminate local atrial electrograms, 
resulting in recordings similar to that of complex fractionated 
atrial electrograms. These findings might explain the clinical 
efficacy of ablative therapy that targets those intrinsic cardiac 
ganglia18 or sites with complex fractionated atrial electrograms.

Persistent Atrial Fibrillation

The mechanism by which some patients develop persistent (sus-
tained) AF remains unclear. For patients with paroxysmal AF, 
approximately half of them progress to sustained AF after 25 years 
of follow-up.19 However, the time-to-progression varies consid-
erably among individuals who progress from paroxysmal to sus-
tained AF. Furthermore, many patients with chronic AF do not 
have documented paroxysmal AF before diagnosis. It is apparent 
that there are large individual variations in the susceptibility to 
progression of AF. Intermittent rapid atrial pacing in large 
animals can initially induce paroxysmal AF. However, if pacing 
continues, sustained AF is induced.8, 11 Rapid pacing causes short-
ening of the effective refractory periods. However, the time 
course of changes in atrial refractoriness did not exactly parallel 
the development of sustained AF, indicating that other factors 
might also be important in the progression to sustained AF. We 
analyzed long-term recordings of nerve activities in ambulatory 
dogs to determine the duration of intermittent rapid atrial pacing 
needed to induce sustained AF (>48 hours).12 We found that 
there are two differential patterns of interactions among cardiac 
autonomic structures (Figure 40-6, A). Among them, dogs with 
a linear sympathovagal correlation (group 1) nerves are associated 
with a faster development of sustained AF than those with 
L-shaped sympathovagal correlation (see Figure 40-6, B). Figure 
40-6, C and D, shows the correlation between VNA and SLGPNA 
for group 1 and group 2 dogs, respectively. Figure 40-6, E  and 
F, shows examples of nerve activities that correspond to Figure 

Figure 40-4.  Paroxysmal atrial arrhythmias in dogs with intermittent rapid atrial pacing. A, Circadian incidence of paroxysmal arrhythmias (PAC, PAT, and PAF combined) 
over a 24-hour period. B, The arrow points to the PAC. C, PAT induced by simultaneous sympathovagal discharge. PAC, premature atrial contraction; PAF, paroxysmal atrial 
fibrillation; PAT, paroxysmal atrial tachycardia. 

(From Tan AY, Zhou S, Ogawa M, et al: Neural mechanisms of paroxysmal atrial fibrillation and paroxysmal atrial tachycardia in ambulatory canines. Circulation 118:916–925, 
2008.)
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Figure 40-5.  Induction of PAT by extrinsic and  intrinsic cardiac nerve activities. A, An example  in which  ICNA occurred before ECNA and a PAT episode. The magnified 
pseudo-electrocardiogram shows the different P wave morphologies during sinus rhythm (Aa) and PAT (Ab). B, Simultaneous ICNA and SGNA leading to the onset of PAT. 
ECNA, Extrinsic cardiac nerve activity; ICNA, intrinsic cardiac nerve activity; PAT, paroxysmal atrial tachycardia; SGNA, stellate ganglion nerve activity. 
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Figure 40-6.  Patterns of autonomic interactions. A, Representative SGNA-VNA scatter plot of a group 1 dog. Each dot represents an SGNA-VNA pair of nerve activity inte-
grated over 1 minute. The entire plot has 1440 data points to cover in a 24-hour period. B, Representative SGNA-VNA scatter plot from a group 2 dog. C, Representative 
VNA-SLGPNA scatter plot from a group 1 dog. D, Representative VNA-SLGPNA scatter plot from a group 2 dog. E, An example of simultaneous sympathovagal coactivation 
(black arrows) observed in a group 1 dog that led to heart rate acceleration. The arrowhead shows independent SLGPNA. F, An example of a recording from a group 2 dog 
showing that simultaneously increased VNA and SLGPNA (black arrows) resulted in heart rate deceleration. ECG, Electrocardiogram; SGNA, stellate ganglion nerve activity; 
VNA, vagal nerve activity; SLGPNA, superior left ganglionated plexus nerve activity. 

(From Shen MJ, Choi EK, Tan AY, et al: Patterns of baseline autonomic nerve activity and the development of pacing-induced sustained atrial fibrillation. Heart Rhythm 8:583–589, 
2011.)
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also known that the inferior vena cava–inferior atrial ganglionated 
plexus (IVC-IAGP) is important in modulating AV node conduc-
tion, and that direct electrical stimulation of this GP can slow VR 
during AF in human patients.20 However, none of these studies 
was performed in the ambulatory state with direct nerve record-
ing. Therefore, the relative importance of right vagal nerve activ-
ity (RVNA), left vagal nerve activity (LVNA), and IVC-IAGP 
nerve activity (IVC-IAGPNA) in VR control during AF in  
ambulatory animals remains poorly understood. To fill this gap  
in knowledge, Park et al6 recorded bilateral cervical VNA 
and IVC-IAGPNA during baseline sinus rhythm and during 
pacing-induced sustained AF in six ambulatory dogs. Integrated 
nerve activities and average VR were measured every 10 seconds 
over 24-hour periods. It was found that that the LVNA was associ-
ated with VR reduction during AF in five of six dogs and RVNA 
in one of six dogs. Figure 40-7 shows typical examples. Figure 
40-7, A, shows that five dogs showed VR reduction with com-
bined LVNA and IVC-IAGPNA. Figure 40-7, B, is from one dog 
showing VR reduction with combined RVNA discharge and IVC-
IAGPNA discharge. Figure 40-7, C, shows IVC-IAGP discharge 
alone, without other autonomic nerve activity, is sufficient to 
cause transient AV conduct delay. Figure 40-7, D, shows that 

40-6, A and B, respectively. Group 1 dogs had more paroxysmal 
atrial tachycardias at baseline and faster induction of sustained 
AF by rapid atrial pacing compared with group 2 dogs. These 
findings show that baseline nerve activity patterns can predict the 
durations needed to induce sustained AF. Different forms of 
sympathovagal discharge patterns might also be present in human 
patients, and differential ANS discharge patterns may predeter-
mine which patients will be at greater risks of progression from 
paroxysmal to sustained AF.

Neural Activity and Ventricular Rate Control 
during Persistent Atrial Fibrillation

In most patients with AF, rate control is not inferior to rhythm 
control as a management strategy. However, the mechanisms of 
ventricular rate (VR) control during AF remain unclear. It is also 
generally accepted that autonomic nervous system inputs, espe-
cially the vagal tone, are important in modulating the AV node 
conduction. Left vagal nerve stimulation has been proposed as a 
method to control VR during AF. In addition to vagal nerves, it is 

Figure 40-7.  Right vagal nerve activity (RVNA), left vagal nerve activity (LVNA), inferior vena cava–inferior atrial ganglionated plexus nerve activity (IVC-IAGPNA), and local 
electrograms (LEGM) during sustained atrial fibrillation. IVC-IAGPNA with LVNA (A) or RVNA (B) coactivation was associated with reduced VR. C, Independent IVC-IAGP was 
associated with slow VR. D, RVNA activation after IVC-IAGPNA withdrawal was associated with rapid VR. The LEGM shows ventricular electrograms and T waves. 

(From Park HW, Shen MJ, Han S, et al: Neural control of ventricular rate in ambulatory dogs with pacing-induced sustained atrial fibrillation. Circ Arrhythm Electrophysiol 
5:571–580, 2012.)
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1 V below the threshold needed to reduce heart rate is known to 
be effective in suppressing AF induction in open-chest–anesthe-
tized dogs.24, 25 We hypothesize that vagal stimulation could 
achieve its antiarrhythmic effects by suppressing sympathetic 
outflow to the heart. To test this hypothesis, we implanted a 
neurostimulator in 12 dogs to stimulate left cervical vagus nerve 
and a radiotransmitter for continuous recording of left SGNA, 
left thoracic VNA, and ECGs. Group 1 dogs (n = 6) underwent 
1 week of continuous LL-VNS. Group 2 dogs (n = 6) underwent 
intermittent rapid atrial pacing followed by active or sham 
LL-VNS on alternate weeks. We found that integrated SGNA 
was significantly reduced during LL-VNS in group 1. The reduc-
tion was most apparent at 8:00 am, along with a significantly 
reduced heart rate (Figure 40-8). LL-VNS did not change  
VNA. We also found that LL-VNS causes structural remodeling 
of the left stellate ganglion. Normal stellate ganglion naturally 
contains both TH-positive and TH-negative ganglion cells. The 
density of TH-negative nerves in the left stellate ganglion 1 week 
after cessation of LL-VNS were significantly more than that in 
normal control dogs. The frequencies of paroxysmal atrial fibril-
lation and tachycardia during active LL-VNS were significantly 
lower than when the LL-VNS was turned off. These findings 
show that LL-VNS suppresses SGNA and reduces the incidences 

RVNA activation induces rapid heart rates, suggesting selective 
activation of the sympathetic fibers within the right cervical vagal 
nerve. When RVNA is not firing, the IVC-IAGP activation 
slowed the VR. These studies show that IVC-IAGPNA is invari-
ably associated with VR reduction during AF. In comparison, 
right or left VNA was associated with VR reduction only when it 
coactivated with the IVC-IAGPNA. These studies also suggest 
that vagus nerves do not directly innervate the AV node; rather, it 
activates IVC-IAGP to control the VR during AF.

Neuromodulation for Atrial  
Tachyarrhythmia Control

Animal studies suggest that increasing the vagal tone may  
be beneficial for controlling heart failure and ventricular  
arrhythmias.21,22 Spinal cord stimulation, which enhances para-
sympathetic activity, improves ventricular function and reduces 
ventricular arrhythmias in a canine postinfarction heart failure 
model.23 While most of these previous studies used vagal stimula-
tion with stimulus strength sufficient to reduce heart rate, low-
level vagus nerve stimulation (LL-VNS) with stimulus strength 

Figure 40-8.  Effects of low-level vagus nerve stimulation (LL-VNS) on stellate ganglion nerve activity (SGNA) and heart rate (HR). A, Chronic LL-VNS significantly reduced 
SGNA over 24 hours. The SGNA normalized to baseline level after cessation of LL-VNS. B, Hourly averages of SGNA show that the reduction in integrated SGNA was particu-
larly striking at 8:00 AM. All values are averaged over 5 days and six dogs. C, The administration and cessation of chronic LL-VNS did not change the overall heart rate. D, 
Hourly averages of HR reveal that the morning surge of HR (arrowhead) was markedly attenuated during LL-VNS. *P < 0.05. 

(From Shen MJ, Shinohara T, Park HW, et al: Continuous low-level vagus nerve stimulation reduces stellate ganglion nerve activity and paroxysmal atrial tachyarrhythmias in 
ambulatory canines. Circulation 123:2204–2212, 2011.)
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of paroxysmal atrial tachyarrhythmias in ambulatory dogs. Sig-
nificant neural remodeling of the left stellate ganglion is evident 
1 week after cessation of chronic LL-VNS.

Conclusions

Autonomic nervous system activation invariably precedes the 
onset of paroxysmal atrial tachyarrhythmias, and the preexisting 
sympathovagal discharge patterns determines the duration of 
rapid pacing needed to induce persistent AF in ambulatory dogs. 
The intrinsic nervous system activation invariably precedes the 
onset of atrial tachyarrhythmia. Simultaneous discharges from 
the sympathetic and vagal nerves of the extrinsic nervous system 
are also commonly observed before the onset of atrial tachyar-
rhythmias. The extrinsic and intrinsic nervous systems also work 
together to control the VR during sustained AF. However, vagal 
nerves do not directly affect the AV conduction. They work 
through the IVC-IAGP to reduce the ventricular rate during AF. 

Neuromodulation can be effective in controlling the atrial 
tachyarrhythmias. One method is to ablate the stellate ganglia 
partially to reduce the sympathetic outflow and reduce atrial 
arrhythmia. A second method is to perform LL-VNS to reduce 
SGNA and thereby control atrial arrhythmia. A third method is 
to perform radiofrequency catheter ablation around the PV-LA 
junction to control atrial arrhythmias by modulating the cardiac 
intrinsic nervous system.
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the cardiac plexus. The cardiac plexus, which is divided into the 
superficial (ventral) and deep (dorsal) cardiac plexus, gives rise to 
sympathetic nerve branches that run along the coronary arteries 
on the epicardium and penetrate the myocardium with the vascu-
lature. Thus, the nerves are located primarily around blood vessels 
and between myocytes oriented along their long axis. Further, a 
gradient in sympathetic innervation is thought to exist from base 
to apex, as well as from epicardium to endocardium.7,8

Data collected over the past four decades indicate that exten-
sive neural processing occurs in the cardiac plexus, otherwise 
known as the intrinsic cardiac nervous system. This plexus contains 
afferent neurons, interconnecting interneurons, and sympathetic 
and parasympathetic efferent postganglionic neurons.9 Further-
more, it is composed of seven ganglionic subplexi, containing 
more than 800 epicardial ganglia. Each subplexus or group of 
subplexi innervates different chambers of the heart. One sub-
plexus innervates the right ventricle, three innervate the left ven-
tricle, and the rest innervate the atria. The highest density of 
epicardial ganglia, approximately 50%, exists near the hilum of 
the heart, especially on the dorsal and dorsolateral surfaces of the 
left atrium. The number of neurons in these ganglia decreases 
with age, from approximately 94,000 neurons in neonates and 
children to 43,000 intrinsic neurons in the plexus of adults.10 A 
complex feedback regulatory system allows the cardiac nervous 
system to modulate sympathetic and parasympathetic input to the 
heart.

Cardiac nerves can be demonstrated by labeling nerve-specific 
markers such as S100 protein, neurofilament, and synaptophysin 
using immunohistochemistry techniques,5,6 and myelinated fibers 
can be identified by myelin markers, such as myelin basic protein. 
Sympathetic nerves can be identified by immunolabeling tyrosine 
hydroxylase. Tyrosine hydroxylase and myelin basic protein stain-
ing have confirmed the presence of myelinated sympathetic 
nerves on all surfaces of the epicardium and endocardium.11

Sympathetic Modulation of  
Myocardial Excitability

The major neurotransmitter mediating sympathetic response in 
the heart is norepinephrine. Epinephrine release from intracar-
diac neural endings is negligible.12 Along the length of terminal 
axons are a series of localized swellings known as varicosities. Most 
of the norepinephrine storage vesicles in a terminal axon are 
concentrated in these varicosities, which act as specialized sites 
of norepinephrine storage and release.13 The overall effect of 
norepinephrine release through multiple signaling pathways is 
shortening of the ventricular action potential duration (APD) and 
the refractory period.14 Most norepinephrine undergoes reuptake 
into nerve terminals by the presynaptic norepinephrine trans-
porter. A small fraction diffuses into the vascular space, where it 
can be measured in coronary sinus blood. Norepinephrine spill-
over (both interstitial and in the coronary sinus) can be used to 
infer that sympathetic outflow to the heart can also be assessed 
in humans.15
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The autonomic nervous system plays a significant role in the 
genesis and maintenance of ventricular arrhythmias, and power-
fully modulates the underlying substrate in a dynamic manner.1-3 
Blockade of the sympathetic nervous system, whether through 
medications or neuraxial modulation, has been associated with a 
reduction in the risk of sudden cardiac death and the burden of 
ventricular arrhythmias. In this chapter, the anatomy of the 
cardiac sympathetic nervous system and pathological changes 
associated with neural remodeling in the setting of scar and car-
diomyopathy will be reviewed. Subsequently, the role of sympa-
thetic activation in promoting arrhythmias, and the effects of 
neuraxial modulation in reducing the burden of these arrhyth-
mias will be discussed. Finally, cardiac denervation in humans, 
including feasibility, surgical techniques, and complications, will 
be considered.

Anatomy of Cardiac Sympathetic Innervation

The preganglionic sympathetic neurons that innervate the heart 
reside in the intermediate zone of the thoracic spinal cord.4 These 
preganglionic sympathetic nerves pass through the white rami 
communicantes, enter the sympathetic trunk, and terminate in 
the cervicothoracic ganglion as well as in the T2-T4 ganglia. Of 
note, preganglionic neurons may synapse on neurons within the 
ganglia at the same thoracic level or may travel within the sympa-
thetic chain and synapse on neurons of ganglia at other spinal 
levels. The preganglionic neurotransmitter within the ganglia is 
acetylcholine. The right and left cervicothoracic ganglia, which 
are often a product of the fusion of the C8 and T1 ganglia, are 
called the left stellate (LSG) and right stellate (RSG) ganglia. LSG 
and RSG, along with the ganglia of T2-T4, give rise to postgan-
glionic axons that target organs including the heart, the esopha-
gus, the trachea, and the head and neck (Figure 41-1). 
Postganglionic nerve fibers from these ganglia then join the 
branches of the vagus nerve to form the left and right cardiac 
(cardiopulmonary) nerves, destined for the heart.5,6 These nerves 
subsequently form a network of neurons on the epicardium, called 
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innervation; certain viable sites shorten their repolarization, 
while others show no response. All denervated areas show dener-
vation super-sensitivity, defined as an exaggerated response to 
norepinephrine infusion.21 The cellular mechanisms for this 
response do not involve differences in the β-adrenergic receptor 
or the α-subunit of stimulatory G-protein density.22,23

In patients with recurrent ventricular arrhythmias undergoing 
ventricular tachycardia (VT) ablation procedures, activation 
recovery interval (ARI) measurements show a reduced response 
to indirect sympathetic stimulation via nitroprusside in dense scar 
and in the viable peri-infarct myocardium, suggesting denerva-
tion.24 These sites demonstrate an exaggerated response to iso-
proterenol infusion, suggesting the presence of denervation 
super-sensitivity in humans (Figure 41-3). Further, the response 
to sympathetic stimulation is extremely heterogeneous, with a 
greater than 2-fold increase in dispersion in ARI with nitroprus-
side infusion.24

These studies were important because they demonstrated that 
transmural MI and heart failure not only can alter the myocardial 
substrate for arrhythmias, they can also disrupt innervation to 
histologically viable myocardium, leading to denervation super-
sensitivity and a non-uniform electrophysiological response to 
sympathetic stimulation. This contributes to the genesis of ven-
tricular arrhythmias in both acute and chronic MI.

Cardiac Neural Remodeling and Nerve Sprouting

After studies showed acute denervation, evidence of nerve sprout-
ing and heterogeneous hyperinnervation was observed in chronic 

Figure 41-1.  The sympathetic chain and in particular the left stellate ganglion (LSG) 
and the ganglia of thoracic spinal 1-4 (T1-T4) are located in a paravertebral position 
behind the parietal pleura. 

(Reproduced with permission from Abrahams PH, Spratt JD, Boon J: McMinn’s Clinical 
Atlas of Human Anatomy, 6th ed, St Louis, 2007, Mosby.)

LSG

T2 Ganglion

T3 Ganglion

T4 GanglionAorta

Left
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Figure 41-2.  Multiple  organs  mediate  sympathetic  outflow  to  the  normal  heart 
including the brain,  the spinal cord,  the sympathetic chain  (left  stellate ganglion 
[LSG], right stellate ganglion [RSG], and ganglia of T1-T4), the adrenal medulla by 
secreting  catecholamines,  and  the  renal  nerves.  E,  Epinephrine;  LSG,  left  stellate 
ganglion;  NE,  norepinephrine;  RSG,  right  stellate  ganglion;  SAN,  sinoatrial  node; 
T1-T4, thoracic spinal level 1 through 4. 
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Sympathetic stimulation, predominantly mediated by post-
synaptic myocardial β-adrenergic receptors, has important effects 
on chronotropy, dromotropy, lusitropy, and inotropy. Discharge 
of the sinoatrial (SA) node and atrioventricular (AV) nodal con-
duction are augmented, increasing chronotropy. In the atria and 
ventricles, contractility and relaxation are enhanced. Both β1 and 
β2 subtypes are present at a ratio of approximately 5 : 1 in the 
healthy human heart.16-18 Alpha adrenoreceptors are mainly 
present in the vascular wall, but are also found in ventricular 
myocardium, where they account for approximately 15% of 
cardiac adrenergic receptors.18

Cardiac sympathetic activation is complex and is mediated 
through multiple organs at multiple levels. The brain (higher 
centers), brain stem, spinal cord, sympathetic ganglia, adrenal 
medulla, and renal nerves can increase the net sympathetic  
output to the heart, dynamically modulating cardiac function 
(Figure 41-2).

Neural Remodeling in the Presence  
of Myocardial Pathology

Myocardial infarction (MI) and heart failure, in addition to 
leading to scar formation, cause remodeling of cardiac nerves. 
Initial denervation, followed by nerve-sprouting and trans-
differentiation of sympathetic nerves, leads to heterogeneity in 
repolarization and can modulate reentry.

Cardiac Neural Remodeling and Denervation

Myocardial infarction causes death of sympathetic fibers within 
the scar and loss of efferent sympathetic innervation at nonin-
farcted apical sites.19 Norepinephrine depletion in the scar is 
accompanied by increased production in noninfarcted basal 
areas.20 In response to LSG stimulation, viable myocardial sites 
apical to an infarct show evidence of heterogeneity in 
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“swarm-like” pattern in the periphery of necrotic tissues and in 
perivascular regions have been observed, and these changes were 
more prominent in patients with a history of ventricular 
arrhythmias.29-31 These border zones of infarcts have also been 
shown to be frequent sites of origin of inducible ventricular 
tachycardia (VT)/ventricular fibrillation (VF).32,33 Furthermore, 
nerve sprouting can occur in a noninfarct setting such as stem 

MI and heart failure models. Peripheral nerve injury resulting in 
Wallerian degeneration, which leads to nerve growth factor 
(NGF), triggered regeneration via nerve sprouting.25,26 Along 
with denervation, MIBG studies have shown localized 
re-innervation in injured myocardium in both ischemic and 
nonischemic cardiomyopathy patients.27,28 In human hearts with 
cardiomyopathy, local increases in sympathetic nerves in a 

Figure 41-3.  A recording multi-electrode catheter on fluoroscopy (left upper panels) and electroanatomical map (right upper panel) in this patient with ischemic cardiomy-
opathy (ICM) and a large anteroapical scar are used to record unipolar electrograms from scar, border zone, and viable myocardium. On the electroanatomical map, the 
purple areas represent viable tissue (normal voltage) and gray represents dense scar. All other colors represent border zones (0.5 mV < voltage < 1.5 mV). The delta activa-
tion recovery interval (ARI; change in ARI from baseline) within the cardiomyopathic and normal hearts is shown in the lower panel. Note that in response to isoproterenol, 
the delta ARI  is greatest  in  the CM-normal site  (viable myocardium) and scar  regions of  the cardiomyopathic heart. The border zones within each patient are  the  least 
responsive to isoproterenol. On the other hand, in response to nitroprusside, the scar and the CM-NL tissue appear to be the least responsive, even paradoxically increasing 
their ARI in comparison with border-zone regions. Therefore, it appears that the most denervated regions have the greatest response to catecholamines, consistent with 
denervation super-sensitivity. 
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Figure 41-4.  Human  cardiomyopathy  is  associated  with  stellate  ganglion  neuronal  hypertrophy.  Shown  in  the  figure  are  representative  thionine-stained  right  stellate 
ganglion neurons from normal controls (NL) and from patients with ischemic (ICM) and nonischemic cardiomyopathy (NICM). Neurons from ICM and NICM are larger and 
show a more granular appearance compared with normal controls. (Magnification 20×; scale bar 50 µm.) 
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cell transplantation,34 in radiofrequency ablation,35 and in rapid 
pacing–induced heart failure in dogs36 and in hypercholesterol-
emic rabbits, where it has been shown to cause QTc dispersion, 
increased heterogeneity of repolarization, and significantly 
increased episodes of VF, both spontaneous and induced.37 Fur-
thermore, NGF infusion into the LSG promotes nerve sprouting 
in dogs with MI and complete AV block, and is associated with 
increased incidence of VF.38 Infusion of NGF into the RSG has 
not been shown to increase the risk of sudden cardiac death 
(SCD).39 Of note, NGF and GAP-43 levels are increased in the 
LSG of these dogs 3 days after MI, without a concomitant 
increase in mRNA levels, indicating possible retrograde trans-
portation of these proteins to the LSG, which then triggers nerve 
sprouting at noninfarcted LV sites.40

Heart failure can cause trans-differentiation of cardiac sym-
pathetic nerves. Cholinergic trans-differentiation of nerve sprouts 
by production of interleukin-6 cytokines through a gp-130 sig-
naling pathway has been demonstrated in rodents,41,42 potentially 
further promoting heterogeneity in repolarization. However, the 
exact ramifications of this sympathetic rejuvenation and plasticity 
are yet unknown. Heart failure is also known to cause remodeling 
of cardiac ion channels, including increased L-type Ca (ICaL) 
density, decreased potassium current, decreased Ito density, and 
changes in Cl and Ca transporters and enzymes in the border 
zones surrounding the infarct.43-46 Thus, sympathetic stimulation 
could result in complex effects on the APD and restitution, 
which, along with increased ICaL density, can lead to intracellular 
Ca2+ overload–induced triggered activity, potentiating the risk of 
spontaneous ventricular arrhythmias.

Extracardiac Neural Remodeling

In addition to cardiac neural remodeling, electroanatomical 
remodeling of the LSG in the setting of MI and heart failure has 
been described. Increased nerve density along with increased 
mRNA levels of NGF and GAP-43 in the LSG of dogs with MI 

and nerve sprouting has been reported.40 Increased stellate gan-
glion nerve activity (SGNA) immediately after MI was associated 
with intramyocardial nerve sprouts, as well as increased neuronal 
size and synaptic density in the LSG and RSG.47 Although SCD 
was not observed in this study, Ogawa et al and Zhou et al had 
previously shown that sympathetic nerve discharges tend to 
precede ventricular arrhythmias in the same dog model of MI.48,49 
Similarly, in human cadavers with evidence of cardiac scar, neu-
ronal number in the LSG is increased as compared with cadavers 
without evidence of scar.50 Compared with cadavers with normal 
hearts, those with cardiomyopathy demonstrate increased neuro-
nal size and synaptophysin density (Figure 41-4).51 These results 
provide a possible mechanistic link between neural remodeling 
(nerve sprouting within the myocardium) and remodeling of the 
stellate ganglion and ventricular arrhythmias, although further 
studies are required. Interaction between areas of denervation, 
regional nerve sprouting and trans-differentiation (neural remod-
eling), electrical remodeling due to heart failure, and electroana-
tomical remodeling of the stellate ganglia all combine to create 
a substrate that can be conducive for ventricular arrhythmias and 
sudden cardiac death (Figure 41-5).

Proarrhythmic Effects of  
Sympathetic Stimulation

Many studies have suggested that sympathetic nerve stimulation, 
particularly LSG stimulation, is proarrhythmic. Greater increases 
in the amplitude of early afterdepolarization have been observed 
with LSG stimulation.52 Priori et al showed that LSG stimulation 
caused delayed afterdepolarizations in vivo in cat hearts, suggest-
ing triggered activity as the mechanism of ventricular arrhyth-
mogenesis.53 Further, an increase in dispersion with sympathetic 
stimulation, both during ischemia and in normal canine and 
porcine hearts, has been observed.54-57 In the porcine heart, LSG 
stimulation increased ARI dispersion by 4-fold and caused VF in 
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cord, the sympathetic chain, and the β-adrenergic receptors of 
the myocardium, and it can be attempted by renal denervation 
(Figure 41-6). General anesthesia, sedation, and intubation can 
suppress or significantly reduce the burden of ventricular arrhyth-
mias and implantable cardioverter-defibrillator (ICD) shocks by 
reducing the sympathetic drive in electrical storm.62-65 At the 
spinal cord level, Issa et al demonstrated that in a canine model 
of ischemic cardiomyopathy, spinal cord stimulation at T1-T2 
segments reduced the incidence of ventricular arrhythmia from 
59% to 23% during ischemia.66 A simultaneous decrease in heart 
rate and systolic blood pressure, consistent with the antisympa-
thetic effects of spinal cord stimulation, was also observed.67-70 
Intrathecal clonidine, when delivered via a catheter at T2-T4 
spinal segments, also significantly reduces the occurrence of ven-
tricular tachycardia and fibrillation during transient myocardial 
ischemia.71 The benefit of thoracic epidural anesthesia (TEA) was 
reported in series of patients with cardiomyopathy and refractory 
VT. In 66% of the patients, TEA reduced the burden of arrhyth-
mias by 80%.72

In humans, postganglionic sympathetic blockade, with medi-
cations (β-adrenergic receptor blockers) or via percutaneous stel-
late blockade (usually injection of bupivacaine 0.25%), has also 
been reported to reduce ventricular arrhythmias. Among patients 
early after MI with recurrent VF (electrical storm), those treated 
with sympathetic blockade had improved outcomes as compared 
with those treated with the standard Advanced Cardiac Life 
Support (ACLS) protocol.73 Sympathetic blockade was estab-
lished with the use of LSG blockade in 6 patients and with infu-
sions of either propranolol or esmolol in 21 patients without 
antiarrhythmic therapy, as recommended by ACLS. One-week 
and 1-year mortality were significantly higher in the group 
undergoing standard ACLS protocol compared with the  
sympathetic blockade group (82% vs. 22% at 1 week, 95% vs. 
33% at 1 year, respectively).73 It is important to note that in 
humans with percutaneous RSG or LSG blockade, no significant 
changes in hemodynamics or ejection fraction during rest or  
with exercise have been reported.74 Finally, renal denervation has 
been reported to reduce the burden of ventricular arrhythmias in 
two patients, as well as electrical storm (one with nonobstructive 

25% of the animals.57 In open-chest dogs, electrical stimulation 
of LSG, the left middle cervical or left caudal pole of the cardio-
pulmonary nerve, or the ventrolateral nerve caused VT in 13 of 
22 normal dog hearts, with isochronal mapping showing the 
earliest electrical excitation occurring on the posterior aspect of 
the ventricles.58 Electrical stimulation of the left ansa subclavia 
in open-chest dogs during left circumflex occlusion increased the 
incidence of VF from 35% to 73%.59 The incidence of induced 
ventricular arrhythmias in dogs with myocardial ischemia 
increased from 54% to 68% and 63% with LSG and bilateral 
stellate stimulation, respectively. RSG stimulation had no signifi-
cant effect on the incidence of arrhythmias in this study.60 Further, 
by measuring local VF intervals, Opthof et al showed that LSG 
stimulation can increase dispersion in refractoriness by shorten-
ing refractoriness across nonischemic sites while either not 
changing or increasing refractoriness at ischemic sites during 
coronary occlusion, thereby increasing dispersion across the  
ischemic border by 14% to 59%.55 Finally, subthreshold LSG 
stimulation has been shown to increase nerve sprouting in dogs 
with MI. These dogs have a greater number of episodes of VT 
compared with controls, suggesting that additional mechanisms 
underlie the increase in dispersion seen in infarcted hearts.61

Effect of Neuraxial Modulation in Reducing 
Risk of Ventricular Arrhythmias

As augmented sympathetic tone increases the risk of arrhythmias, 
interventions that aim to reduce sympathetic tone diminish the 
risk of sudden cardiac death and ventricular arrhythmias.

Strategies and Techniques of Cardiac  
Sympathetic Denervation and Effects  
on Ventricular Arrhythmias

Modulation and blockade of the sympathetic nervous system can 
be attempted at multiple levels, including the brain, the spinal 

Figure 41-5.  The schematic shows the various changes that occur as a result of myocardial infarction that cause neural remodeling and increased sympathetic activation. 
Myocardial infarction causes scar formation and denervation leading to release of nerve growth factor (NGF) and cytokines by the surrounding myocardium. This causes 
remodeling  of  the  stellate  ganglion  and  neural  remodeling  of  the  myocardium,  including  nerve  sprout  formation  and  cholinergic  trans-differentiating,  further  causing 
heterogeneity in repolarization with sympathetic stimulation. Sympathetic activation then causes EADs, DADs, and increased dispersion in this substrate, leading to ven-
tricular arrhythmias. DAD, delayed afterdepolarization; EAD, early afterdepolarization; NGF, neural growth factor. 
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in the United States and Europe, it is important to keep in mind 
that left cervicothoracic sympathectomy has been a successful 
treatment option for patients with recurrent angina refractory to 
medical therapy, in sympathetically mediated pain syndromes, 
and in patients with long QT syndrome and catecholamin-
ergic polymorphic VT with repeated episodes of ventricular 
arrhythmia.80-90 Left cardiac sympathetic denervation can reduce 
cardiac events in long QT syndrome. However, both in the car-
diomyopathy population and in patients with long QT syndrome 
and catecholaminergic polymorphic ventricular tachycardia 
(CPVT), left and bilateral cervicothoracic sympathectomies are 
reserved for patients whose arrhythmias are refractory to medical 
therapy and/or who are receiving frequent ICD shocks. Most of 
these cardiomyopathy patients have already undergone one or 
multiple ablation procedures for treatment of VT.

Surgical Technique

Left and bilateral cervicothoracic sympathectomy involves 
removal of the lower one-third to one-half of the left or bilateral 
stellate ganglia and the thoracic ganglia of T2-T4. This proce-
dure provides adequate cardiac denervation usually with absence 
of or minimal Horner’s syndrome in long QT syndrome, CPVT, 
and cardiomyopathy.72,79,82,83,85,90 This procedure is now most 
commonly performed using video-assisted thoracoscopic surgical 
(VATS) techniques, thereby reducing perioperative morbidity 
and duration of hospitalization.85,87,91 For left cervicothoracic 
sympathectomy, the patient is placed in a left lateral position, 
under single-lung ventilation. Three 1-cm incisions are made in 
the subaxillary region for introduction of endoscopic instru-
ments. The stellate and thoracic ganglia are located behind the 

hypertrophic cardiomyopathy and another with nonischemic 
cardiomyopathy).75

Effects of Left and Bilateral Surgical  
Cervicothoracic Sympathectomy  
on Ventricular Arrhythmias

In 1983 Schwartz et al showed that the incidence of ventricular 
fibrillation was decreased from 66% to zero by performing left 
stellectomy in post-MI dogs.76 Further, Stramba-Badiale et al 
showed that ventricular fibrillation threshold (VFT) decreases 
with vagotomy or right ganglion stellectomy, while VFT increases 
with left stellectomy.77 Schwartz et al showed that left cervico-
thoracic sympathectomy reduced the risk of sudden cardiac death 
from 21.3% to 2.7% in high-risk MI patients with at least one 
episode of ventricular tachycardia or fibrillation.78 This effect was 
equivalent in magnitude to β-receptor blocker medications. In 
patients with refractory arrhythmias and cardiomyopathy, left 
and bilateral cervicothoracic sympathectomy reduced the burden 
of arrhythmia in more than 60% of patients.72,79 On the basis of 
these study findings, a suggested approach for sympathetic mod-
ulation, particularly in the setting of VT storm, is shown in 
Figure 41-7.

Surgical Sympathetic Denervation in Humans

Although left and bilateral cervicothoracic sympathectomies have 
been performed in small series of patients with cardiomyopathy 

Figure 41-6.  Neuraxial modulation of the cardiac sympathetic nervous system can occur at multiple levels. Sympathetic outflow from the brain and higher centers can be 
blocked via general anesthesia. Thoracic epidural anesthesia, spinal cord stimulation, and intrathecal clonidine modulate the preganglionic neuronal output from the spinal 
cord. Cervicothoracic sympathectomy targets the left stellate ganglia (LSG), right stellate ganglia (RSG), and T1-T4 ganglia of the sympathetic chain. Beta-adrenergic recep-
tors at the level of the myocardium can be blocked via β-blockers, and renal denervation at the level of the renal arteries can decrease sympathetic output from the kidneys. 
All these therapies have been shown to reduce the burden of ventricular arrhythmias. 
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parietal pleura, in the paravertebral position. Then, the lower 
one-third to one-half of the stellate ganglion, along with the 
chain from T2-T4, is completely removed. Histopathologic con-
firmation of neuronal cell bodies is obtained during the proce-
dure. The procedure can be typically performed on one side in 
less than 60 minutes.82

Risks and Complications of  
Cervicothoracic Sympathectomy

Left cervicothoracic sympathectomy can be accompanied imme-
diately postoperatively by ipsilateral Horner’s syndrome. 
However, when the VATS approach is used, it occurs rarely and 
has been temporary because the sympathetic fibers directed 
toward the ocular regions usually cross the upper portion of the 
LSG, which is typically spared in this procedure.82,85 Mild lower-
ing of the left eyelid appears transiently after surgery, but seldom 
persists.82

The effect of left cervicothoracic sympathectomy on LV func-
tion has been studied using echocardiography. In patients with 
sympathetically mediated pain syndrome but normal ventricular 
function, hemodynamic parameters including heart rate and 
blood pressure remain unchanged, although afterload reduction—
a desired effect in cardiomyopathy patients—does occur.89 Fur-
thermore, global and regional systolic function also remains 
unchanged, although isovolumic relaxation time is slightly pro-
longed.88,89 This small effect has not compromised ventricular 
function, and stroke volume has actually increased as a result of 
afterload reduction.89

Conclusion

The sympathetic nervous system plays a major role in the patho-
genesis of ventricular arrhythmias. Therapies that inhibit the 
effects of this system have been shown to reduce the burden of 
arrhythmias. Left and/or bilateral sympathetic denervation tech-
niques are feasible and safe options for patients with refractory 
arrhythmias who have not responded to medical therapy and/or 
ventricular tachycardia ablation. Further, they may be the only 
option for patients with refractory arrhythmias who are not can-
didates for cardiac transplantation. Randomized studies with 
longer follow-up are required to assess the long-term risks and 
benefits of these procedures.
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a different approach that consisted of analysis of recordings of 
the arrhythmia in the frequency domain.9-18

The central objective of this chapter is to discuss experimental 
and clinical data from our laboratory supporting the hypothesis 
that acute AF in sheep and in some groups of human patients is 
not a totally random phenomenon. As will be demonstrated, the 
spatiotemporal organization of waves and dominant frequency 
(DF) in the isolated sheep heart suggests that AF maintenance 
depends on localized reentrant sources in the left atrium (LA) 
and fibrillatory conduction in its periphery.9-14 Motivated by these 
studies, we translated the analysis on the organization of DF to 
human AF. Using electroanatomic mapping in humans, we gen-
erated three-dimensional, whole-atrial DF maps and found that 
AF reentrant sources are localized primarily to the pulmonary 
veins in the case of paroxysmal AF but elsewhere in the case of 
chronic AF.15-18 An electropharmacologic approach was used to 
demonstrate the reentrant nature of this process and to success-
fully terminate AF targeting maximal DF (DFmax) sites in 
paroxysmal AF patients.16,17 Finally, simultaneous time and 
frequency-domain analyses in paroxysmal AF demonstrated that 
electrogram fractionation at the posterior LA wall is a reflection 
of fibrillatory conduction—a consequence of the dynamic inter-
action between high-frequency reentrant sources and the atrial 
anatomy—and should not be considered a target for ablation.18

Hypothesized Mechanisms Initiating and 
Maintaining AF

Localized Ectopic Triggers Versus Reentry
The mechanisms of human AF are complex and are still poorly 
understood.7,8 The notion that a localized source of reentrant 
activity could maintain AF was first postulated by Lewis in the 
early part of the 20th century. A few decades later, the single 
reentrant mechanism evolved into a more complex proposition, 
which hypothesized that AF is maintained by randomly propagat-
ing multiple wavelets that meander, usually for a short time, then 
annihilate and perpetuate the regeneration of new wavelets.7,19 
Nevertheless, toward the end of the 20th century, clinical studies 
provided evidence in support of a local driver mechanism of some 
cases of AF by observing sustained focal activity at the PVs, coro-
nary sinus (CS), or superior vena cava that initiated and main-
tained AF and could be eliminated by discrete ablation.3,20 To this 
date, whether such sites are automatic, triggered, or reentrant 
remains unresolved. Overall, it has been established that the 
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Background

Current Strategies and Shortcomings  
in AF Treatment

Atrial fibrillation (AF) is the most common cardiac arrhythmia in 
humans, is associated with increased morbidity and mortality, and 
has become a public health problem of the first order.1 However, 
currently available treatments for AF are less than satisfactory. 
On one hand, available antiarrhythmic drugs for the management 
of AF are not sufficiently effective and are hampered by signifi-
cant cardiac and extracardiac side effects that frequently offset 
their therapeutic benefits.2 On the other hand, the demonstration 
of AF triggers in the atrial sleeves of the pulmonary veins (PVs)3 
led to the adoption of interventional approaches to AF treatment 
that, by creating a set of circumferential lesions around the PV 
ostia, achieved substantial clinical success.4 However, the effec-
tiveness of this therapy among the more prevalent and highly 
heterogeneous persistent and long-term persistent AF popula-
tions has been disappointing.5,6 This is mainly due to the incom-
plete understanding of the mechanisms underlying this complex 
arrhythmia.7,8 Traditionally, the study of AF has been based in the 
time-domain analysis of the signals recorded by a number of 
electrodes positioned at different locations. However, the ever-
changing nature of AF showing extremely complex spatiotempo-
ral activation precludes a straightforward interpretation. Thus, 
our understanding of the mechanisms of AF maintenance has 
been hindered in part by our inability to reproducibly quantify 
atrial rate and activation patterns during ongoing AF. To enhance 
our understanding of AF maintenance mechanisms, we followed 
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remodeling induced by persistent AF is probably increasing both 
the prevalence of spontaneous ectopic firing of atrial cells and the 
propensity for impulse reentry in the atrial substrate.21 Several 
lines of experiments have contributed to the assessment of the 
role of reentrant and ectopic activity in AF: pharmacologic22,23 
and gene transfer24 reduction of outward K+ currents that prolong 
action potential duration (APD), thus suggesting a reduced pro-
pensity for reentry by suppressing AF. On the other hand, reduc-
ing inward Ca2+ current by stabilizing the sarcoplasmic reticulum 
release of Ca2+ can prevent AF, suggesting an important role for 
ectopic activity in the arrhythmia.25,26 Overall, from single reentry 
and multiple wavelets to single source focus propositions, we still 
lack a unifying hypothesis capable of convincingly explaining the 
mechanisms responsible for initiation and maintenance of the 
different types of AF.

The Dominant Frequency Concept  
and Translation from Bench to Bedside

Characterizing the rate, regularity, and spatial patterns of electri-
cal activation is the cornerstone of arrhythmia diagnosis and 
treatment. Early studies on regional differences in activation 
cycle length (CL) demonstrated that measurements of AF CL 
could contribute to discerning AF mechanisms and treatment.27-30 
However, time-domain analyses of the signals recorded during 
ongoing AF are complex and are considerably subjective, often 
leading to inaccurate activation pattern characterization.18,31,32 In 
contrast, analysis in the frequency domain offers an alternative 
way to visualize AF electrograms for estimating the rate and 
regularity of activation without the need to manually measure 
intervals in the time domain.31,32 Fourier analysis provides the 
spectral decomposition of any time series into its constituent 
sinusoidal waveforms at all frequencies. The fast Fourier trans-
form (FFT) enables estimation of the power spectrum of activity 
and provides a description of the stationary properties of the 
entire signal, where the highest peak corresponds to the domi-
nant frequency (DF). When the activation amplitude and the CL 
are stable during the recording period, the DF corresponds to 1/
CL and provides a robust estimation of CL.31 Which should be 
the preferable method for quantifying the local activation rate? 
To answer this question, we recently compared time- and 
frequency-domain methods, taking optical mapping recordings 
as a reference, and found a more robust correlation of the local 
activation rate in electrical versus optical signals by DF quantifi-
cation than by the average CL quantification.32

The notion that the spatiotemporal complexity of wave propa-
gation during AF was reflected in the local activation rate disper-
sion led us to characterize DF in the power spectrum throughout 
both atria; we found the DFs to be organized in discrete domains.9 
Most notably, during the arrhythmia, the activation frequencies 
in certain areas of the LA were consistently faster than those in 
any other areas.9-12 In a search for the mechanisms underlying 
such frequency distribution in space, subsequent studies demon-
strated the way interatrial pathways (i.e., Bachmann’s bundle and 
the inferoposterior interatrial pathway) mediate fibrillatory con-
duction and the establishment of frequency gradients between 
the LA and the right atrium (RA).12,13,33,34 In Figure 42-1, A, a DF 
map with a high degree of organization is shown, with discrete 
frequency domains and an LA-to-RA frequency gradient.12 For 
the most part, the DF was highest at the LA (18.8 Hz), interme-
diate at the right end of Bachmann’s bundle (14.5 Hz) and lowest 
at the RA (9.8 Hz). This pattern of DF domain distribution 
persisted for several minutes, with less than about 20% temporal 
variability.12 Moreover, results indicated that the largest decay in 
frequency occurred at the junction between Bachmann’s bundle 
and the RA, suggesting that the intricate three-dimensional 
architecture of the pectinate muscle network might be the 

substrate for fibrillatory propagation on the RA free wall.13,35 
Further support for this hypothesis was sought by monitoring the 
direction of conduction along the preferential interatrial path-
ways.13 Figure 42-1, B illustrates an example of left-to-right 
propagation along Bachmann’s bundle during AF, where wave 
fronts propagated from left to right in 81% and 80% of the 
activations along Bachmann’s bundle and the inferoposterior 
interatrial pathway, respectively, in the direction of a decrease in 
DF value.13 These data suggest that in our model, AF results from 
impulses generated at high frequency by sources in the LA that 
propagate along interatrial pathways to activate the RA in a spa-
tially complex manner. To further clarify the nature of LA-to-RA 
conduction, we used drugs that modified AF frequency. As shown 
in Figure 42-1, C, D, the reduction in the fastest LA frequency 
after D600 administration was followed by an increase in RA DF, 
whereas increasing acetylcholine (ACh) concentrations increased 
the LA-to-RA frequency gradient. An increase in the source 
frequency results in intermittent blockade caused by sink-to-
source mismatch between the interatrial pathways and the RA 
components. In contrast, when the source frequency was reduced, 
RA DF increased (remaining lower than the DF of the LA), 
which indicates lesser mismatch at lower frequencies. Such a 
result is incompatible with the multiple wavelet hypothesis and 
can be explained only by a frequency-dependent change in fibril-
latory propagation away from a source in the LA, allowing a 
greater number of waves to reach the RA at lower source frequen-
cies. Thus it becomes evident that the RA frequency and, conse-
quently, the LA-to-RA frequency gradient are determined by the 
LA frequency.

While both atria are excited in a 1 : 1 manner at frequencies 
as high as 300 beats/min (5 Hz) during atrial flutter, AF ensues 
in the RA when stationary reentrant sources in the LA rotate at 
frequencies greater than 7 Hz.12,13 Does such a transformation 
depend on the input frequency? This suggests that there must be 
a critical frequency at which the 1 : 1 input-output relation 
between the LA and RA breaks down. In Figure 42-2, we show 
results of optical mapping experiments and DF analysis that dem-
onstrate the principle of frequency-dependent breakdown in con-
duction.13 The preparation was subjected to periodic pacing at 
Bachmann’s bundle to simulate activity arriving from a periodic 
LA source into the RA. Although stimulation at 5.0 Hz resulted 
in 1 : 1 activation of the entire RA, a heterogeneous distribution 
of DF domains was established during pacing at 7.7 Hz, with 
frequencies ranging between 3.5 and 7.7 Hz.

In Figure 42-2, B, DFs are plotted as a function of the pacing 
frequency, showing that below 6.7 Hz, the activation response 
was 1 : 1 everywhere in the RA. Above the breakdown frequency 
of 6.7 Hz, a large DF dispersion manifested as multiple domains 
whose individual frequencies were equal to or lower than the 
pacing frequency. In addition, we found that intermittent block 
resulted in significant loss of consistency in the beat-to-beat 
direction of wave-front propagation, which provided a direct 
explanation for the difficulty involved in finding an origin of the 
activation during fibrillatory conduction.13

Activation of Inward-Rectifier Potassium 
Channels to Establish Underlying 
Mechanisms of AF

ACh and AF Frequency in the Sheep Model

The general working hypothesis that acute AF results from the 
activity of a small number of high-frequency reentrant sources 
localized in one atrium, with fibrillatory conduction to the other 
atrium, is based primarily on results obtained in the isolated, 
Langendorff-perfused, sheep heart.9-12 We localized the sources 
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recordings) provides direct evidence that it was the mechanism 
underlying AF (Figure 42-3, B).11 To assess the nature of the 
mechanism determining the DF of an episode, we studied the 
ACh dose dependence of its frequency.36 Figure 42-3, C, presents 
results in which a direct ACh dose dependence of rotor frequency 
was demonstrated in both atria, with the frequency being higher 
in the LA than in the RA at all concentrations.

that maintain AF by a combined use of optical mapping and 
frequency analysis. Figure 42-3, A, shows an AF episode in which 
the site of the high-frequency periodic activity was localized to 
the LA and persisted for the entire length of the episode (25 
minutes).11 The fact that the frequency of this reentrant source 
(rotor) was equal to the highest and narrowest DF peak (most 
regular signal) recorded from all sites (optical and electrical 

Figure 42-1.  Relation between activity in the left atrium and the right atrium A, LA-to-RA gradient in dominant frequency (DF). DF maps of the epicardial 
surfaces of LA and RA, with values of DF along Bachmann’s bundle (BB) and the inferoposterior pathway (IPP). Numbers are expressed in Hertz. The colored areas of the 
DF maps indicate the optical mapping fields. B, Left-to-right directionality of impulse propagation during AF. Recordings from a bi-atrial ECG (top trace) and three bipolar 
electrodes along BB, the tracing on the bottom being most leftward. Effect of D600 (C) and acetylcholine (D) on LA and RA frequencies. LA STP, Frequencies of LA spatio-
temporal periodicity; RA DF, right atrial dominant frequency. ACh, Acetylcholine; EG, electrogram; LA, left atrium; RA, right atrium. 

(Reproduced from Mansour M, Mandapati R, Berenfeld O, et al: left-to-right gradient of atrial frequencies during acute atrial fibrillation in the isolated sheep heart. Circulation 
103:2631-2636, 2001.)
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ACh and Adenosine Slow Rate  
of Automatic Pacemaking

Adenosine and ACh are known to activate the same Kir3.x sub-
family of inward-rectifier potassium channels through different 
signaling pathways.40 The current that arises from such activation 
is the same and may be termed IK,ACh or IK,Ado, depending on 
whether ACh or adenosine is the agonist.41,42 By increasing K+ 
conductance in the atrium, both ACh and adenosine hyperpolar-
ize the cell membrane and abbreviate the action potential dura-
tion and refractory period, causing sinus slowing and acceleration 
of activation frequency.43 In our sheep model of AF, ACh increased 
atrial activation frequency (rotor DF) in a dose-dependent 
manner, with the effect being larger in LA than in RA, leading 

Several studies have suggested that AF is characterized by 
incomplete reentry and multiple unstable reentrant cir-
cuits,9,29,35,37,38 which seems to be consistent with the multiple 
wavelet hypothesis.7,19 However, in the presence of a single high-
frequency source of stable reentry, electrical activity elsewhere 
could still present as incomplete or as short-lived and unstable 
reentrant circuits because of fibrillatory conduction.13 For 
instance, Schuessler et al.39 found that in an isolated canine right 
atrial preparation, increasing concentrations of ACh converted 
multiple reentrant circuits into a single, relatively stable high-
frequency reentry that generated fibrillatory conduction. In 
agreement with this, our results (see Figure 42-3) support the 
hypothesis that a single source or a small number of sources of 
ongoing reentrant activity is the mechanism underlying AF in 
this setting.36

Figure 42-2.  The “breakdown frequency” concept in a sheep heart 
Left,  Endocardial  and  epicardial  DF  maps  of  the  same  isolated  RA  preparation 
paced at 5.0 and 7.7 Hz. Note the appearance of the heterogeneous DF domains 
at 7.7 Hz. Right, Response of DFs versus pacing rate (n = 5). Each symbol repre-
sents one experiment. Pacing BB at rates below ≈6.7 Hz results in 1 : 1 activation. 
At  higher  rates,  the  number  of  domains  increases  but  the  value  of  the  DFs 
decreases. 

(Reproduced from Berenfeld O, Zaitsev AV, Mironov SF, et al: Frequency-dependent 
breakdown of wave propagation into fibrillatory conduction across the pectinate 
muscle network in the isolated sheep right atrium. Circ Res 90:1173-1180, 2002.)
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and the underlying mechanisms responsible for AF maintenance 
remained unknown. We analyzed the effects of adenosine infu-
sion on local activation frequency at different sites of the fibril-
lating atria to determine whether such sites are automatic, 
triggered, or reentrant and whether changes in the driver activity 
would alter spatial frequency gradients.15 The experimental 
observation of ACh dose-dependent acceleration of rotor fre-
quency enabled translation of animal experiments to the patient 
with the use of adenosine.36 Thus, we determined the effects of 
adenosine infusion on DF at varying locations of both atria 
during ongoing AF.15 We also generated baseline DF maps of the 
LA using real-time spectral analysis that allowed determination 
of the specific DFmax sites likely to harbor the AF drivers. Figure 
42-4 shows a representative example wherein the primary DFmax 
site located near the right inferior pulmonary vein (RIPV) (Panel 
A) significantly accelerated from 4.64 Hz at baseline to 6.35 Hz 
at the peak of the adenosine effect (Panel B). This observation 

to an increase in the LA-to-RA frequency gradient (see Figure 
42-3, C).36 Besides, adenosine inhibits isoproterenol-stimulated 
ICa,L, delayed rectifier K+ current, chloride current (Icl), the tran-
sient inward current, and the pacemaker current If in rabbit 
sinoatrial (SA) node43 and atrioventricular (AV) nodal cells,44 with 
a small inhibitory effect on basal L-type calcium current (ICa,L).42 
As a consequence, afterdepolarizations and triggered arrhythmic 
activity induced by catecholamines are attenuated or abolished 
by adenosine.42

Adenosine and AF Frequency in Patients

Several clinical studies have confirmed the existence of a hierar-
chical organization in the rate of activation of different regions 
in the atria of patients with paroxysmal and chronic AF.15-17,45,46 
However, the reasons for such a specific frequency distribution 
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Figure 42-3.  Reentrant sources of AF A, Isochrone map of optical activity from the free wall of the LA during sustained AF showing a vortex that rotated clockwise 
at a period of 68.6 ± 8.9 ms (≈14.7 Hz). B, Optical pseudo-ECG of LA during the same episode of AF with its corresponding power spectrum. C, ACh dose-response curves 
created using rotation frequencies from the five longest living rotors for each of six experiments during AF at each ACh concentration. An increase in rotor frequency with 
ACh, as well as LA (red) predominance over RA (green), is visible. 

(A, B, Reproduced from Mandapati R, Skanes A, Chen J, et al: Stable microreentrant sources as a mechanism of atrial fibrillation in the isolated sheep heart. Circulation 101:194-
199, 2000. C, Reproduced from Ortiz J, Niwano S, Abe H, et al: Mapping the conversion of atrial flutter to atrial fibrillation and atrial fibrillation to atrial flutter: Insights into 
mechanisms. Circ Res 74:882-894, 1994.)
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different locations in paroxysmal compared with persistent AF 
patients.15,49

The Significance of DF Gradients for Possible 
Mechanisms and Ablation Outcomes

Factors Determining the Presence of DF Gradients 
in Experimental and Human AF

Structural Factors
Experimental results have shown that the three-dimensional 
atrial structure, particularly with regard to heterogeneous wall 
thickness and the networks of pectinate muscles in both LA and 
RA, may be an important factor that helps to establish the glob-
ally aperiodic activity that characterizes AF.13,35 Simplified com-
puter simulation allows the prediction that although discrete  
sites of periodic activity may be responsible for the dominant 
peak in the power spectrum, frequency-dependent patterns of 

clearly rules out late phase 3 early afterdepolarization (EAD)-
induced triggered activity due to pause-dependent calcium over-
load after termination of rapid excitation.47-49 In this patient, the 
arrhythmia terminated during ablation at the primary DFmax site, 
supporting again the critical role of such sites as AF drivers. In a 
larger cohort, we analyzed the effect of adenosine on the activa-
tion rate in specific atrial regions. In paroxysmal AF patients, 
adenosine infusion increased local DF, particularly at the PV/LA 
region, amplifying a left-to-right frequency gradient (Figure 
42-5).15 In persistent AF, baseline DF was significantly higher 
than in paroxysmal AF patients at all atrial sites, and the highest-
frequency sources accelerated by adenosine were located in either 
atrium but not at PV sites.15 In sum, adenosine infusion increased 
frequency primarily at sites that activated at the highest rate at 
baseline, demonstrating that those sites are involved in the main-
tenance of AF. Adenosine-induced acceleration of activation fre-
quency points toward reentry as the mechanism of AF maintenance 
in these patients and all but rules out an automatic or triggered 
mechanism.15,49 These results support the idea that AF in humans 
is maintained by high-frequency reentrant sources that have 

Figure 42-4.  Accelerating effect of adenosine on DFmax sites  A, Real-time DF map of LA  (posterior view) before  infusion of adenosine,  from a paroxysmal AF 
patient. Red arrow indicates primary DFmax site near the RIPV. Baseline recording at the primary DFmax site with its power spectrum and simultaneous V5 reference. B, Record-
ing at the primary DFmax site with power spectrum and simultaneous V5 reference during peak adenosine effect, showing increase in DF. LSPV, LIPV, RSPV, RIPV, Left/right 
superior/inferior pulmonary veins (PVs); Bip, bipolar catheter. 

(Reproduced from Atienza F, Almendral J, Moreno J, et al: Activation of inward rectifier potassium channels accelerates atrial fibrillation in humans: Evidence for a reentrant 
mechanism. Circulation 114:2434-2442, 2006.)
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monolayers with an increasing myofibroblast/myocyte ratio57 
suggests that fibrosis by itself is an important factor in increasing 
the complexity of the propagation and the slowing of the excita-
tion frequency, independent of other ionic and structural remod-
eling factors. Overall, structural remodeling (i.e., fibrosis), 
observed in both clinical and experimental AF, significantly alters 
atrial tissue composition and function and modifies the dynamics 
during AF. However, the precise mechanisms underlying AF in 
the setting of atrial fibrosis are not fully elucidated.58

Ionic Factors
Both the stability of the spatial distribution of DFs and the sig-
nificant differences in activation frequency and organization 
between LA and RA suggest that the underlying electrophysio-
logical properties of the former enable it to support greater acti-
vation frequencies than are supported by the latter. As shown in 
Figure 42-3, the different responses of rotor frequency in LA and 

intermittent conduction block across sites of tissue thickening 
may explain the regional differences in activation frequencies 
seen in many cases of AF.50 When acting in combination, the 
latter two ingredients (i.e., a discrete periodic source and complex 
patterns of conduction block) may in fact underlie the globally 
aperiodic activity of AF and explain not only the reduction in the 
DF value but also an increase in fractionation of electrograms.14 
However, several other factors may be also responsible for inter-
mittent blockades of propagation leading to spatial dispersion of 
DFs. Increased fibrosis across the atria has also been associated 
with AF incidence51 and affects the dynamics of activation during 
AF.52 The accumulation of fibrosis modifies the electrophysiolog-
ical properties of the atrium by reducing the velocity of the 
impulse, providing a substrate for reentry and AF initiation53,54 
with reduced DF.55 In particular, increasing amounts of collagen 
I, are associated with a lower LA DF during AF after cardiac 
surgery.56 The finding of reduced frequency of reentry in 
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Figure 42-5.  IK,ACh current distribution and density parallel DF spatial distribution and adenosine response in paroxysmal and persistent AF 
patients Right panels, Mean ± SD of DF for and high RA (HRA) at baseline (white) and peak adenosine effect (black) in paroxysmal and persistent AF patients. Left panels, 
Inward-rectifier  currents  in  RA  and  LA  myocytes  from  paroxysmal  and  persistent  AF  patients  (mean ±  SD).  White,  Basal  current  in  absence  of  PV-LA  junction  (PV-LAJ) 
carbachol (CCh). Black, Total current (basal current + CCh-mediated current increase) in the presence of CCh. 

(Right panels, Reproduced from Atienza F, Almendral J, Moreno J, et al: Activation of inward rectifier potassium channels accelerates atrial fibrillation in humans: Evidence for a 
reentrant mechanism. Circulation 114:2434-2442, 2006. Left panels, Reproduced from Atienza F, Almendral J, Moreno J, et al: Activation of inward rectifier potassium channels 
accelerates atrial fibrillation in humans: Evidence for a reentrant mechanism. Circulation 114:2434-2442, 2006; and Voigt N, Trausch A, Knaut M, et al: left-to-right atrial inward 
rectifier potassium current gradients in patients with paroxysmal versus chronic atrial fibrillation. Circ Arrhythm Electrophysiol 3:472-480, 2010.)
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a sterile pericarditis model, Kumagai et al.29 identified in the 
septum dominant unstable reentrant circuits of very short CL 
that maintained AF and could be successfully terminated by focal 
ablation.

These observations were further confirmed in patients with 
chronic AF and mitral valve disease in whom intraoperative epi-
cardial mapping and focal cryoablation performed at sites with 
rapid repetitive activation were able to successfully terminate AF 
in a significant (80%) proportion of patients.28,65 Indirect evi-
dence for the role of high-frequency atrial sites in maintaining 
AF was also provided by the observation that sequential ablation 
of sites showing the shortest atrial CL caused progressive slowing 
of AF frequency, leading to termination in 75% of patients with 
paroxysmal AF.30,66 In addition, ablation of visually determined 
atrial electrograms with very short CL (≤120 ms), with or without 
fractionation, was associated with AF termination in 100% par-
oxysmal and 91% persistent AF patients, along with significant 
tachycardia CL prolongation.67 These studies were hampered by 
a limited sample size and relatively low mapping density and by 
inaccurate assessment of atrial activation rate based on CL analy-
ses in the time domain.31,32

In contrast, DF analysis of the bipolar signal of atrial activity 
during AF in the frequency domain provides objective character-
ization of the spatial distribution of excitation frequency.31,32 The 
use of spectral analyses of multipolar recordings in the atria 
enabled demonstration of the existence of a hierarchical organi-
zation in the rate of activation of different regions in the atria of 
patients with paroxysmal and chronic AF, with high-frequency 
sites usually localized to the LA driver AF, while the remaining 
sites in the atria were passively activated.15-18,45,46,68 In a retrospec-
tive blind analysis of the correlation between atrial DF distribu-
tion and ablation outcome, Sanders et al.15 found that ablation at 
PVs harboring DFmax sites resulted in an increase in AF CL in 
89% of cases, in both paroxysmal and permanent AF. However, 
eventual arrhythmia termination occurred during ablation in 
88% of paroxysmal patients but in none with permanent AF. 
Most (87%) cases of termination of arrhythmia episodes were 
associated with ablation at a DFmax site, preferentially localized 
to the PV antra.

Thus, because spectral analysis identifies localized sites of 
high-frequency activity during AF, and because highest-frequency 
sites are associated with AF termination, we used a combination 
of real-time DF mapping and RF ablation to determine the safety 
and long-term outcome of prospectively targeting DFmax sites in 
patients.17 For this purpose, we performed high-density mapping 
of the atria by sequentially acquiring simultaneous bipolar elec-
trograms during ongoing AF (Figure 42-6).16,17 Once DFmax sites 
were identified, we performed adenosine infusions to confirm 
their role in driving AF and targeted them for ablation, followed 
by circumferential PV isolation (CPVI), enabling AF acute ter-
mination in 72% paroxysmal and 11% persistent AF patients.16,17 
During follow-up, this ablation strategy resulted in long-term SR 
maintenance in 75% of paroxysmal and 50% of persistent AF 
patients. Radiofrequency ablation of DFmax sites leading to elimi-
nation of LA-to-RA DF gradients was associated with a higher 
probability of remaining free of AF during long-term follow-up. 
The proportion of AF recurrences in persistent AF was higher in 
patients with untargeted DFmax sites, mostly because of safety 
concerns (e.g., left atrial appendage), pointing to the important 
role of extrapulmonary sites in persistent AF maintenance. In 
addition, we showed for the first time that real-time DF mapping 
is feasible and can be safely performed as a complement to con-
ventional AF ablation procedures.17 These results are in agree-
ment with those of other retrospective69,70 and prospective71 
studies that analyzed the effects of ablation on atrial DFs, showing 
a more favorable outcome in patients with a baseline LA-to-RA 
DF gradient and significant frequency reduction in both atria 
following ablation.

RA are somehow related to the ACh-modulated potassium 
current, IK,ACh.36 A numeric simulation study using canine atrial 
cells with realistic ionic and coupling properties showed that 
indeed IK,ACh is a determinant of the frequency and stability of 
rotors during AF.59 Computer simulations suggest that activation 
at extremely fast rates by stationary rotors may be the result of 
the strong repolarizing influence exerted by their core, which 
abbreviates the action potential duration (APD) in its proximity.60 
Consequently, the tissue close to the core achieves very short 
CLs, whereas far from the core, the myocardium cannot conduct 
at the rate of the rotor, and nonuniform (i.e., other than 1 : 1) 
conduction develops, contributing to the gradient in DFs 
observed during fibrillation. To provide more definitive evidence 
for such a contention, we studied the effects of ACh on IK,ACh 
density of sheep myocytes and found that IK,Ach density is signifi-
cantly higher in LA than RA myocytes.36 Thus, differences in the 
functional expression of IK,ACh channels in the atria, by allowing 
stabilization of the dominant rotor in the region with greatest 
APD abbreviation (i.e., LA), are responsible for the LA-to-RA 
gradients of excitation frequency and fibrillatory conduction 
observed in this model. Taken together, patch-clamp and com-
puter simulation results support the hypothesis that in the sheep 
heart, LA myocytes can adapt to higher excitation frequencies 
than RA myocytes.

Our clinical observation of the presence of LA-to-RA DF 
gradients15-17,45,46 can be explained by findings of recent studies that 
analyzed the distribution of voltage-dependent K+ currents of 
human cells of RA and LA in sinus rhythm and in AF patients. 
Voigt et al.61 demonstrated that patients with paroxysmal AF had 
inward-rectifier potassium current densities that were twofold 
larger in LA than in RA cardiomyocytes, whereas chronic AF 
patients had greater basal currents but no significant LA-RA dif-
ferences (see Figure 42-5).16,61 Application of the muscarinic 
receptor agonist carbachol (CCH) activated IK,ACh, leading to an 
increase in total current density responsible for the increase in K+ 
conductance. In patients with paroxysmal AF, CCH amplified the 
LA-to-RA inward-rectifier current gradient (left panel), while ade-
nosine infusion, by accelerating and stabilizing rotors at the 
chamber with higher current densities (LA), amplified the 
LA-to-RA DF gradient (right panel).16,61 In contrast, persistent AF 
patients had greater basal currents but no significant LA-RA dif-
ferences at baseline and after total current increase following 
CCH (left panel); similarly, no significant LA-RA DF differences 
were noted at baseline, and after adenosine infusion, DFs increased 
only in the high RA (HRA) (right panel).16,61 In addition, other 
chamber-specific differences in K+ current distribution are respon-
sible for the larger basal inward-rectifier current in LA and RA of 
persistent AF patients without a significant LA-RA DF gradient, 
such as the increase in voltage-independent inward-rectifier cur-
rents (IK1 and the agonist-independent component [constitutive] 
of the IK,ACh), together with the bi-atrial increase in the voltage-
dependent IKs inward-rectifier current.61-64 In sum, unequal left-
to-right distribution and density of inward-rectifier K+ currents in 
paroxysmal versus persistent AF provide a basis for differences in 
excitation frequency at baseline, the different atrial locations of 
DFmax sites, and variable responses to adenosine infusion.

The Consequence and Meaning of Ablation of High 
Dominant Frequency Sites Maintaining AF

The first demonstration of the role of ablation of high-frequency 
sites in terminating AF came from the experimental work of 
Morillo et al.27 Using a canine chronic AF model, these investiga-
tors demonstrated that cryoablation at sites where AF cycle 
lengths were consistently shorter, usually at the posterior left 
atrial wall near the PV-LA junctions, significantly prolonged 
atrial CL and successfully restored sinus rhythm. Similarly, using 
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that is needed for mapping and ablation, demonstrated that even 
with no trend of acceleration or slowing of the activation rate, 
the instantaneous rate fluctuated by about ±1 Hz. The presence 
of such fluctuations possibly reflected spatial shifts in the loca-
tions of the discrete drivers responsible for high-DF sites, with 
concomitant transient alterations in local rates of activation. 
Indeed, Schuessler et al.72 used bipolar electrograms from epicar-
dial sites intraoperatively during AF and reported that in half of 
patients, the location of the highest DF changed during the 
recording period. Nevertheless, among patients who underwent 
real-time DF mapping and ablation, in 66% of those re-studied 
because of AF recurrences, a second DF map showed nonsignifi-
cant differences in the locations and values of DFmax sites, indicat-
ing acceptable long-term stability of DFs and rendering them a 
potential target for ablation to terminate AF.17

The real-time DF mapping and ablation strategy could be 
especially useful in two situations: (1) In paroxysmal AF patients, 
it may facilitate identification of the atrial site driving AF, enabling 

Potential Therapeutic Implication for DFmax 
Site Ablation in Patients with Paroxysmal  
and Persistent AF

The aforementioned data clearly indicate that DFmax sites play an 
important role in the maintenance of AF in a significant number 
of patients. To what extent should one expect to be able to deter-
mine the role of DFmax sites in arrhythmia maintenance in the AF 
patient population at large? To address this question, consider-
ation should be given to the relatively low resolution of currently 
available mapping systems and the substantial temporal limita-
tion imposed by the need to sequentially acquire the electrograms 
needed to generate the DF maps. In this regard, studies on tem-
poral stability of DFs at or near the PVs46 and the entire atria15 
have found no significant change over periods between 10 and 
20 seconds. However, an assessment of the stability in the CS 
over a period of 50 minutes, which is more relevant to the time 

Figure 42-6.  Real-time DFmax site ablation A, Atrial DF map (posterior view; CARTO system) in a paroxysmal AF patient. Purple, Primary DFmax site (red arrow) on right 
intermediate PV (RIPV). Red dots, Circumferential ablation line. B, Bipolar recording (top) of primary DFmax site and its power spectrum (bottom) before ablation. C, Surface 
ECG leads and intracardiac lasso catheter electrograms within RIPV; ablation catheter in the encircled area, CS, and HRA catheter during isolation of right-sided PVs. Catheters 
recording outside the encircled area (CS, HRA) show conversion to sinus rhythm (star), whereas the lasso catheter inside the RIPV demonstrates ongoing AF, showing that 
this high-frequency site was responsible for AF maintenance. CS, Coronary sinus; DF, dominant frequency; HRA, high right atrium; PV, pulmonary vein; also LSPV, LIPV, RIPV, 
left/right superior/inferior pulmonary veins (PVs). 

(Reproduced from Atienza F, Almendral J, Jalife J, et al: Real-time dominant frequency mapping and ablation of dominant frequency sites in atrial fibrillation with left-to-right 
frequency gradients predicts long-term maintenance of sinus rhythm. Heart Rhythm 6:33-40, 2009.)
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activity detection (far-field signals) specifically located at ana-
tomic junctures such as the coronary sinus or the septum. Simi-
larly, Jadidi et al.89 found that electrogram fractionation and 
voltage alterations were predominantly functional in nature, with 
most CFAE sites occurring at regions of wave collision, calling 
into question the role played by CFAEs in the perpetuation of 
persistent and paroxysmal AF.

Intermittency of Fractionated Activity in PAF 
Patients and Acceleration of Activation Rate

Previous studies demonstrated that the atria respond to activation 
rate increments with progressive deterioration of stable direc-
tionality and electrogram fractionation and suggest a possible 
relationship between fractionated electrograms and short AF 
cycle lengths.14,90 Rostock et al.91 found that the occurrence 
of fractionated electrograms anywhere in the atria was signifi-
cantly associated with AF CL shortening. On the other hand, 
interventions leading to AF CL prolongation, such as pharmaco-
logic autonomic blockade92 or PV isolation,30,82 significantly 
decreased the proportion of fractionated electrograms in the 
atria. However, in those studies, AF initiation and transitions to 
fractionation were not analyzed, and no mechanistic explanations 
for this phenomenon were proposed. We systematically studied 
the mechanisms of fractionated electrogram formation on the 
posterior left atrial wall (PLAW) in pacing-induced human par-
oxysmal AF and analyzed transitions between organized patterns 
and changes in electrogram morphology.18 For this purpose, we 
analyzed how the first term of the CFAE definition (fractionated 
atrial electrograms composed of two or more deflections) relates 
to the second term of the definition (atrial electrograms with a 
very short CL [≤120 ms]). We found that organized and frag-
mented electrograms are intermittently recorded at the PLAW, 
and highly organized patterns are recorded 31% of the time. 
Moreover, we observed that transitions from organized to frac-
tionated electrograms were preceded by progressive CL 
shortening.

As shown in Figure 42-7 (left panel, A to E), during transitions 
to fractionation, significant inter-beat interval shortening is 
noted, along with an increase in electrogram duration and in the 
number of spikes. Computer simulations in Figure 42-7 (right 
panel, F and G) reproduced this observation, whereby as the rotor 
drifts toward the recording catheter, the inter-beat interval short-
ens, resulting in electrogram widening and wavebreaks. Thus, the 
transition to fractionation is not random and reflects functional 
deterioration in the atrial conduction properties in response to 
periodic input acceleration, at least in paroxysmal AF patients. 
Similarly, Narayan et al. found that CFAEs could be preceded by 
AF acceleration and APD alternans.88 Overall, these results dem-
onstrate that, contrary to what may be implied in the original 
CFAE definition, the local frequency of activation is the main 
determinant of electrogram fragmentation at the PLAW in 
patients with paroxysmal AF.

Patterns of Propagation and Fractionated 
Electrograms in Patients

Despite the spatiotemporal complexity of wave propagation 
during AF, experimental studies have demonstrated that AF is 
deterministic, in that waves propagating from the PVs into the 
PLAW trigger reentry by breaking at boundaries of the septo-
pulmonary bundle.85,93 We recently confirmed these results in a 
translational study from bench93 to bedside18 showing that orga-
nized AF phases are characterized by incoming wave patterns of 
activation at the PLAW, where the earliest site of activation was 

a more limited ablation; and (2) the strategy of combining CPVI 
and DFmax site ablation may be particularly useful in persistent 
AF patients because of the higher prevalence of extrapulmonary 
sources found in this context.16-18 This pathophysiologically based 
strategy, when directed to selectively eliminate the sites respon-
sible for AF maintenance, could reduce the risks imposed by 
extensive empirical ablation procedures and increase the long-
term success rate.8,17

CFAEs and Dominant Frequency—
Dependency and Significance

The Controversy of Complex Fractionated 
Electrograms During AF

In 2004, Nademanee et al.67 proposed that areas with 
complex fractionated electrograms (CFAEs) were critical sites  
for perpetuation of AF, and that their elimination with radiofre-
quency ablation was linked with a high probability of sinus 
rhythm maintenance. However, recent studies targeting  
CFAEs during ongoing AF at multiple atrial sites, as a stand-
alone strategy or following CPVI, have yielded highly heteroge-
neous results.73-78 As a consequence, only 50% of the panel that 
prepared the current Consensus Statement on AF ablation rec-
ommended the use of this ablation strategy as a complement to 
pulmonary vein isolation in patients with long-standing persis-
tent AF.79

Several reasons may account for these conflicting results, 
including the somewhat fuzzy definition of the CFAE concept, 
the subjective assessment of this phenomenon, the multiple eti-
ologies that underlie CFAE formation, and finally their uncertain 
role in AF maintenance.18,80 In the original publication,67 CFAEs 
were empirically defined as (1) atrial electrograms that are frac-
tionated and composed of two deflections or more and/or have 
a perturbation of the baseline with continuous deflections from 
a prolonged activation complex; or (2) atrial electrograms with a 
very short CL (<120 ms) with or without multiple potentials 
when compared with the atrial CL recorded from other parts of 
the atria. However, despite the intrinsic difficulties in assessing 
these features of electrogram characteristics during ongoing AF, 
they were only visually assessed by most of the studies,67,73-77 
which imposed a significant degree of subjectivity on their evalu-
ation. Further attempts to quantify fractionation using a variety 
of software methods were faced with doubts regarding their accu-
racy.32,78,81,82 But, by far, the most important contributor to the 
confusing CFAE scenario is the fact that multiple events, not 
always related to the arrhythmia maintenance mechanisms, can 
eventually cause fractionation of the electrograms.80 Whereas 
some fractionated signals might represent critical zones related 
to AF maintenance (i.e., high-frequency sources “driving” 
AF),14,83 others might be passive and unrelated to the primary 
arrhythmia mechanism84,85; others still might appear to be located 
in areas surrounding the autonomic ganglionated plexi.86 Experi-
mental high-resolution studies have shown that most fractionated 
signals are found at the periphery of high-frequency AF drivers 
and that rotor meandering might also underlie, at least in part, 
the electrogram fractionation at close proximity to the source.14,83 
This might explain the success of some CFAE ablation proce-
dures that may have produced an anatomic obstacle around the 
highest DF site. In contrast, other studies have found that certain 
CFAE types are unrelated to the primary arrhythmia mechanism 
and simply represent transient pivoting, wave-front collision, or 
wave fractionation.84,87 Narayan et al.88 used monophasic action 
potential recordings to reduce the burden of far-field contribu-
tion and found that most (67%) CFAEs were due to nonlocal 
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Figure 42-7.  Electrogram fractionation dependence on acceleration induced by a distant approaching source A-E: Electrogram characteristics and 
systolic interval (SI) during transitions from organized to fragmented electrograms, as shown in E. A, Electrogram duration. B, Number of spikes. C, SI. D, Mean values of 
SI before and during fragmentation and after resumption of organization. E, Electrogram recording during transition from organized to fragmented phase. Both the mean 
electrogram duration (A) and the number of spikes (B) increased gradually as the systolic interval (C) decreased and the pattern changed from organized to fragmented. 
F, Two snapshots of computer simulation showing a mother rotor (MR) drifting toward a 20-electrode catheter (D-20). G, Corresponding 10 pseudo-bipoles recorded at 
the catheter. The rotor drift toward the catheter is accompanied by systolic interval shortening (from 113 to 79 ms) and electrogram widening, followed by wavebreak with 
formation of two additional short-lived rotors. Red squares, Singularity point (SP). 

(Reproduced from Atienza F, Calvo D, Almendral J, et al: Mechanisms of fractionated electrograms formation in the posterior left atrium during paroxysmal atrial fibrillation in 
humans. J Am Coll Cardiol 57:1081-1092, 2011.)
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located at the highest DF site (Figure 42-8, A, B). In contrast, 
during organized-to-fragmented electrogram transitions, the 
PLAW activation pattern changed, and as the rate of the pene-
trating wave increased, the electrograms widened and double 
electrograms began to appear, yielding one of two different  
patterns: (1) reentry pattern around a line of functional block,  
in which the reentrant excitation wave front circulated  
clockwise around a pivoting point located anatomically at the 
septopulmonary bundle (Figure 42-8, C); or (2) activation break-
through across a line of slow conduction. These results demon-
strate that periodic impulses originating at the PV-LA junction 
propagate in highly recurrent directions repetitively toward the 
center of the PLAW, while electrogram fractionation is due to 
wave-front acceleration ahead of drifting rotors on the PLAW 
and/or rotor meandering. Thus the dynamic interaction between 
high-frequency reentrant sources and the atrial anatomy is 
responsible for the phenomenon termed fibrillatory conduction, or 
CFAEs.18

Summary and Future Directions

In the future, the combined use of time- and frequency-domain 
measures, including DF mapping and electrogram fractionation, 
should help elucidate AF mechanisms, leading to the develop-
ment of more effective treatment strategies, mainly in two spe-
cific areas. The ability to determine whether AF is maintained by 

discrete high-frequency sources and to identify their location 
might help improve the efficacy of ablation procedures. The 
aforementioned studies15-18 served as the basis for the design of 
the randomized RADAR-AF trial94 (www.clinicaltrial.gov [identi-
fier: NCT00674401]), which will test the following hypotheses: 
(1) In patients with paroxysmal AF, a limited ablative approach 
targeting only high-frequency left atrial sites will have efficacy 
similar to that of the standard strategy of CPVI and will have a 
lower risk profile; and (2) In patients with chronic AF, combined 
high-frequency site ablation/CPVI may offer higher success rates 
compared with the CPVI strategy alone. Additionally, recent 
mapping studies based on forward processing of intracardiac95 
and body surface96 recordings, as well as studies based on the 
inverse solutions of surface recordings,97 suggest that a panoramic 
assessment of the patterns of AF activation could enhance our 
understanding of the relationship between the local dynamics of 
the arrhythmia and the substrate on an individual basis. The 
second area of advance is the study of the broad range of chronic 
conditions that are responsible for electrically or structurally 
remodeling the atria. Experimental data from our laboratory55,56 
and others52 indicate that the spatiotemporal organization of 
fibrillatory waves depends on the type of remodeling. It is envi-
sioned that the use of advanced analysis methods will allow better 
correlation of the dynamics of arrhythmia with the remodeled 
atria and will facilitate the translation of knowledge on ionic 
mechanisms of AF into the clinical setting,36,61 where chronic 
conditions underlying AF currently pose the greatest therapeutic 
challenge.

http://www.clinicaltrial.gov
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Figure 42-8.  Patterns of activation of the posterior left atrial wall during transitions to fragmentation A, Left atrial dominant frequency (DF) map (NaVX 
System, posterior view). White arrow points to highest DF site (10.8 Hz) at the left inferior pulmonary vein (LIPV) antrum. B, Posterior left atrial wall activation map during 
organized phase before fragmentation (right) shows an incoming wave pattern of activation progressing from closest to highest DF site at the LIPV (left, white) to the right 
(purple-blue). C, Snapshots of wave propagation at the posterior left atrial wall (PLAW) during transitions to fragmentation (sequence 1-6): purple, unactivated regions; white, 
advancing activation. Reentrant circuit with a clockwise propagation around a pivoting point located to the right edge of the septopulmonary bundle. 

(Reproduced from Atienza F, Calvo D, Almendral J, et al: Mechanisms of fractionated electrograms formation in the posterior left atrium during paroxysmal atrial fibrillation in 
humans. J Am Coll Cardiol 57:1081-1092, 2011.)
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for human AF, and conclude with current clinical applications of 
this approach.

Triggers Interact With Sustaining Mechanisms 
to Cause Human Atrial Fibrillation

The fact that AF may be triggered by ectopic beats1 draws an 
intuitively attractive parallel with the mechanisms for “simple” 
supraventricular (SVT) and ventricular (VT) tachycardias, which 
are also triggered by ectopic beats. In those arrhythmias, triggers 
engage specific mechanisms of dual atrioventricular (AV) nodal 
physiology to maintain AV node reentry,17 an accessory pathway 
for maintaining AV reciprocating tachycardia,18 or a slowly con-
ducting isthmus to maintain ventricular tachycardia.19

We hypothesized that AF may be caused when triggers engage 
specific AF-maintaining mechanisms that may be created dynam-
ically via conduction block, leading to localized reentry, or by 
triggering repetitive focal beats. To address this hypothesis, we 
studied the rate dependence of monophasic action potential dura-
tion (APD) in the left and right atria, and bi-atrial patterns of 
rate-dependent bi-atrial conduction slowing in the left and right 
atria.20,21 and propagation en route to AF using multipolar basket 
catheters.

In a series of studies, we recently demonstrated that human 
AF onset is consistently preceded by alternans and complex oscil-
lations in APD, which create a milieu of heightened repolariza-
tion dispersion immediately before AF onset. In patients with 
persistent and paroxysmal AF, we have found that sustained rapid 
rates produce marked alternans and complex oscillations in 
APD22 preceding AF,23 independently of APD restitution. In par-
allel, bi-atrial conduction velocity slows dynamically (restitution) 
just before AF onset at the location where AF is initiated.24

In summary, these observations show that the onset of human 
AF is preceded by dynamic localized conduction slowing and 
exaggerated repolarization dispersion, both of which may be 
subtle or concealed at baseline. These conditions favor reentry 
and have provided the functional underpinnings for our studies 
of human AF mechanisms.

Mapping Rotors During Human  
Atrial Fibrillation

Prior Mapping Studies of Human AF

Several mechanisms for the maintenance of human AF have been 
proposed, including disorganized multiwavelet reentry,5,25 spa-
tially localized reentrant26 or focal7 sources, and mixed patterns.13 
Divergence in these hypotheses in large part may reflect mapping 
that has not always met “classical” requirements: to broadly map 
chambers of interest, at sufficient spatiotemporal resolution to 
identify varying patterns, over long enough periods to capture 
variability, then to use interventions to demonstrate that 
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Mechanistic concepts for human atrial fibrillation (AF) have 
evolved substantially. In the past 15 years, meticulous mapping 
has established that human AF may be triggered by ectopic focal 
beats, while the combination of bioengineering analyses with 
detailed mapping has recently provided compelling evidence that 
AF, once triggered, is maintained by relatively few stable electri-
cal rotors and focal sources that lie in patient-specific locations. 
These advances in our mechanistic understanding have already 
led to advances in therapy and improved outcomes for patients 
with AF.

In seminal work, Haïssaguerre1 reported that localized ectopy 
from the pulmonary veins (PVs) may trigger AF. This discovery 
launched the field of potentially curative AF ablation, with PV 
isolation as its cornerstone.2 Nevertheless, the mechanisms that 
perpetuate AF, once triggered, remained undefined.3,4 The mul-
tiwavelet hypothesis proposed that multiple spatially meandering 
electrical waves cause AF.5 However, this did not explain consis-
tent patterns of propagation observed in patients with AF,6,7 the 
termination of AF after localized ablation,2,8 or the opposite 
finding—that extensive ablation to constrain wavelets may have 
little acute impact.2,9 The alternative localized source hypothesis is 
based on animal and in silico experiments in which rapid localized 
spiral waves (rotors)4,10 or focal sources7 directly cause AF. 
Although rotors in human AF have been disputed,5 and direct 
evidence has been lacking,4 rotors have been indirectly suggested 
at sites of high dominant frequency where ablation terminates 
paroxysmal AF11,12 and, if interatrial rate gradients are abolished, 
improves outcome,11 and by AF mapping.13

Recent data from our14 and other laboratories15 show that 
human AF is indeed perpetuated by a small number of stable 
rotors or focal sources14,15 in individuals with paroxysmal, persis-
tent, and long-standing persistent AF. The mechanistic role of 
stable AF source rotors has been supported by the acute termina-
tion and subsequent non-reinducibility of AF by brief targeted 
ablation (focal impulse and rotor modulation [FIRM]) before any 
other intervention. Clinically, this approach has been shown to 
substantially improve the long-term elimination of AF compared 
with conventional ablation alone.16

In this chapter, we summarize the evidence for localized elec-
trical rotors and focal sources for human AF, in the context of 
the historical background in this area. We then describe 
approaches to, and results from, mapping rotors and focal sources 
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Figure 43-1.  Snapshot of a Computer Simulation in Homogeneous 
Tissue A rotor, the locus of migration of its tip, and its coherent domain of rota-
tional  activity  (i.e.,  tissue  controlled  in  a  1 : 1  fashion  by  the  rotor).  The  model 
parameters were chosen such that beyond this  region of  tissue,  the rotor breaks 
down into other spatiotemporal structures as the result of discordant alternans. The 
relevant length scales in the problem are the size of the domain of locus migration 
of the rotor tip, Rlocus, the coherent domain (of detectable rotational activation), Rrotor, 
and the wavelength of the rotor, λ. 

2Rlocus

Rrotor

λ

proposed mechanisms are causal and are not bystanders. Failure 
to apply these criteria even to simple supraventricular17,18,27 and 
ventricular19 arrhythmias is a well-recognized cause of incorrect 
diagnosis and potentially undesirable therapy.

Many clinical studies over the past decade show that human 
AF is spatially non-uniform. For instance, human AF exhibits 
consistent activation patterns,28 consistent rate, or dominant fre-
quency gradients within and between atria,6,29 as well as electro-
cardiographic (ECG) spectra suggesting conserved global 
spatiotemporal organization for at least days30 within and between 
patients. These data have long supported the notion that human 
AF is maintained by spatially localized mechanisms, further sup-
ported by the fact that human AF may terminate with ablation 
at defined triggers, drivers,1 and other localized regions.12,31 Such 
regions may arise in either atrium32 and are difficult to identify a 
priori, but can be ablated in both atria by a systematic stepwise 
approach.8

Higher-resolution mapping, on the other hand, has produced 
surprisingly inconsistent results. In seminal intraoperative 
mapping studies in AF patients, Cox, Schuessler, et al33,34 found 
stable reentry within disordered AF that were interrupted by 
lesions that formed the basis for the Maze procedure35 and that 
still underpin many current ablation lesion sets.2 Conversely, in 
separate human AF studies,36 Allessie et al found no consistency 
within disordered AF and concluded that AF was attributed to 
multiple reentrant waves (as in early computer models37) with 
“focal” events reflective of transmural breakthrough. However, 
these studies mapped <20% of the dilated atria in these patients, 
and did not apply interventions to prove causality of disordered 
activation. More recent epicardial mapping has revealed localized 
high-frequency regions in AF patients consistent with sources.7,38 
Schilling et al39 and more recently Cuculich et al13 used mathe-
matical inverse solutions to map the atria via noncontact 
approaches (Ensite 3000™, St Jude Medical, Minneapolis, Min-
nesota, and EcVue™, Cardioinsight, Cleveland, Ohio, respec-
tively) in AF.13 However, such studies have yet to use focused 
ablation to establish causality of each proposed mechanism and 
exclude bystanders.

Requirements to Map Human AF

Without a priori knowledge of the spatiotemporal organization 
of human AF, it has been difficult to propose “design” require-
ments for mapping. In 2001, we set out to study human AF by 
designing an approach suitable for mapping spatially meandering 
multiple wavelets or for identifying potential localized sources 
(rotors or focal sources). Our initial hypothesis was that localized 
sources do not exist in human AF.

Detection Design Requirements
We reasoned that the factor most relevant to mapping spatial 
resolution is the length scale of the mapped event. Figure 43-1 
illustrates a rotor with limited movement of the rotor tip (in a 
locus of migration) and wavebreak to fibrillation, generated in a 
computer simulation. Electrophysiological model parameters 
were chosen such that the spiral breaks down far from the migra-
tion locus.3,4,23 The rotor controls activation in a “coherent 
domain” in 1 : 1 fashion with length scale Rrotor, beyond which 
activation breaks down into complex spatiotemporal patterns. A 
coherent rotor domain surrounded by incoherent activity can 
also be generated in simulations of heterogeneous tissue.40,41 To 
map the rotor core, the required spatial resolution is comparable 
with the length scale of the reentrant path Rlocus. It is important 
to note, however, that to simply detect rotational activity around 
the core (the rotor), the required spatial resolution is coarser  
and is comparable with its wavelength, λ, which is much larger 
than Rlocus.

Figure 43-1 also illustrates the importance of mapping a suf-
ficiently large field-of-view. Attempting to map a rotor with a 
field-of-view smaller than its trajectory of migration (using a 
small mapping plaque) may lead to results that are difficult to 
interpret. Hence, if the locations of putative AF sources are 
unknown, then as much of the atrial surface as possible should 
be mapped. Finally, the temporal resolution must be able to 
distinguish activation between neighboring recording sites and 
thus can be found by dividing the spatial resolution by the 
dynamic conduction velocity. For example, for a spatial resolu-
tion of 5 mm and a range of conduction velocity of 50 to 
150 cm/s,42 the required temporal resolution is 3.3 to 10 ms.

We estimated the length scales λ, Rlocus, and Rrotor, and thus 
the required spatial resolution, to map potential localized sources 
of human AF, based on animal studies and observations of human 
AF. Animal models of AF show varying mechanisms, including 
localized spiral waves (rotors),43,44 focal sources,45 or nonlocalized 
waves.10 In experiments showing rotors, the length scale for the 
reentrant path (Rlocus) ranges from 1 cm to >3 cm,10,46,47 requiring 
a minimum resolution of 0.5 cm for mapping. Spatial organiza-
tion in some models controlled tissue areas >5 cm2,44 correspond-
ing to a rotor length scale and wavelength >2 cm. Thus, once the 
location of a rotor is identified, reentry requires mapping a field-
of-view of at least 2.5 × 2.5 cm, with a resolution of ≈1 cm.

In humans, the length scale of the reentrant path may be 
estimated from the concept of tissue wavelength48 as the product 
of minimum conduction velocity and the shortest refractory 
period. In AF patients, minimum (dynamic) conduction velocity 
in left and right atria is ≈40 cm/s42 and the minimum atrial refrac-
tory period ≈100 to 110 ms,20,23 resulting in a minimum wave-
length of ≈4 to 5 cm, diameter of ≈1.5 cm, and minimum required 
spatial resolution of ≈1 cm.

Numeric Validation of Design Requirements for AF Mapping
To test these design criteria for mapping human AF, we per-
formed in silico data validation using an electrophysiological 
model. The model simulates wave propagation using the monodo-
main equation:

dV
dt

V I Cion m= ∇ ⋅ ∇ −D

where V is the membrane voltage, Cm represents the membrane 
capacitance, D is the diffusion tensor, and Iion represents the 
membrane currents. For the purposes of illustrating propagation 
in silico, we computed membrane currents using the 3- and 
4-variable Fenton-Karma (FK) model.49,50

Figure 43-2 illustrates spiral wave reentry in a 200 × 200-node 
simulation area with a physical size of 5 × 5 cm, corresponding 
to a spatial resolution Δx of 0.25 mm (Figure 43-2, A). The spiral 
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Sustaining Rotors and Focal Impulses  
for Human Atrial Fibrillation

Recently, our group16 and others15 showed that human paroxys-
mal, persistent, and long-standing persistent AF are predomi-
nantly sustained by localized rotors or focal sources. In a 
multicenter experience that currently includes more than 200 
patients, stable rotor or focal sources were identified in >98% of 
patients, in diverse bi-atrial locations that were stable for pro-
longed periods in each individual. Direct targeted ablation was 
applied to each mapped source (FIRM) before any other inter-
vention, which led acutely to the termination or substantial orga-
nization of AF in the vast majority of cases. Patients who received 
FIRM together with conventional ablation had substantially 
greater freedom from AF on rigorous long-term follow-up com-
pared with those receiving conventional ablation alone.

Identification of Rotors and Focal Impulses  
in Human AF: Focal Impulse and Rotor  
Mapping

We designed FIRM mapping on the basis of the above consider-
ations including the requirement to apply ablation to prove pro-
posed AF mechanisms.14 Accordingly, FIRM mapping is 
performed during clinical electrophysiology study by advancing 
64-pole basket catheters to the right atrium and, after transseptal 
puncture, to the left atrium. Contact electrodes provide spatial 
resolution of 4 to 6 mm along each spline, and ≈4 to 10 mm 
between splines (higher resolution at the poles than at the 
equator). Heparin is infused to maintain activated clotting time 
>350 ms. In early work, we mapped both atria simultaneously 
(Figure 43-3), but we now use one basket: first in the right atrium 
while performing transseptal puncture, then in the left atrium. 
Multi-site electrograms are recorded with a temporal resolution 
of 1 ms as unipoles or as overlapping bipoles to reduce far-field 
artifact, and are filtered at 0.05 to 500 Hz. AF data are exported 
digitally as multiple 1-minute epochs over a period of tens of 
minutes.

A novel system (RhythmView™, Topera Inc., Palo Alto, Cali-
fornia) is then used to analyze multipolar AF signals.14,16,51 Elec-
trograms are filtered to exclude noise and far-field signals guided 
by the reported rate dynamics of human right and left atrial 
APD20,22,23,52 to estimate minimum activation time, and conduc-
tion velocity20,24 to map propagation paths. The system produces 
isopotential movies of AF over successive cycles, as the primary 
display modality used to guide ablation, as discussed later. 
However, for illustration, single-cycle isochronal snapshots are 
provided throughout the chapter.

Demonstration of AF Rotors and Focal Sources

Propagation can be mapped in various rhythms. For orientation, 
Figure 43-3 illustrates bi-atrial propagation in sinus rhythm. The 
atria are projected onto grids, with the right atrium cut vertically 
through the tricuspid valve, opening its lateral and medial halves. 
The left atrium is cut horizontally through the mitral valve, 
opening its superior and inferior halves. On these projections, 
sinus activation is represented by color-coded isochrones emanat-
ing from the sinoatrial node (in red), crossing Bachmann’s bundle 
to the left atrium (in blue).

In AF, isopotential movies were analyzed to identify rotors  
as rotational activity around a center, or focal impulses as cen-
trifugal activation from a point of origin, or laminar activation or 
disorganized patterns that fell outside the three categories previ-
ously described. Rotors and focal sources were diagnosed only if 

is single-armed with a wavelength larger than Lrotor/2 and a period 
of 90 ms. The computed locus of migration of the rotor tip is 
illustrated in red in Figure 43-2, A, and consists of a complex 
meandering trajectory with a length scale of ≈1 cm. Thus, this 
simulated rotor has Llocus ≈1 cm, Lrotor >5 cm, and λ >2.5 cm.

Activation times for each node were determined using a voltage 
threshold (10% maximal) and were stored at temporal resolution 
Δt = 1 ms. Activation times were used to compute isochrones sepa-
rated by 20 ms (Figure 43-2, B, green). To simulate coarser record-
ing resolution, we coarsened stored activation time intervals but 
did not rerun simulations. Figure 43-2, B-D illustrates isochrones 
for the same rotor at resulting spatial resolutions of Δx = 2.5 mm 
(20 × 20 grid), Δx = 6.25 mm (8 × 8 grid), and Δx = 12.5 mm (4 × 4 
grid), corresponding to isochronal intervals of 3 ms, 7 ms, and 18 
ms, respectively. Notably, all values of Δx preserved rotational 
activity of the organized domain of the rotor.

Summary of Design Requirements for Human AF Mapping
These estimates and numeric simulations suggest that a spatial 
resolution of ≈0.5 cm may be able to resolve rotor migration, and 
a spatial resolution of ≈1 cm may capture rotational activity of a 
rotor in human AF. The corresponding temporal resolution 
should be at least 6 ms. These considerations laid the foundation 
for our direct contact focal impulse and rotor mapping (FIRM) 
approach,14 which we recently described to identify patient-
specific sustaining rotors and focal sources for human AF. Local-
ized AF sources were identified at electrophysiological study and 
their causal role verified by AF termination by patient-specific 
targeted ablation alone.

Figure 43-2.  Effect of Mapping Resolution on a Simulated Clockwise 
Rotor Simulation on a 200 × 200 grid. A, Spatial resolution Δx = 0.25 mm, corre-
sponding to a 5 × 5-cm domain. The activation is plotted using a gray scale, with 
white corresponding to depolarized and black corresponding to repolarized tissue. 
The tip of  the rotor meanders as shown  in  red. The green symbols are  isochrones 
superimposed  onto  the  snapshots.  These  isochrones  are  20  ms  apart  and  are 
computed as all grid points activated within 1 ms. Scalebar = 1 cm. B, Isochrones 
computed on a 20 × 20 grid obtained by coarsening the original grid. Isochrones 
are again 20 ms apart with the order green, blue, purple, and red; scalebar repre-
sents spatial  resolution (Δx = 2.5 mm). C,  Isochrones computed on an 8 × 8 grid 
providing spatial resolution Δx = 6.25 mm. D, Isochrones computed on a 4 × 4 grid 
providing spatial resolution Δx = 12.5 mm. Note that rotational activity (organized 
domain) of the rotor remains detectable at all resolutions. 
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or collision. In each case, electrograms in the coherent domain 
exhibit sequential 1 : 1 activation.

Figure 43-5, A illustrates a right atrial AF rotor with disorga-
nization peripherally and in the left atrium. Figure 43-5, B illus-
trates, for comparison, right atrial clockwise reentry in reverse 
typical atrial flutter, showing 1 : 1 propagation in both atria. 
Figure 43-5, C shows a repetitive focal source driving AF with 
peripheral disorganization. For comparison, Figure 43-5, D illus-
trates the distinct bi-atrial propagation maps of a “simple” focal 
atrial tachycardia in a patient without AF, in which propagation 
is 1 : 1 throughout ipsilateral and contralateral atria.

Electrophysiological Evidence That Rotors  
and Focal Sources Are Primary Sustaining 
Mechanisms for AF

Two lines of evidence were used to prove that rotors and focal 
sources are causal mechanisms for human AF and not mere 

stable and sustained throughout several recording epochs (>100 
cycles), to exclude transient rotational and/or focal activations 
that represent fibrillatory conduction.5

We observed sustained rotors and focal sources in nearly all 
patients (98/101, or 98%) with paroxysmal, persistent, and long-
standing persistent AF.16 Subjects exhibited 2.1 ± 1.0 sources 
concurrently that were more prevalent in individuals with persis-
tent than paroxysmal AF (2.2 ± 1.0 vs. 1.7 ± 0.9; P = .03). AF 
sources were sustained for hundreds of cycles analyzed in “time 
lapse” fashion, representing tens of minutes (i.e., thousands of 
cycles). Sources lay in diverse atrial locations, and it was surpris-
ing to note that 24% were found in the right atrium. The preva-
lence of rotors was greater than the prevalence of focal beats.14 
In patients in whom both spontaneous AF and induced AF were 
observed, AF propagation movies converged once AF had been 
sustained for >10 minutes in either case. No complications were 
noted during mapping.16

Figure 43-4 illustrates rotors in the (A) right and (B) left atria 
in patients during AF, showing head-to-tail (red-to-blue) activa-
tion in the coherent domain, and peripheral disorganization and/

Figure 43-3.  Anatomical Reference and Nomenclature for FIRM Mapping A, Fluoroscopic view of 64-pole basket catheters  in the right and left atria. An 
ablation  catheter  and  a  coronary  sinus  catheter  are  shown,  along  with  an  esophageal  temperature  probe. The  image  shows  a  subcutaneous  continuous  ECG  monitor 
(Reveal XT™, Medtronic, Minneapolis, Minnesota) used to categorically establish elimination of AF after ablation in clinical series. B, Sinus rhythm map on bi-atrial schematic. 
Activation at basket electrodes, shown as dots, is displayed as a color-coded map from the sinus node to the lateral inferior left atrium. The right atrium is opened between 
its poles, with the tricuspid annulus opened laterally and medially; the left atrium is opened along its equator, with the mitral annulus opened superiorly and inferiorly. The 
pulmonary vein ostia are indicated by dashed lines. 
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Figure 43-4.  Right Atrial and Left Atrial Spiral Waves (Rotors) During Human AF on FIRM Mapping A, Counterclockwise rotor in posterolateral right 
atrium, with collision (white double lines) beyond the coherent domain of the spiral arm. Electrograms around the right atrium rotor site indicate sequential activation of 
counterclockwise rotation with variability at cycle length ≈177 ms. B, Counterclockwise rotor in midposterior left atrium, with collision beyond the spiral arm (double lines). 
Pulmonary vein ostia indicated by dashed lines. ABL, Ablation electrogram; AF, atrial fibrillation; CS, coronary sinus. 
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a wide variety of energy sources for FIRM ablation cases, includ-
ing cryoenergy. In each case, the catheter is maneuvered near 
basket electrodes overlying each source using fluoroscopy, then 
ablation is applied for ≈30 s at each site. The catheter is moved 
within the area representing the center of rotation or focal origin, 
for the acute end point of AF termination or ≤10 minutes, which-
ever comes first. AF termination is followed by attempted non-
reinducibility of AF. Only if AF is subsequently non-reinducible 
do we consider the end point of AF termination achieved, unlike 
prior reports in which AF reinduction is rarely attempted. If AF 
did not terminate, we assessed for abruptly increased AF cycle 
length >10%. In our validation studies, an AF cycle length 
increase >10% indicates elimination of a secondary AF source, as 
suggested in computer simulations by others (using a 3% to 4% 
cutpoint).54,55 Our acute end point was thus the composite of AF 
termination or ≥10% slowing.

The acute effects of targeted ablation limited to rotor or focal 
sources were reported in the CONFIRM trial,16 in patients aged 
63 ± 9 years, of whom 81% had persistent AF, and in an initial 
report from first cases at other centers,15 in patients aged 58 ± 12 
years, of whom 92% had persistent AF.

FIRM ablation achieved the acute end point in 86% (31/36) 
of patients receiving FIRM-guided ablation in the CONFIRM 
trial16 and in 100% (12/12) of patients in the first external series.15 
Figure 43-7 shows AF termination by FIRM ablation at (A) a 
posterior left atrial rotor, (B) a right atrial rotor, and (C) a left 
atrial focal beat. Preliminary findings from a larger multicenter 
FIRM-guided ablation experience show similar results (manu-
script in preparation).

The AF termination end point alone was observed in 56%16 
and 67%15 of patients before PV isolation after a median of 
<5 min FIRM ablation at the primary source. In the CONFIRM 
trial, this was achieved with a median of 2.5 min ablation at the 
primary source (interquartile range [IQR], 1 to 3 min).16 More-
over, AF termination by FIRM was predominantly to sinus 
rhythm (23/28 terminations in pooled studies; 82%15,16), unlike 
conventional (nonguided) ablation, in which AF terminates 

bystanders. First, we carefully mapped activation to show that 
activation emanates from sustained sources to the remaining atria 
for each cycle of AF. Second, we targeted rotors and/or focal 
sources directly for ablation to acutely modulate AF.

Mapping Activation Sequence
Rotors exhibited 1 : 1 activation within their coherent domains, 
and focal sources showed 1 : 1 activation from their origins, with 
distal disorganization and/or collision from isochronal analyses 
(see Figures 43-4 through 43-7) and isopotential movies. Direc-
tionality was analyzed to further establish that propagation ema-
nated from rotors or focal sources during AF and not was directed 
to them. Directionality53 was computed by analyzing isochronal 
AF snapshots in 10-ms bins, then calculating vectors between 
successive isochronal contours at the spatial boundaries of each 
bin. Figure 43-6 shows (A) a left atrial AF rotor with (B) activa-
tion emanating to remaining atria, and (C) a left atrial focal AF 
source with (D) activation emanating to remaining atria. Analysis 
of consecutive cycles revealed that directionality was conserved 
close to the center of each source but not farther away. These 
data support the notion that sustained sources control and drive 
fibrillatory activity over multiple cycles.

Targeted Ablation Limited to Rotors and Focal Sources  
Acutely Terminates AF
Recent computational advances enabled us to perform FIRM 
mapping for human AF in near-real time at electrophysiological 
study. This provided the opportunity to target these regions for 
ablation prospectively,16 as illustrated in a recent video case 
report.51

Radiofrequency energy was targeted directly at identified 
rotors and focal sources before PV isolation. Radiofrequency 
energy was delivered using a 3.5-mm-tip irrigated catheter 
(Thermocool, Biosense-Webster, Diamond Bar, California) at 25 
to 35 W, or, in heart failure subjects, an 8-mm-tip nonirrigated 
catheter (Blazer, Boston Scientific, Natick, Massachusetts) at 40 
to 50 W, target 52° C. Other centers have subsequently employed 

Figure 43-5.  AF Sources Are Distinct from Simple Rhythms on FIRM Mapping A, Clockwise right atrial rotor in AF, showing noncoherent (non-1 : 1) propa-
gation in left atrium. Conversely, (B) clockwise reverse typical flutter with 1 : 1 propagation to the left atrium. C, Repetitive focal beat during paroxysmal AF (in low septal 
left atrium), with activation to remaining left atrium and fibrillatory conduction to right atrium (CL ≈100 ms). In contrast, (D) focal atrial tachycardia (nonfibrillatory) from 
the high posterior left atrium differs from AF by showing 1 : 1 activation centrifugally to the ipsilateral then the contralateral atria (CL, 300 ms). 
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were causal rather than bystanders from unmapped and unidenti-
fied mechanisms.

Our results extend elegant prior studies suggesting rotors in 
human AF. Atienza et al reported regions of high spectral domi-
nant frequency near the pulmonary veins in patients with  
paroxysmal AF whose frequency increased after adenosine admin-
istration,26 consistent with a reentrant mechanism. Using nonin-
vasive body surface mapping (ECG imaging [ECGI]), Cuculich 
et al13 detected rotational activity in AF patients, but in a minority 
of patients, typically of only 1 rotation, and with very short cycle 
length (<75 ms).13 These differences, which may reflect the 
respective mapping approaches, require further definition.

Clinical Implications

The presence of a small number of stable and temporally con-
served rotors or focal sources in any given patient with AF is 
consistent with many mapping studies, and suggests a novel 
approach to classifying AF and tracking the natural history of 
AF—by noting an increase or a decrease in the number of sources. 
The precise pathophysiology that underlies the formation of AF 
sources requires further study, which may lead to future diagnos-
tic or therapeutic applications. However, the most immediate 
therapeutic application is the direct elimination of AF sources. 
Accordingly, we hypothesized that targeted FIRM ablation at 
patient-specific AF rotors and focal sources would improve long-
term freedom from AF compared with conventional ablation.

typically to an atrial tachycardia (<13% to sinus rhythm55). 
Notably, AF sources were stable over time in each patient. AF 
sources were persistent over the time scale required for mapping 
and ablation (mean, 115 ± 57 minutes). AF sources were con-
served for months in a subset of subjects who failed conventional 
ablation in the control limb of CONFIRM, then re-presented 
for FIRM-guided ablation.16

Discussion

These data demonstrate that human AF is sustained by localized 
rotors and focal sources in patients with paroxysmal, persistent, 
and long-standing persistent AF. Notably, localized sources were 
observed in patients undergoing first AF ablation and in those 
with recurrent AF after prior ablation. The observation that brief 
targeted ablation (FIRM) limited to rotors or focal sites was able 
to terminate AF and render it noninducible, before anatomically 
based ablation of PV triggers, provides strong evidence for the 
mechanistic role of patient-specific AF sources in maintaining the 
arrhythmia.

Our finding that human AF is sustained by a small number (1 
to 3) of rotors and focal sources that are spatially stable over 
time10 was initially surprising and differed from previous studies. 
A detailed recent epicardial mapping study was interpreted to 
show that AF is maintained by numerous complex nonrepeating 
activation fronts,36 yet that study used limited field-of-view 
(<20% of dilated atrial surfaces) that may miss AF sources outside 
the mapped field, and did not prove that the disordered waves 

Figure 43-6.  Propagation Emanates from Localized Sources to Remaining Atria During Human AF A, Left atrial AF rotor. B, Directionality shows propa-
gation emanating  from rotor  to  remaining atria. C, Left atrial AF  focal  source. D, Directionality shows propagation emanating  from focal  source  to  remaining atria. The 
arrows indicate the activation direction53 between isochrones (color bar). 
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generated in the CONFIRM trial. In more recent series, repeat 
mapping is possible. 

Conventional ablation was then performed: in FIRM-blinded 
subjects, immediately after basket data were acquired, and in 
FIRM-guided subjects, after FIRM-guided ablation was com-
pleted. Conventional ablation2 comprised wide area circumferen-
tial ablation to isolate the left and right pulmonary veins in pairs, 
with verification of pulmonary vein isolation using a circular 
mapping catheter.

Patients were evaluated after the single index procedure in 
clinic quarterly for up to 2 years. Repeat ablation was not permit-
ted at any time, even in the first 3 months (“blanking” period), 
and antiarrhythmic medications were discontinued at 3 months. 
Recurrent arrhythmias were detected using implanted subcutane-
ous ECG monitors whenever possible—Reveal XT™ (Medtronic, 
Minneapolis, Minnesota), or clinically indicated pacemakers/
defibrillators with AF detection algorithms. Remaining subjects 
received intermittent ambulatory ECG monitoring at each visit.

CONFIRM Trial Results

The single-procedure freedom from AF was 82.4% in FIRM-
guided patients compared with 44.9% in FIRM-blinded patients 
(P < .001) after 273 days (median IQR, 132 to 681). Notably, no 
FIRM-guided case recurred after ≈7 months. FIRM-guided 

Ablation of Localized Sources—the CONFIRM Trial

The CONFIRM trial (CONventional ablation with or without 
Focal Impulse and Rotor Modulation) was a prospective case 
cohort study16 that enrolled pateints at 107 AF ablation procedures 
who had failed at least one antiarrhythmic medication with stan-
dard indications. Of this population, 36 underwent FIRM-guided 
ablation then conventional ablation, and 71 underwent conven-
tional ablation alone (1 : 2 allocation). The only exclusion criterion 
was an unwillingness to consent. Patients had paroxysmal AF (epi-
sodes that self-terminate in <7 days), persistent AF (episodes that 
last >7 days and require electrical cardioversion), and long-
standing persistent AF (persistent AF with >1 year of continuous 
AF).2 Overall, three-quarters of patients had persistent or long-
standing persistent AF (conventional, 66%; FIRM-guided, 81%), 
and subjects had a wide range of ages (20 to 81 years), left ventricu-
lar ejection fractions (20% to 75%), and comorbidities.

FIRM was performed in all patients with spontaneous or 
induced AF (n = 101, including all FIRM-guided patients). As has 
been noted, maps of spontaneous and induced AF converge by 5 
to 10 min. FIRM-guided ablation was performed as described for 
the acute end point of AF termination or AF cycle length increase 
>10% by FIRM ablation of ≤10 min per source. When AF ter-
minated, we attempted to reinitiate AF; if successful, FIRM was 
repeated for ≤3 sources (≤30 min), but only 1 FIRM map was 

Figure 43-7.  Acute Termination of AF to Sinus Rhythm by Focal Impulse and Rotor Modulation (FIRM) Ablation A, Left atrial rotor with counter-
clockwise activation (red to blue) and disorganized right atrium in AF. B, FIRM ablation at left atrium rotor terminated AF to sinus rhythm in <1 min. C, Right atrium rotor 
(clockwise) and simultaneous left atrium focal source during persistent AF. D, FIRM ablation at right atrium rotor terminated AF to sinus rhythm in 5.5 min. E, Left atrium 
focal source in AF. F, FIRM ablation at left atrium focal source terminated AF to sinus rhythm. All patients are AF-free on implanted cardiac monitors at >1 y. Scalebar = 1 s. 
CS, coronary sinus electrogram. Atrial orientations as in Figure 43-3. 

(Adapted from Narayan et al,16 with permission.)
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FIRM-guided ablation. Second, the maximal current basket size 
(55 to 60 mm) places an upper limit on patients in whom com-
plete atrial mapping is achievable. Although the basket has  
suboptimal resolution, the theoretical design considerations 
above and the size of single-ablation lesions (≈5 to 7-mm diam-
eter) may limit the need for substantially higher resolution. 
Third, a randomized controlled trial with a greater representa-
tion of female subjects is required and is already under way. 
Fourth, future studies are required to define the benefit of mech-
anistically targeted FIRM ablation alone, without ablation at AF 
trigger sites; such studies are also under way.

Conclusions

Recent data provide compelling evidence that human AF is main-
tained by a small number of stable, patient-specific localized 
rotors or focal sources. AF sources were detected using FIRM 
mapping, which combines wide-field-of-view bi-atrial contact 
recordings of AF with computational analyses. Rotors and focal 
sources were present in diverse bi-atrial locations outside the 
pulmonary veins, were sustained for thousands of cycles, and were 
spatially stable over prolonged periods. Their mechanistic role 
was demonstrated by targeted ablation (FIRM) that rapidly termi-
nated AF and rendered it noninducible in most patients. FIRM-
guided ablation (FIRM plus conventional ablation) nearly doubled 
long-term AF elimination compared with conventional ablation 
alone with rigorous monitoring.

These results explain many observations on clinical AF, includ-
ing the 70% to 80% success “ceiling” of multiple conventional 
ablation procedures (that may miss right atrial sources), the spa-
tiotemporal stability of AF in individual patients, prior indirect 
evidence of localized AF sources, and the fact that termination of 
AF during conventional ablation may occur at any stage while, 
conversely, extensive ablation often has little acute impact on AF.

Future studies are required to address many remaining ques-
tions. Mechanistically, the pathophysiology that leads to the forma-
tion of AF sources is unclear and may result from structural fibrosis 
or scar or functional properties such as gradients of repolarization 

therapy maintained its benefit over FIRM-blinded therapy for 
first-time ablation cases (P < .001; Figure 43-8 for patients off 
antiarrhythmic medications) and for all prespecified subgroups.

FIRM could not be completed in a small number of patients 
because of esophageal heating, phrenic nerve capture, or other 
factors; these patients were included as failures in the intention-
to-treat results. Moreover, FIRM-guided patients had a greater 
number of comorbidities and more rigorous follow-up than 
FIRM-blinded patients (subcutaneous ECG monitors in 88.2% 
vs. 26.1%; P < .001), suggesting that the results may actually 
understate the relative benefits of FIRM-guided ablation. Patient 
safety was equivalent, with no difference in adverse events 
between groups. Finally, the acute and chronic end point was 
achieved in patients with all forms of AF (paroxysmal, persistent, 
and long-standing persistent AF). However, complete FIRM 
mapping was not possible in patients with atria larger than the 
largest basket diameter (55 to 60 mm), who were less likely to 
achieve the acute end point.

Discussion of CONFIRM Trial

The CONFIRM trial showed for the first time that brief ablation 
(FIRM) limited to patient-specific AF-maintaining sources was 
able to acutely terminate persistent or paroxysmal AF before 
conventional ablation in a majority of patients, and, when fol-
lowed by conventional ablation, it substantially increased long-
term AF elimination after a single procedure compared with 
conventional AF ablation alone.

The CONFIRM trial is notable for many reasons. First, it 
reports among the highest single procedure success rate of any 
AF ablation trial to date, verified using implanted ECG monitors 
that are far more sensitive than symptoms or the intermittent 
ECG monitoring used in most prior ablation trials. Second, the 
CONFIRM trial is one of the few AF trials to date9,56,57 to 
compare a novel ablation strategy with a control strategy of con-
ventional ablation58 (not to antiarrhythmic medications). Third, 
CONFIRM is the first trial to identify and directly target dem-
onstrated AF mechanisms, proven by achievement of the acute 
end point in a patient-tailored fashion. Fourth, FIRM-guided 
ablation was more effective than conventional ablation in all 
patient subgroups, including those undergoing their first proce-
dure and those with AF despite prior conventional ablation (see 
Figure 43-8).

Results of the CONFIRM trial may explain many observa-
tions from conventional AF ablation. First, most sources lay in 
the left atrium. Nevertheless, the presence of right atrial sources 
in one-quarter of patients may explain the 70% to 80% success 
ceiling2 of conventional (mostly left atrial) ablation for AF, and 
the need for right atrial ablation in some patients.32 Second, 
diverse source locations are consistent with reports that wide-
spread ablation may be required.8 Third, the higher number of 
sources in persistent than in paroxysmal AF is consistent with 
lower success rates and more difficult procedures in persistent AF 
patients. Fourth, how widespread conventional ablation can miss 
localized sources may be explained by AF source locations often 
remote from typical lesion sets, and the fact that conventional 
ablation may dwell briefly at each location (≈30-60 s) before the 
catheter is moved, but FIRM targets sources for >≈2.5 min of 
ablation (similar to ablation for AV node reentry, atrial tachycar-
dias, or other “simple” arrhythmias17-19).

CONFIRM has several limitations. The first is its nonran-
domized design, although subjects were enrolled consecutively 
and were treated prospectively for prespecified end points. In 
fact, FIRM-guided subjects had a higher prevalence of persistent 
AF, a greater number of comorbidities, and more intense moni-
toring than FIRM-blinded subjects, thus actually biasing the 
study against and likely underestimating the benefit of 

Figure 43-8.  Cumulative Freedom from Atrial Fibrillation in Patients 
Off Antiarrhythmic Medications  For all  cases  (bold lines),  and  for  those at 
first ablation (dashed lines). Intention-to-treat analysis and P values reflect the com-
plete follow-up period. 

(Adapted from Narayan et al,16 with permission.)
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including FIRM ablation alone, in several AF patient populations. 
Finally, future studies may clarify whether FIRM mapping opens 
the possibility of additional patient-tailored therapies for AF, such 
as pharmacologic and regenerative therapies for this highly preva-
lent disease with major public health and societal impact.

or conduction restitution. Clinically, future studies should deter-
mine whether technical improvements can further improve 
mapping accuracy and outcomes of FIRM ablation in patients with 
the most dilated atria. Randomized controlled trials are under way 
to define the benefit of different FIRM ablation strategies, 
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anterior, intermediate/marginal, and posterior atrial branches 
(Spalteholz classification).23 Angiographically, in a right anterior 
oblique (RAO) projection, the right anterior atrial branch is 
slender, arises at a variable distance from the conus artery, and 
courses to the left and superior aspect of the atrium.12 It gives off 
branches to both atria and the interatrial septum and terminates 
by encircling the lower portion of the superior vena cava (SVC). 
When it is the main atrial branch, it supplies the sinoatrial node 
(SAN). The right intermediate atrial branch, also called the mar-
ginal branch, arises from the acute right margin of the heart, 
ascends over the anterolateral surface of the RA, and supplies 
surrounding atrial tissues (see Figure 44-1). In 13.3% of cases, it 
is the main atrial branch that supplies the sinus node.13,14 The 
origin of this branch is marked by the presence of a small fatty 
excrescence or a cardiac vein adjacent to the artery that drains 
into the RA wall.15 Angiographically, the right intermediate atrial 
branch is not easy to see because of its small size and variability. 
For the same reason, the right posterior atrial branch is difficult 
to locate. When present, the right posterior branch arises on the 
posterior aspect of the RA and supplies the right posterior atrial 
wall and the left atrial (LA) posterior surface. Notably Busquet 
et al proposed another classification scheme in which right atrial 
branches are classified on the basis of cross-sectional diameter 
into two rather than three groups—the major and accessory 
branches.15 Major branches are usually found in groups occupy-
ing anterior, lateral, and posterior positions relative to the tricus-
pid orifice, consistent with the Spalteholz classification. Accessory 
branches arise from the RCA in the AV groove and have an 
average diameter of less than 0.5 mm and a length not exceeding 
10 mm. They are covered by fatty tissue in the AV groove and 
supply solely the lower atrial wall and the adjacent right 
ventricle.

Left Atrial Branches
Arteries supplying the LA are among the earliest branches of the 
left coronary artery (LCA), usually from the left circumflex 
(LCX), and originate along the AV groove. Similar to right atrial 
circulation, left atrial branches are usually classified into the left 
anterior, intermediate/marginal, and posterior atrial branches. 
The left anterior atrial branch arises on the anterior aspect of the 
LA (see Figure 44-1). When it is the main atrial branch, it courses 
upward along the LA via the anterior interatrial groove to reach 
the SAN. In RAO projection, it is an early branch that ascends 
leftward and upward.12 The remaining left atrial branches are 
variable and supply adjacent atrial tissues along their course over 
the LA. Another variant is the left atrial circumflex artery (LACX), 
which may branch early from either the LCX or its main atrial 
branch (Figure 44-1).12,13 Early in its course, the LACX ascends 
slightly through the LA and travels along its lower margin paral-
lel to the left AV groove. It extends around the left heart margin 
and terminates in the posterior wall of the LA. Sometimes, the 
LACX extends farther, crossing the crux of the heart along  
the right AV groove to give off right posterior atrial branches. 
Rarely, the LACX may even supply the SAN as the main atrial 
branch itself, which, in a study of 118 patients, occurred 11% of 
the time.13
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Atrial fibrillation (AF) is the most common arrhythmia in adults 
and affects more than 4 million Americans.1,2 This arrhythmia is 
associated with such adverse consequences as decreased quality 
of life, decompensated cardiovascular status, and stroke.3,4 Despite 
the availability of antiarrhythmic drugs and interventional thera-
pies, AF still represents a therapeutic challenge, and costs related 
to AF management steadily increase.5-9 AF may be caused by any 
cardiac condition; however, a predominance of heart failure and 
coronary artery disease (CAD) has been noted.1,10-14 Regarding 
CAD-associated AF, clinical and experimental studies show that 
both acute and chronic CAD lead to onset and perpetuation of 
AF.11,15-18 For instance, AF is a well-known complication of acute 
myocardial infarction,18 and CAD is a significant risk factor for 
AF.8 Although AF after ventricular myocardial infarction might 
also be triggered by an increase in intra-atrial pressure in the 
context of acute ventricular dysfunction,19,20 various works have 
shown that isolated atrial infarction is common, representing 
about 20% of autopsy-proven atrial infarctions.21,22 Recent years 
have seen a growth of interest in further understanding the mech-
anisms by which atrial ischemia, acute or prolonged, may favor 
onset and perpetuation of AF. In this chapter, we review the 
anatomical and physiological background of atrial coronary per-
fusion and present the most recent insights demonstrating a caus-
ative link between atrial ischemia and AF.

Atrial Perfusion: Anatomy and Physiology

Available literature on the detailed anatomy of atrial coronaries 
is scarce, and unstandardized nomenclature makes any attempt 
at gaining understanding challenging. In general the sinus nodal 
artery (SNA), the atrioventricular nodal artery (AVNA), and 
several other arterial branches in the atria have been described. 
Although these play a significant role in the pathophysiology of 
atrial fibrillation and other tachyarrhythmias, they have no unani-
mous characterization in the cardiology literature, most likely 
owing to the variability of their origin, course, and termination. 
Figure 44-1 shows schematically the atrial coronary branches and 
anastomoses that have been reported in the literature.

Atrial Coronary Arteries and Branches

Right Atrial Branches
Arteries supplying the right atrium (RA) are among the earliest 
branches of the right coronary artery (RCA) after the conus 
artery, and they originate along the right atrioventricular (AV) 
groove (see Figure 44-1). They are usually classified into the right 
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Right and Left Atrial Anastomoses and the Controversial 
Kugel’s Artery
Several anastomoses between atrial coronary arterial systems 
have been described. Generally, these anastomoses exist as small 
intra-atrial or atrioventricular branches, or as a single vessel 
known as Kugel’s artery—a major transatrial pathway that bridges 
the right and left coronary systems (see Figure 44-1). As the 
largest atrial artery, the SNA also serves as a major anastomotic 
channel, connecting to right and left coronary systems through-
out its course. It forms a vascular loop around the base of the 
SVC, where it sends tributaries to small branches of the left and 
right intermediate arteries.15,20 When present, the posterior ter-
mination of the LACX can also anastomose with the distal RCA 
or AVNA.16 Many authors who accepted the importance of an 
anastomotic network between the left and right coronary systems 

Figure 44-1.  Atrial arterial branches. 1, Right coronary artery; 2, right anterior atrial 
branch  (main  atrial  branch  in  this  figure);  3,  right  intermediate  branch;  4,  right 
posterior branch; 5, Kugel arterial anastomosis; 6, left circumflex artery; 7, left ante-
rior atrial branch; 8, left intermediate atrial branch; 9, left posterior branch; 10, left 
atrial circumflex; 11, atrioventricular nodal artery. LA, Left atrium; RA,  right atrium; 
SAN, sinoatrial node. 

(Adapted from Boppana S et al: Atrial coronary arteries: Anatomy and atrial perfusion 
territories J Atrial Fibrillation September 2011.)
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Figure 44-2.  Atrial coronary perfusion territories in sheep: Main anatomical variants. Left, Triple-vessel PLA perfusion; middle, LSNA-dominant PLA perfusion; right, balanced 
double-vessel PLA perfusion. Black solid line delineates regional perfusion territories. Left panel, Selective perfusion of Congo red into the RSNA, and Evans blue  into the 
LCX; middle panel, selective perfusion of Congo red into the RSNA (no left atrial staining) or the LSNA (right panel). Right panel, Selective perfusion of Congo red into the 
RSNA and Evans blue into the LSNA. LIPV, left inferior pulmonary vein; LSNA, left sinus node artery; LSPV, left superior pulmonary vein; PLA, posterior wall of the left atrium; 
RIPV, right inferior pulmonary vein; RSNA, right sinus node artery; RSPV, right superior pulmonary vein. 

(Adapted from Yamazaki M et al: Left atrial coronary perfusion territories in isolated sheep hearts: implications for atrial fibrillation maintenance. Heart Rhythm 7:1501–1508, 
2010.)
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rejected the notion that the anastomosis was formed by a single 
major vessel.21,22 The debate was further confounded by their 
usage of the name “Kugel’s artery” for their descriptions of dif-
ferent anastomotic networks. Reconciling these diverging view-
points, T.N. James described only two variations of Kugel’s 
vessel.20 He reported an arterial connection between either the 
proximal LCX or RCA with vessels in the crux. Later, these were 
referred to as the left and right Kugel’s artery, respectively, and 
are commonly accepted today as such.23 Angiographically, the left 
anterior oblique projection best identifies this anastomotic 
network, which appears as a flag-like rectangular termination.24

Atrial Perfusion Territories

Although the reports described here have focused on a descrip-
tion of the origin, course, and termination of atrial coronary 
arteries, the precise extent of atrial perfusion territories has 
received little attention. Specifically, a delineation of atrial perfu-
sion territories at the posterior wall of the LA (PLA) and the 
pulmonary veins (PVs), which are crucial regions for AF mainte-
nance, has received little attention. Our group conducted an 
investigation in isolated ovine hearts to address this question.24 
In good accordance with human descriptions,33 we and others 
first established that in sheep hearts, three atrial coronary 
branches—left SNA (LSNA), right SNA (RSNA), and atrial 
branches of the LCX—contribute to the perfusion of the PLA 
including PV regions.24,25 We then delineated atrial coronary 
perfusion territories by selective perfusion of Congo red into the 
RSNA, and Evan’s blue into the LCX (Figure 44-2, left and middle 
panels) or the LSNA (right panel). Both atria including the PLA 
and the PVs were then dissected for acquisition of photographic 
snapshots. As shown in Figure 44-2, each atrial branch  
(RSNA, LSNA, and LCX branches) irrigated a well-defined per-
fusion territory at the PLA and within the pulmonary  
veins. However, the contribution of individual arteries to the 
perfusion of the PLA-PV myocardium varied between speci-
mens, and three equally important anatomical variants were most 
often observed: triple-vessel PLA perfusion (Figure 44-2 left; 
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directed toward the area of atrial infarction.32 In addition, various 
clinical reports have demonstrated a relationship between atrial 
infarction, atrial arrhythmias, and AMI.31,41 Supraventricular 
tachyarrhythmias including AF have been reported in up to 74% 
of AMI cases,21,42 while AF per se occurred in 33% to 55% of 
these patients.21,42 In fact, arrhythmias are considered a major 
diagnostic criterion when a P-Ta-segment depression is present 
in leads I, II, and III or in precordial leads (see Table 44-1).30

Besides, it was recently shown that in patients with both par-
oxysmal and persistent AF but no proven atrial infarction, iso-
lated atrial myocardial perfusion abnormalities, coronary flow 
reserve impairment, and microvascular dysfunction occur.43-45 
Skalidis et al assessed atrial coronary flow velocities using an 
intracoronary Doppler technique in patients with lone recurrent 
AF (LRAF).44,45 Coronary flow reserve was then calculated by 
comparing baseline and maximal coronary flow (hyperemia) with 
respect to flow in LCX and LACX.45 Investigators found that the 
coronary flow reserve of the left atrial coronary branch (LACB) 
in patients with LRAF was significantly reduced compared with 
LCX flow in the same patients. In addition, LACB coronary flow 
reserve was significantly reduced compared with coronary flow 
reserve in control subjects.45

Ventricular Ischemia, Atrial Ischemia

The question is whether ventricular ischemia with a subsequent 
increase in intra-atrial pressure provides an altered electrophysi-
ological milieu that is conducive to AF, or whether this is a direct 
ischemic insult to atrial myocytes that is arrhythmogenic. In the 
latter case, the onset of an atrial ischemia-infarction would 
explain why AF is seen in only about 20% of acute coronary 

29.5%), double-vessel PLA perfusion (right; 23.5%), and one-
vessel PLA perfusion (middle; 29.5%). These data suggest that 
the complexity of atrial vessel origin and course may translate 
into intricate perfusion areas in regions well known to harbor 
electrical sources of AF initiation and maintenance. This also 
indicates that advanced coronary artery disease may associate 
with atrial infarctions involving variable regions of the atria.

Role of Atrial Myocardium Superfusion

The thickness of the atrial wall has been reported to range from 
0.5 to 4 mm26,27; thus it is conceivable that the blood present 
within the atrial cavities succeeds in superfusing the thinnest 
regions. However, available literature indicates that oxygen may 
diffuse to only a few layers of myocytes. A histologic study of 
capillary density in the left atrial free wall and the left atrial 
appendage of patients in chronic AF showed that the maximal 
oxygen diffusion distance was estimated at 15 to 20 µM.28 Others 
have suggested that up to 500 µM of myocardial wall may be 
adequately superfused.29 Nonetheless, a large proportion of the 
atrial wall remains dependent on an efficient coronary perfusion, 
and a perfusion impediment will translate into an infarcted region 
spanning most of the atrial wall.

Atrial Fibrillation and Myocardial 
Ischemia-Infarction

Atrial Infarction, Decreased Atrial Coronary Flow

Atrial infarction has been extensively described in the literature, 
although it remains an elusive and difficult diagnosis to make 
clinically.30,31 Although atrial infarction is fairly common in the 
setting of acute myocardial infarction (AMI),32-34 the rate of 17% 
reported by Cushing et al in 1942 in the largest study to date may 
be the best estimate of its occurrence.21 However, these numbers, 
derived from postmortem studies, suggest that the actual clinical 
incidence rate might be higher.35 In fact, it was suggested that the 
pathophysiological role of atrial ischemia-infarction in AF onset 
is greatly underestimated.36,37 Electrocardiographic recognition 
of atrial infarction was first established by Liu et al in 1961.32 
Overall, isolated atrial infarction may be diagnosed on the elec-
trocardiogram (ECG) as changes in P wave shape and dura-
tion.21,38-40 Over the years, the criteria for clinical diagnosis of 
atrial infarction have been refined.35 Figure 44-3 depicts that PR 
segment depression or elevation may be expected in the presence 
of an atrial infarction (Table 44-1).32 Analysis of the ECGs shows 
that the PR- or P-Ta-segment, when plotted vectorially, is 

Figure 44-3.  Normal aspect and P wave morphology and PR-segment abnormalities related to an isolated atrial infarction. 

(Adapted from Mendes RG, Evora PR: Arq Bras Cardiol 72:333–342, 1999.)
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Table 44-1. ECG diagnostic Criteria for Atrial Infarction

Major Criterion:

• PTa-segment elevation >0.5 mm in leads V5 and V6 with reciprocal 
depression of Pta segment in V1 and V2 leads

• Pta-segment elevation>0.5 mm in lead I with reciprocal depressions 
in leads II and III

• Pta-segment depression >1.5 mm in precordial leads and 1.2 mm in 
leads I, II, III, associated with any atrial arrhythmia

Minor Criterion:

• Abnormal P waves (W-shaped, M-shaped, irregular, notched)

Adapted from Liu CK, Greenspan G, Piccirillo RT: Atrial infarction of the heart. 
Circulation 23:331–338, 1961.
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(Figure 44-4, A). An increased Na+/Ca2+ exchanger current was 
found in cells dissociated from the right atrial infarction border 
zone (BZ; Figure 44-4, B) in which APD was unchanged. Accord-
ingly, spontaneous discharges were significantly more numerous 
in BZ cells (Figure 44-4, C). Finally, reentrant circuits anchored 
at the infarction border zone were visualized with optical mapping 
techniques.51 Altogether, substantial experimental evidence shows 
that atrial ischemia-infarction predisposes to onset and perpetua-
tion of AF. Mechanistically, both spontaneous focal discharges and 
reentrant circuits are likely to initiate and maintain AF. In addi-
tion, one may speculate that atrial ischemia-infarction, which may 
remain silent for extended periods, contributes to preclinical 
remodeling conducive to AF.

Atrial Ischemia–Maintained Fibrillation: 
Mechanistic Perspectives

Despite advances in our understanding of atrial ischemia–related 
AF, several mechanistic aspects remain to be investigated. First, 
it is still unclear whether right and left atrial ischemia are equally 
conducive to AF and respond to similar underlying mechanisms. 
Also, the ionic mechanisms and intracellular pathways involved 
in acute versus chronic atrial ischemia remain to be clarified. 
Besides, currents that are known to be critical for ventricular 
infarction–related arrhythmias may play a distinct role in  
the atrial response to ischemia. For instance, it was demonstrated 
in mice that the molecular structure, pharmacology, and  
sensitivity of atrial ATP-sensitive potassium (KATP) channels are 
largely different from those of ventricular myocytes.52-54 Thus it 
could be expected that ischemia and ATP depletion operate dif-
ferently within the atria.52,53 Finally, it was suggested that in the 
ventricle the late sodium current is increased under conditions of 
ischemia-infarction, after which tumor necrosis factor (TNF)-α 
triggers an increase in late sodium current.55,56 It remains to be 
elucidated whether a similar phenomenon occurs after atrial 
ischemia.

syndromes.21 A study conducted by Alasady et al accordingly 
indicates that coronary artery disease of atrial branches is an 
independent predictor of new-onset AF in AMI patients.46 The 
study enrolled patients who developed AF within 7 days of acute 
myocardial infarction and matched patients of similar age, sex, 
and left ventricular ejection fractions from the same cohort. 
Follow-up angiograms and echocardiograms were obtained in 
both groups. Univariate analyses showed highly statistically sig-
nificant association of right atrial branch, left atrial branch, or 
sinoatrial branch disease in patients with AF as compared with 
patients without AF. After multivariate analyses, right atrial 
branch disease and left atrial branch disease remained powerful 
predictors of new onset of AF in AMI patients, even after adjust-
ment for indices of left atrial stretch and pressure rise.46

Atrial Ischemia–Maintained Fibrillation: Proposed 
Electrophysiological Mechanisms

Experimentally, Lammers et al showed that hypoxia of isolated 
superfused rabbit atrial preparations results in a transient increase 
in atrial effective refractory periods (ERPs), and a decrease in 
conduction velocity.47 Jayachandran et al in opposite findings 
indicated that proximal right coronary artery occlusion, which 
causes posterior left ventricular and left atrial ischemia, reduces 
atrial ERPs—an effect not altered by the adenosine triphosphate 
(ATP)-dependent K+-channel blocker glibenclamide.48 More 
recently, Sinno et al demonstrated that regional acute right atrial 
ischemia causes myocardial necrosis, increases AF inducibility, 
and adversely modulates regional impulse propagation.49 The 
same group suggested that geranylgeranylacetone, an orally active 
inducer of the cardioprotective heat shock protein (HSP), pre-
vents ischemia-induced atrial conduction abnormalities and sup-
presses ischemia-related AF.50 Nishida et al further indicated that 
an 8-day chronic right atrial infarction in a canine model is also a 
substrate for AF initiation and maintenance. In this study, the 
authors observed spontaneous episodes of atrial tachyarrhythmia 

Figure 44-4.  A, Recurrent atrial tachycardia recorded by 24-hr Holter electrocardiography (ECG) in a dog with myocardial infarction (MI). Dashed lines indicate atrial tachy-
cardias and atrial ectopic complexes. B, Upper and lower left panels, Recordings of sodium calcium exchange (NCX) currents in control (CTL; upper) and border-zone (lower) 
cells.  Right panel, Mean ±  SEM  (standard error of  the mean) NCX current density  in CTL and border-zone  (BZ) cells.  C,  Upper and lower left panels,  action potential  (AP) 
recordings in CTL and MI BZ cells isolated from sham and right atrial MI dogs, respectively. Right panel, Frequency of spontaneous activity. **P < .01. 

(Adapted from Nishida, Kunihiro, et al: Mechanisms of atrial tachyarrhythmias associated with coronary artery occlusion in a chronic canine model. Circulation 123(2):137–146, 
2011.)
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is positioned close to a vessel, coronary blood flow within and 
surrounding the vessel provides a protective feature by prevent-
ing substantive heating of the vascular endothelium,72 and the 
susceptibility of CAs to thermal damage is inversely proportional 
to the electrode-to-artery distance.73 Convective cooling may 
account for the paucity of reported CA complications or measur-
able changes in coronary arteriograms performed before and 
after RFA.74 Also this effect may explain why forming transmural 
RFA lesions in regions neighboring a coronary vessel can prove 
difficult, if not impossible. As an example, it was recently shown 
that interposition of the circumflex artery between the mitral 
isthmus and the coronary sinus is associated with a lower prob-
ability of achieving complete mitral isthmus block.75 Further, 
Fuller et al demonstrated in a rabbit model that flow through 
even small intramyocardial vessels can prevent transmural lesion 
formation and preserve conduction through an RF lesion, thereby 
preventing complete conduction block.76 However, preexisting 
narrowed atherosclerotic CAs in patients with CAD are at 
increased risk for thermal injury. In a patient who underwent RFA 
for atrial flutter, undocumented upstream right CA stenosis, 
which limited flow and decreased convective cooling, was believed 
to have been the mechanism of CA injury.77

Atrial Perfusion During Atrial Fibrillation 
Radiofrequency Ablation (RFA)

Because of the proximity of coronary arteries (CAs) to commonly 
ablated sites, RFA may alter vascular integrity and function.57 
Figure 44-5, A describes how RFA may cause CA injury acutely 
and subacutely. In the acute setting, RF energy can result in 
coronary spasm, direct vessel trauma, and thromboembolism. 
Spasm is the most common mechanism of coronary injury due 
to RFA,58 which is supported by reports of RFA-triggered acute 
arterial occlusions responsive to nitrates.59-62 Spasm may be due 
to an RF-induced increase in autonomic activity at nerve termi-
nals in the left atrium,63-66 or to disruption of the vascular wall 
followed by a severe modulation of vascular tone.67 Another 
mechanism of RFA-induced CA damage proposes heat-induced 
collagen shrinkage and subsequent vessel narrowing.68-70 Convec-
tive cooling (Figure 44-5, B) is known to influence lesion forma-
tion. Initially described in the setting of anti-malignancy 
hyperthermia treatments,71 convective cooling results from the 
flow of intracardiac and microvascular blood, which creates a 
“heat sink” (see Figure 44-5, B). When an RF electrode 

Figure 44-5.  A, Mechanisms of coronary artery  injury 
after  radiofrequency  ablation  (RFA).  B,  Convective 
cooling  and  the  “shadow  effect”  during  RFA  cause 
electrode-tissue  temperature  discrepancy.  Convective 
cooling confers a protective effect for coronary arteries 
(CAs) against thermal energy from RFA, and the “shadow 
effect” can prevent transmural lesion formation. 

(Adapted from Castaño, Adam, et al: Coronary artery 
pathophysiology after radiofrequency catheter ablation: 
Review and perspectives. Heart Rhythm 8(12):1975–
1980, 2011.)
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is a well-recognized factor.6 Obesity is increasingly recognized as 
an AF risk factor,7 with obstructive sleep apnea, often associated 
with obesity, also noted as an important contributor. Autonomic 
tone may set the conditions for AF initiation and maintenance. 
The AF-promoting properties of vagal activation are well known, 
and increasing evidence suggests an important role for combined 
sympathovagal discharge.8

General Mechanisms and AF Forms

AF can be maintained by rapid focal firing or by reentrant activity 
(Figure 45-2). To maintain AF, focal ectopic activity must be 
sustained, to produce rapid “driver” activity that is conducted 
heterogeneously to generate fibrillatory conduction and the 
irregular activity typical of AF.9,10 Focal activity can also be tran-
sient, producing isolated atrial extrasystoles or self-limited tachy-
cardias. Transient focal activity can contribute to AF generation 
by acting as a trigger to initiate reentry in a vulnerable substrate. 
Clinical AF can be paroxysmal (self-terminating), persistent (ter-
minating only with medical intervention), or permanent (con-
tinuing despite medical therapy). Repetitively firing focal ectopic 
drivers are believed to produce paroxysmal forms. Reentrant 
activity generates more persistent AF, tending to become resis-
tant as the substrate evolves, as well as more fixed and irrevers-
ible.11,12 One factor contributing to evolution of the substrate is 
that AF induces remodeling, related to the rapid atrial rate and 
to other factors like cardiac dysfunction, neurohumoral changes, 
and consequences of atrial metabolic disturbances. The remodel-
ing induced by chronic long-standing AF can involve both func-
tional and structural changes that promote a transition toward 
complex reentrant mechanisms.

Focal Ectopic Activity

Several mechanisms produce abnormal impulse formation and 
can cause focal ectopic activity. Spontaneous automatic activity 
depends on the balance between inward and outward currents 
during phase 4 of the action potential. Increased phase 4 inward 
currents carried by Na+ or Ca2+, particularly time-dependent acti-
vating currents like the “funny current” If, and/or decreased 
phase 4 outward currents, produce spontaneous phase 4 depolar-
ization. When it reaches threshold potential, the cell fires, gen-
erating automatic ectopic activity.

Focal ectopic activity may also result from afterdepolariza-
tions, which are subdivided into early afterdepolarizations (arising 
before the end of phase 3) and delayed afterdepolarizations 
(DADs), which occur after full repolarization. Cell Ca2+ handling 
is crucial for normal contractility (Figure 45-3, A). DADs (Figure 
45-3, B) are thought to be the most important cause of focal atrial 
ectopic firing. DADs are caused by a diastolic Ca2+ leak from the 
sarcoplasmic reticulum (SR) via SR Ca2+-release channels or 
ryanodine receptors (RyRs; RyR2 is the cardiac form). Systolic Ca2+ 
release through RyR2s causes cardiac contraction. Relaxation is 
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Atrial fibrillation (AF) is a highly prevalent and clinically relevant 
arrhythmia, for which all current therapeutic approaches have 
important limitations. Most significant advances in arrhythmia 
management have been based on an understanding of the under-
lying mechanisms. An improved understanding of the mechanis-
tic basis of AF has evolved over the past 15 years, particularly 
with respect to molecular aspects. The purpose of this chapter is 
to review recent findings in the molecular pathophysiology of AF, 
and to discuss their potential value for improving management.

We will begin with an overview of the etiologic determinants 
of AF (Figure 45-1), then discuss briefly the principal mecha-
nisms contributing to AF, and finally review the molecular basis 
of specific arrhythmia determinants.

Etiologic Determinants

Heart Disease

Most patients with AF have associated cardiac disease.1 Cardiac 
senescence is a major predisposing factor, largely mediated by 
structural remodeling, which causes fibrotic alterations and 
microconduction slowing, as well as atrial enlargement.2 Heart 
failure (HF), hypertensive heart disease, valvular disease, and 
ischemic heart disease are major contributors to AF occurrence. 
Less common conditions leading to AF include pericarditis, myo-
carditis, atrial tumors (primarily myxomas), and various 
cardiomyopathies.

Genetic Determinants

Knowledge of genetic determinants of AF has increased rapidly 
over the past 10 years.3,4 Disease-causing mutations have been 
established and the underlying pathophysiology studied.3 Mono-
genic forms have high penetrance and provide important mecha-
nistic insights into AF mechanisms. Genome-wide association 
studies (GWASs) provide new insights into genetic variation–
based population determinants of AF, while raising challenging 
pathophysiological issues.4

Extracardiac Contributors

A variety of extracardiac conditions can affect AF occurrence. 
Heavy alcohol consumption promotes AF,5 and hyperthyroidism 
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45-4, B), reentry is maintained by rotors established by tissue 
excitability properties (depending on both conduction and refrac-
toriness conditions), which determine rotor rapidity, stability, and 
size (greater excitability generates smaller, more stable, and faster 
rotors). Anatomical obstacles or complexities can favor reentry 
by anchoring reentry circuits. Figure 45-4, C illustrates the effect 
of structural remodeling. Progressive atrial dilatation creates 
longer conduction pathways for reentry. Tissue fibrosis slows 
conduction and creates conduction barriers that favor the devel-
opment of stable rotors and/or multiple simultaneous irregular 
reentry circuits that can sustain AF. In addition, fibroblast prolif-
eration can promote arrhythmogenesis via cardiomyocyte-
fibroblast interactions that alter AP properties and slow 
conduction.

Molecular Control Mechanisms

Molecular Control of Cell Ca2+ Handling 
and DAD Generation

Normal cell Ca2+ handling is crucial for cellular contraction and 
relaxation (see Figure 45-3, A; see also Chapter 16 of this book). 
Abnormal SR Ca2+ handling is typically seen in AF patients.14-19 
Defective Ca2+ handling promotes spontaneous RyR2-mediated 
diastolic SR-Ca2+ releases in atrial cells from patients with chronic 
AF.14,15,18,19 Figure 45-5 summarizes the detailed molecular patho-
biology of DAD-inducing diastolic RyR2 Ca2+ release. Protein 
kinase A (PKA) phosphorylation of RyR2 at Ser280817 and Ca2+ 
calmodulin–dependent kinase II (CaMKII) phosphorylation at 
Ser2814 are increased in dogs and goats with pacing-induced AF 
and in AF patients.14,19-21 CaMKII activity is normally autoinhib-
ited. Ca2+-calmodulin binding removes autoinhibition, activating 
CaMKII and causing autophosphorylation that activates CaMKII 
and makes it Ca2+ independent. Similar activation may result 
from CaMKII oxidation. Changes in RyR2 phosphorylation state 
at PKA and CaMKII sites may result not only from changed 
kinase activity, but also from alterations in dephosphorylating 
enzyme phosphatases.22 These posttranslational alterations 

mediated by diastolic Ca2+ removal from the cytosol into the SR 
by a Ca2+-uptake pump, the SR Ca2+-adenosine triphosphatase 
(ATPase; SERCA). RyR2s are sensitive to both cytosolic and 
intraluminal SR Ca2+ concentration; diastolic releases result when 
SR concentrations are excessive, or when RyR2s have an abnor-
mally low threshold for Ca2+ release. Excess cytosolic Ca2+ is 
handled by the sarcolemmal Na+/Ca2+-exchanger (NCX), which 
moves three Na+ ions (charge +3) into the cell for each Ca2+ ion 
(charge +2) extruded into the extracellular space, generating net 
inward current (called transient inward current [Iti]) that depolar-
izes the cell, producing a DAD. When DADs reach threshold, 
they induce premature action potential firing (dashed line in 
Figure 45-3, B). Repeated DADs can generate focal atrial tachy-
cardias. RyR2 function is regulated by channel phosphorylation: 
Hyperphosphorylation enhances RyR Ca2+ sensitivity and pro-
motes DAD formation. Calsequestrin (CSQ) is the principal 
Ca2+-storage buffer of the SR. Inadequate CSQ function/
expression increases free SR Ca2+ concentration and promotes 
diastolic RyR2 Ca2+ release.13

Early afterdepolarizations (EADs) result from spontaneous 
depolarization during phase 2 or 3 of the action potential (AP), 
generally when AP duration (APD) is excessively prolonged. 
With very long APs, L-type Ca2+ currents may have enough time 
to recover from inactivation, carrying inward Ca2+ current to 
generate an EAD.

Reentry

Two conceptual frameworks for understanding the basis of func-
tional reentry are shown in Figure 45-4 (top). The leading circle 
model (Figure 45-4, A) posits reentry around a central zone that 
is continuously activated by centripetal waves emanating from a 
reentering activation wave front. In this model, reentry estab-
lishes itself in a circuit for which the dimension equals the  
distance traveled during one refractory period (wavelength; 
refractory period times conduction velocity). When the wave-
length is small because of slow conduction or brief refractoriness, 
multiple circuits can be accommodated in the atria and spontane-
ous self-termination is unlikely. In the spiral wave model (Figure 

Figure 45-1.  Etiologic contributors to atrial fibrillation. Causes of Atrial Fibrillation
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remodeling (ATR) and is greater in atria than in ventricles.28 
IP3R2-coupled amplification of atrial SR Ca2+-release events and 
related arrhythmogenesis may thus contribute to AF-related 
ectopic activity.

Congestive heart failure (CHF) is a very important cause of 
AF. Focal drivers and triggered activity play a role in CHF-
related AF.29 In experimental dilated cardiomyopathy, CHF 
increases SR Ca2+ load and reduces calsequestrin expression, 
thereby promoting spontaneous SR Ca2+ release.30 Coronary 
artery disease (CAD) is also an important risk factor for AF. Atrial 
ischemia promotes AF maintenance.31 In a dog model of chronic 
occlusive coronary artery disease affecting the atrium, frequent 
spontaneous atrial ectopy is associated with an increased inci-
dence of atrial cardiomyocyte-triggered activity.31 Triggered 
activity is likely due to spontaneous SR Ca2+-release events and 
increased NCX function in cardiomyocytes from the ischemic 
border zone.31

Two AF-promoting genetic variants have been linked to DAD 
mechanisms: (1) a mutation of the gene encoding the adapter 
protein ankyrin-B (long QT syndrome-4 [LQTS4]), which 
causes multiple proteins to be poorly addressed to their mem-
brane targets, altering Ca2+ handling and leading to DADs/
triggered activity32,33; and (2) a predicted loss-of-function single-
nucleotide polymorphism (SNP) of the SLN gene encoding the 
Ca2+-binding protein sarcolipin, which could increase SR Ca2+ 
load, thereby affecting DAD susceptibility.34

Beta-adrenoceptor activation phosphorylates RyR2, promot-
ing diastolic SR Ca2+-release events.34 Conditions that directly 
cause DAD-promoting abnormalities in Ca2+ handling may 
require adrenergic stimulation to induce Ca2+ sparks and trig-
gered activity.31 Spontaneous AF paroxysms occur in dog models 
of autonomic hyperinnervation,36 with sympathovagal discharge 
preceding AF paroxysms.37 Vagal activation promotes arrhyth-
mogenesis by reducing APD, allowing afterdepolarizations 
induced by adrenergic stimulation to induce ectopic firing in 
pulmonary veins.38-40

Molecular Control of L-Type Ca2+ Current and 
Pathophysiology in AF

AF41 and indeed all very rapid atrial tachyarrhythmias42 remodel 
atrial electrical properties to promote AF initiation and mainte-
nance (ATR). A major AF-promoting component of ATR is 
refractory period reduction due to APD abbreviation (see Figure 
45-4, B). Reduced depolarizing L-type Ca2+ current (ICa,L) and 
increased repolarizing inward-rectifier K+ currents underlie 
ATR-induced APD shortening.43-50 The molecular complex basis 
of ICa,L reduction seen in AF is illustrated in Figure 45-6, A. Rapid 
atrial activation induces Ca2+ loading, activating Ca2+-calmodulin/
calcineurin/nuclear factor of activated T-lymphocyte (NFAT) 
signaling that causes downregulation of Cav1.2 α-subunit 
mRNA.51-53 Other contributors to ICa,L downregulation may 
include decreased expression of accessory β1-, β2a-, β2b-, β3-, and 
α2δ2-subunits45,54,55; Cav1.2 dephosphorylation via type 1 (PP1) 
and/or type 2A (PP2A) protein phosphatases22,45,56; and increased 
Cav1.2 α-subunit s-nitrosylation.57 MicroRNAs (miRNAs) are 
short RNA sequences that regulate cardiac gene expression by 
translational suppression and/or mRNA destabilization.58 They 
are centrally involved in cardiac remodeling and appear to play 
a major role in AF.58 Recent work implicates increased miRNA-
328 in AF promotion due to ICa,L-downregulation mediated by 
inhibition of translation and mRNA destabilization.59 Finally, 
impaired Cav1.2 and Cav1.3 protein trafficking induced by a 
zinc-binding protein (Znt-1) and ankyrin B reduction, respec-
tively, may contribute to ICa,L reduction in AF.33,60

Loss-of-function ICa,L subunit mutations would also be antici-
pated to accelerate repolarization, thereby promoting AF. In 82 

increase RyR2 Ca2+ sensitivity, enhancing channel open probabil-
ity.14,17 Mice deficient in RyR2-inhibitory FK-505 binding protein 
12.6, mice with gain-of-function mutations in RyR2, and mice 
with constitutively phosphorylated RyR2 channels at S2814 
(S2814D mice) all exhibit increased susceptibility to pacing-
induced AF in association with increased atrial cell SR Ca2+ leak 
and triggered activity.14,20,23,24 Angiotensin effects to promote AF 
may be due in part to oxidative stress acting via CaMKII oxida-
tion on diastolic RyR2 Ca2+ release.25 RyR2 dysfunction can be 
induced by Ca2+ overload resulting from phospholamban hyper-
phosphorylation, which removes phospholamban inhibition of 
SERCA and enhances SR Ca2+ uptake.22 Phospholamban 
hyperphosphorylation can be produced by enhanced PKA or 
CaMKII activity, or by decreased phosphatase function. Reduced 
phosphatase function can be a consequence of increased  
activity of an inhibitory protein, I-1, typically caused by I-1 
hyperphosphorylation.22

Increases in NCX expression and/or function are also com-
monly noted in AF,14,19,22,26 causing Iti resulting from any specific 
amount of diastolic SR Ca2+ leak to be larger in AF, likely con-
tributing to the increased risk of DADs and triggered ectopic 
activity.14,27 Cardiac IP3 receptors (IP3R2) act as Ca2+-transporting 
pathways and can facilitate SR Ca2+ leak to promote arrhythmo-
genesis. IP3R2 expression is increased by atrial tachycardia 

Figure 45-2.  Mechanistic Basis of Atrial Fibrillation (AF) and Associ-
ated Clinical Forms A, Focal firing usually  results  from  local ectopic activity. 
Organized discrete reentrant activity and focal firing can maintain AF by producing 
regularly  firing  drivers  that  are  conducted  irregularly  in  the  heterogeneous  atrial 
substrate.  B,  Paroxysmal  (self-terminating)  AF  is  believed  to  result  primarily  from 
focal drivers, persistent AF from functional substrates, and permanent (nontermi-
nating) AF from fixed fibrotic/anatomically remodeled substrates. However, overlap 
and partial contributions are indicated by the gray shading. 
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ATR-induced arrhythmogenic remodeling (see also Chapter 38 
of this book).

The most common AF-promoting monogenic paradigm is 
accelerated atrial repolarization due to gain-of-function K+-
channel mutations like the first mutation linked to lone AF, which 
causes a gain-of-function in KCNQ1 (encoding α-subunit of 
IKs).70 Other AF-inducing gene mutations believed to act via K+-
channel gain-of-function mutations have been reported in 
KCNH2 (hERG71), KCNJ2 (Kir2.172), and KCNE2 (MiRP173). An 
SNP in the NOS3 (endothelial nitric oxide synthase) encoding 
gene74 has been implicated in AF. NOS3 regulates vagal signaling 
and ICa,L, and could thereby contribute to reentrant AF.75,76

Vagal enhancement is known to promote clinical AF and is 
central in some cases.77 IK,ACh hyperpolarizes atrial cardiomyo-
cytes and reduces APD in a spatially heterogeneous way. Vagal 
enhancement strongly favors AF initiation and persistence by 
facilitating the initiation and subsequent stability of reentrant 
rotors.77 Kir3.4 knock-out strongly suppresses IK,ACh and prevents 
cholinergic AF.78

Molecular Determinants of Atrial  
Conduction Disturbances

Conduction Abnormalities Due to Ion Channel Dysfunction
Conduction slowing favors reentry. Gap junctions are essential 
for efficient cell coupling and conduction. Discrepant results 
about AF-related atrial gap junctional remodeling have been 
reported in the literature.55,79,80 Some of the variability may be 
due to differences in AF duration, underlying heart disease, and 
species-related factors.81 Spatially heterogeneous connexin 40 
remodeling occurs in the goat model of electrically maintained 

patients with Brugada syndrome/short QT electrocardiographic 
(ECG) phenotypes, loss-of-function mutations of the CACNA1C 
and CACNB2 genes, encoding ICa,L α- and β-subunits, were 
observed along with AF in individual patients.61 Patients with 
full-blown short QT syndromes of various phenotypes have 
reduced APDs and are predisposed to AF.3

Molecular Control of K+ Current and Basis 
of AF-Promoting Alterations

Inward-rectifier K+-current enhancement promotes AF mainte-
nance by reducing APD (favoring reentry) and stabilizing/
accelerating arrhythmia-maintaining rotors by removing voltage-
dependent INa inactivation through membrane hyperpolariza-
tion.9,62 Figure 45-6, B shows how IK1 and IK,AChc are upregulated 
in AF. IK1 is increased as the result of upregulation of the underly-
ing Kir2.1 subunit46-50,55,63-65 caused by reduced Kir2.1-inhibitory 
microRNAs, like miR-1, miR-26, and miR-101.65,66 Kir2.1 
dephosphorylation (activation) via increased PP1 and PP2A func-
tion22,45,56,67 may also contribute.

Agonist-induced muscarinic receptor–mediated IK,ACh activa-
tion is reduced in AF.46,47 However, increased agonist-independent 
(constitutive) IK,AChc is enhanced both in dog models46,49,64,68 and 
in AF patients.48,50,63,69 Increased IK,AChc is due to greater IK,ACh 
channel opening probability, with no change in single-channel 
conductance, kinetics, or density.48,64 A key role is played by 
altered IK,AChc protein kinase C (PKC) phosphorylation, with 
increased phosphorylation by stimulatory Ca2+-dependent iso-
forms and reduced inhibitory classical Ca2+-independent isoform 
function.68,69 IK,AChc inhibition suppresses atrial tachyarrhythmias 
in ATR preparations,49 suggesting that IK,AChc contributes to 

Figure 45-3.  Cellular Ca2+ Handling and DADs A, During the plateau phase of the action potential (AP), Ca2+ enters the cell via L-type Ca2+ channels. This Ca2+ binds 
to ryanodine-receptors (RyR2s), thereby triggering a much larger Ca2+ release from the sarcoplasmic reticulum (SR), which initiates cellular contraction. SR Ca2+ stores are 
maintained via Ca2+ pumping into the SR by the SR Ca2+–adenosine triphosphatase (ATPase; SERCA). B, Diastolic Ca2+-handling abnormalities underlie DADs. Spontaneous 
SR Ca2+ releases through RyR2 elevate cytosolic Ca2+, which is exchanged for extracellular Na+ by the Na+/Ca2+ exchanger (NCX), producing depolarizing current (transient 
inward-current [Iti]). Inappropriate diastolic RyR2 Ca2+ release is produced by RyR2 hyperphosphorylation, excess SR Ca2+, or decreased SR Ca2+ binding to calsequestrin (CSQ). 
Repolarizing conductances oppose Iti and suppress diastolic depolarization, so reduced diastolic K+ current can favor DADs P, Phosphate; Iti, transient inward current.. 
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slowing. SCN5A mutations were initially associated with AF in a 
family presenting a complex and variable phenotype, including 
dilated cardiomyopathy, AF, sinus node dysfunction, and conduc-
tion defects.92 SCN5A mutations and SNPs were subsequently 
found in idiopathic AF subjects.93,94 Loss-of-function SCN5A 
mutations are the most common cause of Brugada syndrome,95 
which typically presents as ventricular fibrillation (VF)/sudden 
death, but can also cause AF.96 Recently, mutations in Na+-
channel β-subunits like SCN1B, -2B, and -3B have been impli-
cated in AF.97-99

Structural Remodeling
Atrial fibrosis plays an important role in AF of different 
origins.11,31,100,101 The complex underlying signaling pathways are 
shown in Figure 45-7. The development of atrial fibrosis is likely 
determined by multiple signals acting simultaneously. Cardio-
myocytes and fibroblasts interact extensively at the level of auto-
crine and paracrine factors, and possibly electrically as well.11,102 
Fibroblasts produce extracellular matrix (ECM) proteins and 
mediators that affect cardiomyocyte phenotype, whereas cardio-
myocytes generate products like reactive oxygen species (ROS), 

AF, consistent with clinical data indicating that gene variants that 
affect connexin 40 promoter function may predispose to AF.82-84 
Connexin 43 dephosphorylation/lateralization occurs in CHF, 
but CHF-induced conduction slowing and AF promotion are 
unchanged with CHF recovery, despite disappearance of con-
nexin abnormalities.85 Recent evidence indicates that connexin 43 
gene transfer can improve conduction and suppress AF in porcine 
models, supporting the importance of gap junction protein 
remodeling in AF.86,87

INa provides the energy for conduction and governs conduc-
tion velocity (CV). INa density decreases in canine ATR, with 
corresponding decreases in SCN5A-subunit mRNA and protein.43 
In humans with AF, SCN5A mRNA expression appears 
unchanged.55 Atrial cardiomyocytes from AF patients showed a 
slightly reduced INa.88

Atrial ischemic disease causes localized conduction slowing, 
which allows for AF-sustaining local reentry stabilized around a 
line of conduction block.31 With acute ischemia, gap junction 
uncoupling predominates.89

A number of AF-associated gene variants affect ion channels 
that control cardiac conduction. GJA5 encodes connexin 40, an 
atrial-selective gap junction ion channel. Connexin 40 knockout 
causes conduction abnormalities and atrial arrhythmia suscepti-
bility.90 An AF-causing GJA5 missense somatic mutation was 
identified in idiopathic AF patients.83 GJA5-promoter variants 
believed to decrease gene transcription increase AF 
susceptibility.82,84,91

Cardiac Na+-channel gene (SCN5A) loss-of-function muta-
tions cause AF, presumably via reentry-promoting conduction 

Figure 45-4.  Determinants of Reentry  Top,  Basic  concepts  of  reentry. The 
leading circle model (A) posits reentry around a central zone that is continuously 
activated  by  centripetal  waves  emanating  from  the  reentering  activation  wave 
front. The spiral wave model (B) describes reentry as a “rotor” established by tissue 
excitability  properties.  C,  Structural  remodeling  (atrial  enlargement  and  fibrosis, 
most typically affecting the left atrium [LA]) produces relatively fixed reentry sub-
strates that reverse poorly if at all. 

Structural remodeling LA enlargement

LA fibrosis

C

RA
RA

LA LA

Functional Determinants

MECHANISMS OF REENTRY

Leading circle

Core

Spiral waveA B

Refractory

AF maintaining
substrate

Figure 45-5.  Molecular Basis of DAD-Inducing Diastolic Ca2+ Releases 
RyR dysfunction is caused by RyR hyperphosphorylation or excess Ca2+ loads. Phos-
pholamban (PLN)  inhibits SERCA. PLN hyperphosphorylation removes this  inhibi-
tory effect, enhances SERCA function, and can lead to Ca2+ overload. High atrial rate 
during AF enhances cellular Ca2+ entry. Increased cell Ca2+ promotes Ca2+/calmodu-
lin  (CaM) binding to Ca2+/calmodulin-dependent protein kinase  II  (CaMKII), disin-
hibiting the catalytic subunit. After CaMKII catalytic subunit activation, oxidation at 
Met281/282  or  phosphorylation  at  Thr286  causes  persistent  CaMKII  activity. 
Inhibitor-1  (I-1)  suppresses  protein  phosphatase  1  (PP1)  function  in  the  SR  and 
contributes to PLN and RyR phosphorylation. Ang-II, Angiotensin-II; NADPHox, Nico-
tinamide  adenine  dinucleotide  phosphate  oxidase;  CaM,  calcium/calmodulin; 
CaMKII,  calcium-calmodulin  dependent  kinase  type  II;  CSQ,  calsequestrin;  PLN, 
phospholamban;  SERCA, sarcoplasmic  reticulum  calcium-ATPase;  SLN,  sarcolipin; 
RyR2, ryanodine receptor type 2. 
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fibroblasts into ECM-secreting myofibroblasts.110,111 Progressive 
fibrosis likely contributes to conduction disturbances that make 
long-lasting AF very difficult to treat.12

PDGF stimulates fibroblast proliferation and differentia-
tion.11,102,107 PDGF receptors contain two transmembrane 
domains that dimerize upon stimulation and then activate an 
internal tyrosine kinase. Tyrosine kinase autophosphorylation of 
PDGF receptors induces Ras/MEK1/2, MAPK, JAK/STAT, and 
PLC signaling. PDGF overexpression induces cardiac fibrosis 
and dysfunction.112 Atrial-selective PDGF expression and action 
may contribute to the greater fibrotic responses typically seen for 
atria versus ventricles.107

Connective tissue growth factor (CTGF) lies downstream to 
TGF-β1 and AT-II in profibrotic signaling pathways. CTGF acti-
vates fibroblasts through Src kinase and MAPKs.113 CTGF has 
emerged as a potentially central player in atrial structural 
remodeling.114-116

MicroRNAs appear to contribute importantly to atrial struc-
tural remodeling. MiR-29 inhibits collagen gene expression,117 
and its downregulation likely contributes to atrial fibrosis in 
CHF.118 MiR-30 and miR-133 are also downregulated in CHF, 
suppress CTGF translation,119 and may participate in atrial fibro-
sis.120 In contrast to miR-29, miR-20, and miR-133, atrial miR-21 
expression increases in CHF.120 MiR-21 targets the Sprouty-1 
(Spry-1) gene, which promotes fibroblast MAPK phosphoryla-
tion and enhances fibroblast survival.121 Although the significance 
of this finding has been questioned,122 recent work shows that 
atrial miR-21 knock-down suppresses CHF-associated atrial 
fibrosis and AF promotion.123

SNPs in genes determining atrial structural integrity,  
inflammation, and neurohumoral control have been associated 

platelet-derived growth factor (PDGF), transforming growth 
factor-β (TGF-β), and connective tissue growth factor (CTGF), 
which modulate fibroblast function.

Angiotensin-II (AT-II) plays an important role in AF,103 likely 
in large measure via fibroblast modulation. AT-II type 1 receptors 
(AT1Rs) promote fibrosis via enhanced actions of TGF-β, 
Smad2/3, Smad4, Arkadia, and activated extracellular signal–
regulated (ERK) mitogen-activated protein kinase (MAPK).104 
Arkadia promotes ubiquination and removal of Smad7, thereby 
increasing TGF-β signaling by removing Smad7 antagonism.105 
In addition, AT1Rs act through Shc/Grb2/SOS to activate Ras, 
which enhances MAPK phosphorylation,106 and through phos-
pholipase C (PLC). PLC breaks down phosphatidylinositol 
4,5-bisphosphate (PIP2), yielding diacylglycerol (DAG) and ino-
sitol 1,4,5-trisphosphate (IP3). DAG activates PKC, and IP3 
mobilizes intracellular Ca2+—both actions contribute to remodel-
ing. The JAK/STAT pathway, also AT1R-sensitive, activates 
transcription factors such as activator protein 1 (AP-1) and 
nuclear factor kappa light-chain enhancer of activated B cells 
(NF-κB), which cause further cardiomyocyte remodeling. AT2R 
activation counters AT1R-mediated MAPK activation by enhanc-
ing dephosphorylation via PP2A and phosphotyrosine phospha-
tase (PTP).106

TGF-β1 is a key player in cardiac fibrosis. It is secreted by 
both fibroblasts and cardiomyocytes.107 Overactivity of cardiac 
TGF-β1 causes atrial-selective fibrosis, conduction abnormalities, 
and AF promotion.108 TGF-β1 mediates AT-II effects in both 
paracrine and autocrine fashion.109 TGF-β1 acts through SMADs 
to activate fibroblasts and enhance collagen production.11,102,105 
Rapidly firing atrial cardiomyocytes produce Ang-II and ROS, 
acting via enhanced TGF-β production to differentiate cardiac 

Figure 45-6.  Mechanisms of Ionic Current Remodeling in AF A, L-type Ca2+-current (ICa,L) downregulation. High atrial rates in AF enhance intracellular Ca2+ load 
and activating calcineurin via Ca2+/calmodulin (CaM) binding. Calcineurin dephosphorylates nuclear factor of activated T-lymphocytes (NFAT), allowing it to translocate into 
the nucleus and reduce mRNA levels of the ICa,L alpha subunit, Cav1.2. Breakdown of Cav1.2 protein by calpains might also contribute to reduced Cav1.2 protein expression. 
The protein zinc transporter 1 (ZnT-1) impairs Cav1.2 membrane trafficking and is upregulated in AF. Increased protein phosphatase (PP) activity dephosphorylates Cav1.2 
phosphorylation and may decrease ICa,L. B, Inward-rectifier K+-current upregulation. Increased Kir2.1 subunit expression is caused by decreases in inhibitory microRNAs like 
miR-101, miR-26, and miR-1. Acetylcholine-regulated K+ current (IK,AChc) is increased because of increased membrane abundance of the stimulatory protein kinase C (PKC) 
isoform PKCε and decreased cellular expression of the inhibitory isoform PKCα. PP, Protein phosphatase; ZnT-1, zinc transporter-1; GSH, reduced glutathione; miR, microRNA; 
NFAT,  nuclear  factor  of  activated T-cells;  PKC,  protein  kinase  C;  IK1,  background  inward-rectifier  current;  IK,AChc,  constitutive  acetylcholine-regulated  potassium  current;  IR, 
inward rectifier. 
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In addition to improved therapies per se, insights into the  
molecular basis of AF may allow for the identification of novel 
biomarkers and could help in developing personalized medicine 
targeting patient-specific features. It is hoped that by the next 
edition of this book, advances in understanding the molecular 
pathobiology of AF will already have led to improved patient 
management.

Acknowledgments

The authors thank Jennifer Bacchi for excellent secretarial help.

Funding

Supported by the Canadian Institutes of Health Research 
(MGP6957 and MOP44365), the Quebec Heart and Stroke 
Foundation, the Foundation Leducq (European-North American 
Atrial Fibrillation Research Alliance [ENAFRA], grant 
07CVD03), the German Federal Ministry of Education and 
Research through Atrial Fibrillation Competence Network 
(grant 01Gi0204), the German Centre for Cardiovascular 
Research, the Deutsche Forschungsgemeinschaft (grant Do 
769/1-3), and the European Union (European Network for 
Translational Research in Atrial Fibrillation [EUTRAF], grant 
261057).

with AF by conventional approaches. Examples include genes 
encoding angiotensin-converting enzyme (ACE),124,125 matrix 
metalloproteinase-2 (MMP2), and interleukin-10.126 However, 
these have not been replicated in hypothesis-free large-scale 
population studies. GWASs have implicated SNPs on chromo-
some 4q25, with PITX2c being the closest potential target 
gene, and an SNP in chromosome 16q22 near the zinc  
finger homeobox 3 transcription factor gene (ZFHX3).38,39,127 
PITX2c is involved in cardiac development, particularly sidedness 
and pulmonary vein aspects,128,129 implicating possible structural 
abnormalities as the way in which it may be involved in AF. 
ZFHX3 is a tumor suppressor130,131 that induces expression of 
PDGF receptors and protects against oxidant stress,132 also sug-
gesting structural remodeling as a potential mechanism of AF 
promotion.

Future Directions

The largest and most important challenge related to the molecu-
lar basis of AF involves translating our increased knowledge into 
practical clinical applications. It is widely hoped that targeting 
the molecular mechanisms of AF will permit the development of 
novel, safer, more specific treatment approaches. The ideas of 
targeted remodeling,133 gene- and cell-based biologicals,134 
and manipulation of miRNAs135 are all related to the molecular 
pathophysiology of AF and may lead to new targets/treatments. 

Figure 45-7.  Molecular Pathways Causing Atrial Fibrosis αβ,  Integrin receptor α- and β-subunits; Ang-II, angiotensin-II; AP-1, activator protein 1; DAG, diacyl-
glycerol; ERK, extracellular signal–related kinase; Grb2, growth factor receptor binding protein 2; JAK, Janus kinase; JNK, c-Jun N-terminal kinase; MAPK, mitogen-activated 
protein kinase; MEF2, myocyte enhancer factor 2; MEK1/2, mitogen-activated /ERK kinase 1/2; MMP, matrix metalloproteinase; MR, mineralocorticoid receptor; NF-κβ, nuclear 
factor κβ; PDGF(R), platelet-derived growth factor (receptor); PIP2, phosphatidylinositol 4,5-bisphosphate; PKC, protein kinase C; PLC, phopholipase C; PP2A, protein phos-
phatase 2A; PTP, phosphotyrosine phosphatase; Ras, rat sarcoma GTPase protein; ROS, reactive oxygen species; shc, src homologous protein; SMAD, SMA- and MAD-related 
proteins; SOS, son of sevenless protein; Spry-1, sprouty 1; STAT, signal transducers and activators of transcription; TAK1, TGF-β1–activated kinase 1; TGFβR: TGF-β receptor; 
TIMP, tissue inhibitor of matrix metalloproteinases. 
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46 
excitability, and atrial impulse propagation; and their possible 
role in the mechanisms underlying the transition from paroxys-
mal to persistent AF, as well as stabilization of the latter. In this 
chapter, we present a brief and necessarily incomplete review of 
possible mechanisms underlying AF-induced fibrosis. We pay 
particular attention to the role of activated fibroblasts (myofibro-
blasts) and the cytokines released by them in the mechanisms of 
electrical and structural remodeling. Our objective is twofold: 
first, to go over our understanding of the molecular mechanisms 
of fibrosis; and second, to help predict how myofibroblasts 
impinge on the electrical function of atrial myocytes by means of 
signaling molecules, resulting in the electrophysiological remod-
eling that contributes to AF perpetuation.

Cardiac Fibroblasts and Myofibroblasts

Cardiac fibroblasts are critical players in normal cardiac func-
tion.8 Although they occupy a small portion of the myocardial 
tissue volume, cardiac fibroblasts account for 50% to 70% of the 
cells of the normal adult mammalian heart,9 and even a greater 
proportion in pathologic conditions where cardiac fibrosis ensues 
as a result of the transformation of fibroblasts to myofibroblasts, 
which is a key event in connective tissue remodeling (Figure 
46-1).8,10,11 Cardiac myofibroblast proliferation and migration 
with concomitant collagenous matrix accumulation leading to 
fibrosis develops during myocardial remodeling in ischemic, 
hypertensive, hypertrophic, dilated cardiomyopathies,12 arrhyth-
mogenic right ventricular cardiomyopathy (ARVC),13 and heart 
failure. Similarly, myofibroblasts are active contributors to atrial 
fibrosis,8 which is part of the maladaptive atrial response to AF.14 
Myofibroblasts are phenotypically transformed (active) fibro-
blasts that contain α-smooth muscle actin and express integrins, 
fibronectin, and other adhesion proteins (see Figure 46-1). They 
were first identified by Gabbiani and Majno, who gave them the 
name myofibroblasts15 after demonstrating their contractility using 
chemical mediators of inflammation and strips of granulation 
tissue. These wound-healing fibroblast-like cells are involved in 
each of the fibrous tissue responses present throughout the body. 
Yet their role in the mechanisms underlying structural and elec-
trophysiological remodeling secondary to sustained atrial fibril-
lation has not been fully elucidated. Much of the available 
information on the specific role played by myofibroblasts in atrial 
fibrosis and AF perpetuation is derived from what is known about 
hypertensive heart disease, in which impaired tissue compliance 
and symptomatic failure are linked to interstitial fibrosis and the 
expression of extracellular matrix genes, including type I and III 
fibrillar collagens and fibronectin. It has been shown that fibro-
blast proliferation and collagen deposition are significantly and 
heterogeneously increased in all atrial regions after prolonged 
AF,16,17 and that the development of atrial fibrosis is highly 
controlled by the renin-angiotensin-aldosterone system and by 
downstream activation of soluble proteins termed cytokines, par-
ticularly transforming growth factor-beta1 (TGF-β1) and platelet-
derived growth factor (PDGF).

Myofibroblasts, Cytokines, and 
Persistent Atrial Fibrillation

Kuljeet Kaur and José Jalife
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Atrial fibrillation (AF) is the most common sustained cardiac 
arrhythmia seen in clinical practice. It is the most important cause 
of embolic stroke and is associated with increased morbidity and 
mortality.1 Yet despite more than 100 years of basic and clinical 
research, we still do not fully understand its fundamental mecha-
nisms, and we have not learned how to treat it effectively. When 
AF lasts continuously for more than 7 days, it is designated as 
persistent AF.2 Spontaneous, pharmacologic, or ablative resump-
tion of sinus rhythm is infrequent in persistent AF, with  
prompt recurrences or commonly failed cardioversions. Episodes 
lasting longer than 1 year are termed “long-term persistent  
AF.” As to the causes of persistent AF, it is reasonable to speculate 
that continuous high-frequency and irregular bombardment  
of the atrial cells and tissues with fibrillatory waves during  
long-lasting AF leads to a modification of the molecular substrate 
on which waves propagate, with consequent electrical and struc-
tural remodeling, substantial enough to increase the likelihood 
of perpetuation of the electrical sources that maintain the 
arrhythmia.

Fibrosis has been implicated in the initiation and maintenance 
of arrhythmia, affecting electrical propagation through slow, dis-
continuous conduction with “zigzag” propagation,3,4 reduced 
regional coupling,5 abrupt changes in fibrotic bundle size,6 and 
micro-anatomical reentry.7 In the past, most clinical, experimen-
tal, and numeric studies regarded fibrosis as electrically insulating 
obstacles. However, heart injury promotes fibroblast differentia-
tion into myofibroblasts,8,9 which are hypercontractile and hyper-
secretory of soluble proteins termed cytokines, known to affect 
myocardial function, and have been shown to electrotonically 
couple with myocytes in vitro.10-14 Thus, it is likely that both 
fibroblasts and fibrosis play critical roles in atrial electroanatomi-
cal remodeling and further facilitate perpetuation of AF. Yet AF 
per se may promote cardiac fibrosis, and it is notable that although 
numerous studies point to a clear association between AF and 
fibrosis, the underlying pathologic basis for AF-induced fibrosis 
remains poorly understood. Arguably, early identification and 
prevention of the molecular and cellular mechanisms of the atrial 
fibrotic process may halt the progression of AF and potentially 
improve response to both pharmacologic and nonpharmacologic 
therapy. This highlights the importance of investigating the 
biology of the fibroblasts as “sentinel cells”15; their role in the 
fibrotic process; the impact of their interactions with myocytes; 
their effects on sarcolemmal ion channel behavior, cardiac 
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model increased the activity of the profibrotic enzymes matrix 
metalloproteinase (MMP)2 and MMP9 in the atrial interstitium, 
increased MMP9 mRNA expression, and increased the activity 
of tissue inhibitor of matrix metalloproteinase (TIMP)1 and 
TIMP3.21 Figure 46-2 illustrates a likely scenario linking sus-
tained AF to inflammation with subsequent electrical remodel-
ing, fibrosis, and atrial fibrillation perpetuation. Proinflammatory 
cytokines and hormones, such as Ang-II, tumor necrosis factor-α 
(TNF-α), interleukin (IL)-6, and IL-8, related to cardiovascular 
disease and tissue injury, promote activation of leukocytes with 
subsequent release of cytokines and ROS. As a result, connexin 
and ion channel dysfunction occur, along with myocyte apoptosis 
and matrix generation and turnover, which leads to electrical and 
structural remodeling that predisposes an individual to AF.18

Clinical studies have identified inflammation as a pathogenic 
factor in AF, as well as a correlation between inflammatory 
markers and the incidence of AF.22 In a 5-year follow-up of an 
original Framingham Heart Study cohort of about 800 patients 
with no history of AF, subjects’ white blood cell count was sig-
nificantly associated with AF development after correction for 
standard risk factors for AF.23 As a standard indicator of general 
inflammation, white blood cell count is also an indicator of the 
role of systemic inflammation as a risk factor for AF. Inflamma-
tory markers appear to be good indicators of failure to terminate 
AF after cardioversion using both pharmacologic and electrical 
methods. Inflammatory markers such as serum amyloid A (SAA) 
and C-reactive protein (CRP) were studied before and 3 weeks 
after cardioversion in patients with persistent AF24; 33% of 
patients presented with AF recurrence at 3 weeks after cardiover-
sion, and levels of CRP and SAA were associated with recur-
rence.24 Patients with persistent AF had a higher inflammatory 
index than patients with proximal AF, as measured by serum CRP 
levels, which suggested progressive inflammation in association 
with AF duration/severity.25 Patients with a history of AF have 

Inflammation and AF

To fully understand the role of myofibroblasts and/or cytokines 
in fibrosis and AF perpetuation, it is necessary to fully understand 
the role played by inflammation, which is known to play an 
important pathogenic role leading to fibrosis in several cardio-
vascular diseases.18 Increasing evidence now suggests that inflam-
matory pathways are directly linked to cellular and subcellular 
mechanisms known to lead also to AF.18 Activated inflammatory 
cells (such as neutrophils, lymphocytes, monocytes, and resident 
macrophages), proinflammatory cytokines, and activated platelets 
are important players in this picture (Figure 46-2). Moreover, 
inflammatory cascades alter ion channel function in myocytes and 
are strongly associated with fibrosis.18 Inflammatory stimuli such 
as nicotine adenine dinucleotide phosphate (NADPH)-oxidase–
derived reactive oxygen species (ROS), cytokines, growth factors, 
angiotensin-II (Ang-II), and other hormones, as well as mechani-
cal stretch, are well-known triggers of fibroblast proliferation, 
migration, and differentiation into myofibroblasts, which are 
critical players in the development of fibrosis.18

The concept that AF promotes inflammation was derived 
from studies demonstrating that chronic human AF is associated 
with increased atrial oxidative stress and peroxynitrite forma-
tion.19 Thereafter, long-term rapid atrial pacing experiments in 
dogs demonstrated pacing-induced shortening of the atrial effec-
tive refractory period, which was associated with decreased tissue 
ascorbate levels and increased protein nitration. The latter is a 
biomarker of peroxynitrite formation.20 Oral ascorbate supple-
mentation attenuated all changes. In a parallel study, supplemen-
tal ascorbate was given to 43 patients before, and for 5 days after, 
cardiac bypass graft surgery.20 Patients receiving ascorbate had a 
16.3% incidence of postoperative AF compared with 34.9% in 
control subjects. More recently, rapid atrial pacing in a porcine 

Figure 46-1.  The phenotypic transformation (activation) of fibroblasts into myofibroblasts is highly controlled by the renin-angiotensin-aldosterone system and by down-
stream activation of soluble proteins termed cytokines, particularly transforming growth factor beta-1 (TGF-β1). Myofibroblasts proliferate and hypersecrete α-smooth muscle 
actin (αSMA), which makes them hypercontractile and promotes their expression of integrins and other adhesion proteins, as well as extracellular matrix genes, including 
fibronectin type I and type III fibrillar collagens. 
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molecule 1 (sICAM-1), and TGF-β1 are upregulated at baseline,32 
and increased VEGF has been shown to associate independently 
with AF occurrence.33 Levels of IL-18 are also higher in patients 
with persistent AF with atrial dilatation.34 Graded increases in 
TNF-α and N-terminal pro-brain natriuretic peptide (NTpBNP) 
have been shown in various AF groups, and have been highest in 
permanent AF.35 A cross-sectional analysis of the Heart and Soul 
Study patients suggested a genetic link between IL-6 polymor-
phism 174CC and AF. Patients with this polymorphism have high 
levels of IL-6.36

Increased serum levels of cytokines and other inflammatory 
markers correlate also with failure of rhythm control in AF.37 For 
example, it has been shown that expression of IL-2 is associated 
with the outcome of cardioversion with amiodarone, and serum 
levels of IL-2 were lower in patients who cardioverted success-
fully compared with those in noncardioverted patients. In addi-
tion, the baseline level of IL-2 was a strong indicator of therapeutic 
success.37 In patients with paroxysmal or persistent AF, elevated 
plasma levels of IL-6 and CRP appear to be independent predic-
tors of failure of pulmonary vein isolation.38 In another study, 
baseline levels of CRP, TNF-α, sICAM-1, and oxidative stress 
markers were elevated in patients with AF compared with con-
trols, and were higher in patients with than in those without 
persistent AF recurrence; however, IL-6 levels were equally ele-
vated in the two subgroups.39 In yet another clinical study, serum 
concentrations of IL-6, CRP, and CD40L decreased in patients 
with no AF recurrence after ablation, whereas the same indicators 
did not decrease in patients who failed ablation.40 An AF-related 
release of cytokines was suggested by another study, in which 
levels of CRP and IL-6 were similar in AF and sinus rhythm (SR) 
patients when in SR. In AF patients, single episodes of AF led to 
these increased protein levels.41

Along with increases in the proinflammatory proteins, AF is 
associated with decreases in anti-inflammatory mediators. Per-
oxisome proliferator–activated receptor-γ (PPARγ), a multifunc-
tional nuclear receptor protein, regulates a number of transcription 
factors, and has been shown to be anti-inflammatory.42 mRNA 
and protein levels of PPARγ were shown to be decreased in 
hypertensive patients with AF compared with hypertensive 
patients with no AF and were further decreased in persistent 
versus proximal AF patients. In addition, a negative correlation 
was noted between levels of inflammatory cytokines and PPARγ.43

TGF-β1 and AF

Members of the TGF-β family of pleiotropic cytokines are impli-
cated in a wide variety of cell functions.44 They regulate inflam-
mation, extracellular matrix deposition, and cell proliferation, 
differentiation, and growth. In mammalian species, three struc-
turally similar isoforms of TGF-β (TGF-β1, TGF-β2, and TGF-
β3), encoded by three distinct genes, have been identified.45 The 
most prevalent is TGF-β1. It expresses widely in many cell types, 
whereas the other isoforms are found in a more limited range of 
cells and tissues.44 Binding of TGF-β family ligands induces the 
association of type II and type I receptors into a heterodimeric 
complex (Figure 46-3). The type II receptor kinase phosphory-
lates the type I receptor, inducing its serine/threonine kinase 
activity. Receptor-regulated Smads (R-Smads) are then activated 
by phosphorylation by the type I receptor kinase. Activated 
R-Smads form complexes with common-partner Smads (Co-
Smad), and translocate into the nucleus.14 Once there, these 
proteins bind other transcriptional factors, including both tran-
scriptional coactivators and corepressors.

Knowledge about the effects of TGF-β1 in advancing cardiac 
hypertrophy and fibrosis in vivo derives in part from studies in 
transgenic mice. TGF-β1–overexpressing mice demonstrated 
significant cardiac hypertrophy accompanied by interstitial 

been shown to have increased inflammatory CD45+ cell infiltra-
tion in the atrial myocardium compared with patients with no 
AF.26 Further support for the idea that inflammatory mediators 
play a significant role in AF comes from studies demonstrating 
that hydrocortisone treatment before cardiac surgery reduced the 
incidence of postoperative AF.27

Cytokines and Human AF

The development of interstitial fibrosis and its impact on atrial 
contractile and electrical function have been found to be central 
for AF maintenance.17,28,29 Fibroblast proliferation and collagen 
deposition are significantly and heterogeneously increased in all 
atrial regions after prolonged AF,16,17 a process that is highly 
controlled by the renin-angiotensin-aldosterone system, and by 
downstream activation of soluble cytokines such as TGF-β1 and 
PDGF. Originally termed cytokines by Stanley Cohen in 1974, 
these proteins are major players in immune reactions.30 However, 
although immune cells are a major source of cytokines, a number 
of other cell types, including heart cells, can synthesize and 
release them.31 Multiple studies have demonstrated close rela-
tionships between elevated cytokines and AF. In patients with 
paroxysmal or persistent AF, serum levels of vascular endothelial 
growth factor (VEGF), IL-8, soluble intercellular adhesion 

Figure 46-2.  Inflammatory pathways involved in the perpetuation of atrial fibrilla-
tion.  Hypertension,  heart  failure,  tissue  injury,  or  sustained  atrial  fibrillation  (AF) 
leads  to  the  release  of  proinflammatory  cytokines  and  hormones,  such  as 
angiotensin-II,  tumor necrosis  factor  (TNF)-α,  and  interleukin-6 and  interleukin-8, 
which promote activation of leukocytes with subsequent activation of fibroblasts 
into myofibroblasts, which proliferate and become hypersecretory of a number of 
cytokines.  As  a  result,  connexin  and  ion  channel  dysfunction  occurs,  along  with 
myocyte  apoptosis  and  matrix  generation  and  turnover,  which  lead  to  electrical 
and structural remodeling (fibrosis) that contributes to the perpetuation of AF. 
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Angiotensin-II and TGF-β1

Elevations in Ang-II and TGF-β1 levels are often found under 
conditions leading to progression of heart failure. Ang-II enhances 
TGF-β1 expression via Smad pathway activation of the transcrip-
tion factor activator protein 1 (AP-1), and this pathway is involved 
in hypertrophic growth of the heart muscle and in the develop-
ment of cardiac fibrosis.53 Ang-II can also lead to fibrosis by TGF-
β1–independent Smad-mediated activation of Ang-II type (AT-1) 
receptors and mitogen activated protein kinases (MAPKs).54 It has 
been reported that Ang-II–induced left ventricular (LV) remodel-
ing and fibrosis are dependent on both extracellular signal–
regulated kinase (ERK) and Smad activation; inhibition of either 
pathway is equally efficacious in restoring LV function and archi-
tecture.55 However, it is unknown whether ERK is also involved 
in Smad signaling in AF-induced atrial fibrosis.

From the foregoing, it is clear that Ang-II and TGF-β1 
strongly contribute to the main causes of heart failure progres-
sion. In experimental animal models56-58 and in clinical studies,59-

61 inhibition of Ang-II by angiotensin-converting enzyme (ACE) 
inhibitors or angiotensin receptor antagonists prevented heart 
failure progression and reduced mortality in patients. The effects 
of Ang-II are also evident in isolated cardiac cells. In fibroblasts, 
Ang-II induces proliferation and collagen synthesis.62,63 In ven-
tricular cardiomyocytes, Ang-II as an inducer of apoptosis pro-
motes hypertrophy in part via TGF-β1 signaling.53 The induction 
of TGF-β1 expression under Ang-II stimulation is mediated by 
oxygen radicals, which are produced by NADPH (reduced form) 
oxidase. Further downstream, p38 MAPK and AP-1 are acti-
vated.64 Rapid atrial pacing (RAP) in rabbits for 4 weeks increased 
fibrosis and collagen I and III content.14 The paced atria also 
showed increased levels of TGF-β1 protein and mRNA and an 
increased level of activated Smad 2/3, but the TGF-β inhibitory 

fibrosis.46 On the other hand, cardiac-restricted expression of a 
mutant TGF-β1 that enhances local TGF-β activity was associ-
ated with atrial but not ventricular fibrosis,47 which suggested 
that the susceptibility of the atrial myocardium to the fibrogenic 
actions of TGF-β is greater than that of the ventricular myocar-
dium. Fibrotic remodeling of the atrium in this transgenic model 
was sufficient to increase vulnerability to AF.48 A single-nucleotide 
polymorphism at codon 25, 915 G-> C, which is associated with 
myocardial infarction and atrial stiffness, is also associated with 
increased plasma TGF-β1 levels in patients with essential hyper-
tension and AF.49

Lower atrial voltage, especially in the left atrium, has been 
associated with AF. Plasma levels of TGF-β1 have been shown to 
correlate strongly with left atrial voltage and volume, suggesting 
that TGF-β1 is an indicator of AF.50 In an interesting study in 
which right atrial appendages were taken from SR and AF patients 
who were divided into five groups (SR; paroxysmal/chronic per-
sistent AF of <6 months; and chronic permanent AF of 7 to 24 
months, 25 to 60 months, and >60 months), a gradual increase 
in fibrosis was noted as AF progressed.51 Similar to collagen, 
progressive increases in the expression of TGF-β1 mRNA, 
protein, and TGF-β receptor II protein were noted. However, 
the TGF-β1 effect appeared to decline with increasing AF dura-
tion, which suggested a biphasic change in TGF-β1–mediated 
signaling in AF.51

In an isolated cell system, pacing of an HL-1 cell line for 24 
hours increased TGF-β1 release and synthesis with increasing 
pacing frequency.52 The increase in TGF-β1 expression was asso-
ciated with increased oxidative stress as measured by a fluorescent 
dye, and was prevented at a lower pacing frequency with TGF-β1 
antibody, suggesting that TGF-β1 was increasing oxidative stress. 
The same study indicated that increased myosin loss in paced 
cells was caused by TGF-β1.52

Figure 46-3.  Angiotensin-II (Ang-II) induces fibrosis through activation of the transforming growth factor (TGF)-β–signaling pathway in the myofibroblast. Activation of the 
angiotensin type 1 receptor (AT-1R) increases the expression of TGF-β1, which leads to phosphorylation of type I and type II TGF-β1 membrane receptors. This leads to the 
formation of a complex that activates Smad2-Smad3 through phosphorylation, promoting consolidation of the Smad2-3-4 complex with subsequent translocation to the 
nucleus, leading to increased transcription of pro-fibrillatory genes. Ang-II/AT-1R-specific activation of Arkadia-mediated poly-ubiquitination and degradation of Smad7 are 
thought to decrease the inhibitory feedback regulation of TGF-β1/Smad signaling and serve as key mechanisms for AF-induced atrial fibrosis.14 
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Another protein of interest is the intracellular inflammatory 

cytokine high-mobility group box 1 (HMGB1), which has been 
associated with various cardiac insults.75 HMGB1 promotes 
inflammation when released via active secretion from necrotic 
cells or by activation of the NF-κB pathway. HMGB1 treatment 
in Cos cells transfected with Kv4.2 or Kv4.3 cDNA decreased 
the respective transmembrane current.76 In neonatal rat ventricu-
lar myocytes, HMGB1 treatment for 24 hours decreased Ito, as 
well as the sustained component of the transient outward current, 
but it increased cell capacitance, and therefore cell size. This 
protein decreased mRNA and protein levels of both Kv4.2 and 
Kv4.3 without affecting KChIP2 expression. HMGB1 modestly 
inhibited L-type Ca2+ current, but not IK1.76

Leukemia Inhibitory Factor (LIF)

In HEK-293 cells transfected with the α-subunit of the T-type 
calcium channel, 12-hour treatment with LIF caused a significant 
increase in the functional expression of channels as indicated by 
changes in current density.77 LIF increased phosphorylation of 
STAT3 and ERK in these cells. Treatment with the ERK inhibi-
tor U0126 inhibited LIF-induced increased calcium current.77

Myofibroblasts, Cytokines, and Myocyte 
Electrical Remodeling

The significance of investigating the interactions between myofi-
broblasts and myocytes from normal and diseased hearts is high-
lighted by the fact that myofibroblasts are the primary mediators 
of wound healing in the injured heart and are the dominant cell 
type in the infarcted scar.14,24,25,78-80 They also contribute to fibrosis 
in the atria and ventricles through their ability to produce fibrillar 
and nonfibrillar collagens,80,81 and to ECM remodeling through 
their production of focal adhesion-associated proteins (see Figure 
46-1).79,82,83 The importance of these studies is enhanced by the 
knowledge that paracrine factors released from myofibroblasts 
lead to myocyte hypertrophy and diastolic dysfunction.8,84 The 
best studied factors include TGF-β, fibroblast growth factor 
(FGF)-2, and members of the IL-6 family of proteins.8,84,85

Despite the importance of myofibroblasts and fibrosis in myo-
cardial infarction, cardiomyopathies, heart failure, and AF, 
whether and how the factors previously described affect cardiac 
myocyte electrical function or excitation-contraction coupling 
has not been adequately addressed. Clearly, there is a need to 
examine electrophysiological consequences of paracrine, mechan-
ical, and electrical myocyte-myofibroblast interactions for 
myocyte electrophysiology, which is underscored by the recent 
discovery that attachment of myofibroblasts to adult cardiac myo-
cytes in vitro results in structural remodeling of the myocytes.86,87 
Whether such maladaptive behavior results in electrical remodel-
ing has never been investigated. Finally, although dye transfer 
experiments have suggested that intercellular coupling exists 
between co-cultured adult rabbit ventricular myocytes and myo-
fibroblasts,86,88 to our knowledge, no such evidence exists in vivo 
in the atria or the ventricles of the adult heart. In addition, no 
dual patch clamping experiments have been conducted to rigor-
ously quantify the conductance of junctional channels between 
adult myocytes and myofibroblasts.

Early reports on the consequences of culturing neonatal  
myocytes in cardiac fibroblast conditioned medium (FCM) 
showed increased protein expression,89 action potential duration 
(APD) prolongation, and KV4.2 downregulation in the myo-
cytes.90 Pedrotty et al91 showed that exposure of neonatal rat 
ventricular myocyte (NRVM) monolayers to FCM produced a 
dose-dependent reduction in conduction velocity, prolongation 

protein, Smad7, was decreased.14 All of these changes were pre-
vented by losartan treatment. In addition, treatment with Ang-II 
did not increase the level of collagen in cells overexpressing 
Smad7,14 suggesting that strong feedback is provided between the 
Ang-II pathway and the TGF-β1 pathway (see Figure 46-3), and 
demonstrating the significance of increased TGF-β1–mediated 
pathways in fibrosis associated with rapid atrial pacing.

Ang-II participates in the development of AF-induced myo-
cardial fibrosis through activation of AT-1 and AT-2 receptors.65-67 
AT-1 receptor antagonism significantly attenuates AF-related 
fibrosis in dogs.68 In a rabbit model of atrial tachypacing, treat-
ment with losartan decreased the deposition of cardiac collagens 
in a dose-dependent manner, suggesting that activation of AT-1 
receptors may be an important mechanism for AF-induced atrial 
fibrosis.14

Effects of Other Cytokines on Ion  
Channels and AF

Macrophage Migration Inhibitory Factor (MIF)

MIF is another multifaceted protein that can regulate the syn-
thesis and release of other cytokines such as TNF-α, IL-1, and 
interferons.69 These cytokines are found in the sera of patients 
with AF. In a recent study, atrial samples from AF patients showed 
increased levels of MIF expression, and cells isolated from the 
right atrial appendage showed a significantly reduced peak Ca2+ 
current compared with sinus rhythm patients. mRNA and protein 
levels of the pore-forming α1C subunit of L-type Ca2+ channels 
were also decreased.70 The MIF-induced decrease in Ca2+ current 
was confirmed in HL-1 cells. Phosphorylation of sarcoma tyro-
sine kinase (Src) protein was increased by MIF treatment in the 
atrial cells. Yet treatment with PP1 (a specific Src antagonist) 
antagonized MIF-mediated effects on both Ca2+ current and 
expression of L-type calcium channel (LCC) protein.70 The 
results supported the involvement of MIF in the electrical remod-
eling that accompanies AF, through impairment of L-type Ca2+ 
channel expression and function via activation of c-Src kinases in 
atrial myocytes.

Effects of TNF-α on Ionic Currents

When mice are treated with TNF-α for 6 weeks, their ventricular 
myocytes exhibit reduced transient outward potassium currents, 
Ito and IKur.71 In addition, TNF-α increases the action potential 
duration (APD).72 The main downstream signaling molecule for 
TNF-α, nuclear factor kappa light-chain enhancer of activated B 
cells (NF-κB), has also been implicated in electrophysiological 
remodeling in cardiac cells.73 Overexpression of the NF-κB 
activator IκB kinase-β decreased KChIP2 expression and Ito. In 
addition, the classic NF-κB activator TNF-α induced NF-κB–
dependent reduction of both KChIP2 and Ito. A role for NF-κB–
mediated ionic current decrease was further supported by the fact 
that a phosphorylation mutant of IκB kinase was able to inhibit 
both NF-κB and TNF-α–mediated decreases in Ito and KChIP2 
expression.74

In H9c2 cells, Ang-II reduced the peak sodium current by 
interfering with SCN5A transcription, which was mediated by an 
increase in oxidative stress. The increased oxidative stress aug-
mented binding of NF-κB to the SCN5A promoter with conse-
quent decreases in both SCN5A transcription and sodium inward 
current.73 Altogether, these studies suggested that by activating 
NF-κB, TNF-α and other cytokines can substantially regulate 
both outward potassium and inward sodium currents in cardiac 
myocytes.
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were allowed to condition fresh serum-free M199 medium for 24 
hours. The resulting FCM or myocyte-conditioned medium 
(MCM) was filtered and then was added to dishes containing 
freshly dissociated adult rat ventricular myocytes.

We determined the electrophysiological consequences of 
exposing adult myocytes to control medium, FCM, or MCM for 
2 days. Figure 46-4, A-C shows data from current clamp experi-
ments obtained during superfusion of the cultured myocytes with 
Tyrode’s solution (1 mL/min) at 37° C. As shown in panel A, 
incubation of myocytes in FCM for 48 hours resulted in signifi-
cant abbreviation of the APD at 90% repolarization (APD90) at 
basic cycle lengths (BCLs) between 200 and 2000 ms. In contrast, 
incubation of the myocytes with MCM for 48 hours produced 
no significant changes in APD. It is interesting to note that as 
shown in panel B, incubation of myocytes in FCM for 48 hours 
resulted in significant increases in maximal action potential 
upstroke velocity (dV/dtmax) at BCLs between 300 and 2000 ms, 
whereas the effects of MCM were not significantly different from 
those of controls. As shown in panel C, the increased dV/dtmax 
induced by FCM likely reflected increased availability of the 
sodium current (INa) secondary to concomitant hyperpolarization 
of the resting membrane potential (RMP).

Finally, panel D summarizes data from voltage clamp experi-
ments comparing Ba2+ (1 mM)-sensitive current/voltage (IV) 
relations obtained in control (n = 7), 48-hour FCM (n = 3), and 
48-hour MCM (n = 3). The significant increases in both peak 
inward (−100 mV) and peak outward (−50 and −60 mV) IK1 
current (compared with both MCM and control) provide a direct 
explanation for the observed effects of FCM on RMP, APD90, 
and dV/dtmax. Whether such changes are the result of ion 
channel gene expression or are induced by specific cytokines 
contained in the FCM, or whether they result from direct effects 
of any given cytokine on Kir2.x channel properties, will need to 
be addressed in future experiments. Nevertheless, in an initial 
attempt to address these questions, we have conducted additional 

of APD, depolarization of the resting membrane potential, and 
a reduction in action potential upstroke velocity. Expression of 
fibroblast proliferation, myocyte apoptosis, and Cx43 expression 
was not affected. However, mRNA levels of NaV1.5, Kir2.1, and 
KV4.3 were reduced by exposure to the FCM.91 More recently, 
Vazquez et al92 showed that in NRVM monolayers treated with 
FCM harvested from infarcted hearts, conduction velocity could 
be higher or lower than in NRVM treated with FCM from 
normal hearts, depending on cell density. In addition, the optical 
APD70 was slightly shorter in the former than in the latter.92 
Although these effects of neonatal FCM on NRVMs are of inter-
est, they should not be extrapolated to the adult heart, particu-
larly when NRVMs are derived from the myocardial infarction 
scar. In fact, evidence in the literature suggests that the pheno-
typic changes produced by paracrine factors released by cardiac 
fibroblasts may be different in the developing versus the adult 
myocyte.93 In addition, although the use of FCM is a matter of 
importance, it leaves the uncertainty of which specific cytokines 
are producing the electrophysiological changes. Finally, despite 
the potential importance of both electrical and structural remod-
eling in atrial fibrillation, a role has not been established for 
specific regulation by cytokines released from atrial fibroblasts in 
atrial myocyte electrical function and/or excitation-contraction 
coupling. Therefore, there is a need to investigate in adult atria 
myocytes the electrophysiological effects of specific cytokines 
that are known to be released by myofibroblasts and upregulated 
in the fibrillating atria.

We recently began to explore the effects of FCM on cardiac 
electrical properties of adult ventricular myocytes. Myocytes and 
fibroblasts were obtained from the hearts of adult rats and were 
cultured as described elsewhere.94 Briefly, fibroblasts were cul-
tured in maintenance media until they became confluent. Then 
fibroblasts were split, passaged repeatedly at a 1 : 2 ratio, and used 
at passages 3 to 6.94-96 After the fibroblast or myocyte cultures 
were washed thoroughly with phosphate buffered saline, they 

Figure 46-4.  Electrophysiological effects of fibroblast-conditioned medium (FCM; closed squares; n = 8), myocyte-conditioned medium (MCM; open triangles; n = 4), and 
control medium (open circles; n = 5)  for 48 hours. A, Basic cycle  length  (BCL) dependence of APD at 90% repolarization  (APD90). B, BCL dependence of maximal action 
potential upstroke velocity (dV/dtmax). C, Resting membrane potential (RMP). D, IV relation shows significant increases (asterisks; P < .05) in inward and outward IK1 for FCM 
(black squares; n = 3) but not MCM (open triangles; n = 3). 
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of information about whether they are involved in electrical 
remodeling in the adult heart, it seems important to examine 
paracrine effects of myofibroblast-derived cytokines on the action 
potential of atrial myocytes, as well as the ionic and molecular 
mechanisms. In vitro experiments should address questions 
related to the effects of conditioned media derived from atrial 
myofibroblasts (i.e., activated fibroblasts expressing α-smooth 
muscle actin) obtained from normal and chronically fibrillating 
hearts. Thereafter, research should focus on the effects of specific 
cytokines and their signaling pathways that have been shown to 
be involved in atrial remodeling (e.g., TGF-β1, PDGF). The use 
of clinically relevant large animal models of persistent atrial 
fibrillation that are capable of recapitulating the features of sus-
tained AF in patients, including TGF-β1 elevation, the presence 
of interstitial fibrosis, the upregulation of a major inward-rectifier 
current, and the frequency characteristics and spatial distribution 
of the fibrillatory waves will be essential in this endeavor. Clearly, 
although both pharmacologic and ablative treatments of persis-
tent AF have shown some efficacy, clinical needs are far from 
being met, and the field is facing many challenges. Two such 
challenges are the expected increase in the incidence of AF in the 
general population, and the potentially adverse long-term conse-
quences of the extensive ablative therapy that is usually needed 
to terminate persistent AF. Thus, novel antiarrhythmic strategies 
targeting not only fibrosis, but also the molecular mechanisms 
underlying myocyte remodeling, are highly desirable. As such, 
finding new target genes with pleiotropic effects on both myo-
cytes and nonmyocyte cells important for pathologic remodeling 
in AF may become an important goal of therapy.

current clamp experiments with two different cytokines that are 
known to be involved in myocyte-fibroblast interactions. In 
Figure 46-5, panels A and B show APD90 data obtained from 
myocytes cultured in TGF-β1 (50 ng/mL) and FGF-2 (100 ng/
mL), respectively, for 48 hours. Concentrations of the cytokines 
were high but were near the ranges of those used and docu-
mented in the literature.97 Clearly, although TGF-β1 prolongs 
APD90 at BCLs between 200 and 500 ms, FGF-2 produces sig-
nificant APD abbreviation at all BCLs. In these initial experi-
ments, we observed no significant changes in RMP or dV/dtmax 
for TGF-β1 or FGF-2. Therefore, although the combined effects 
of FGF-2 and TGF-β on APD90 provide a partial explanation for 
our observations in the presence of FCM (see Figure 46-4), it is 
clear that the effects of FCM on action potential characteristics 
are complex, and that additional factors are involved. Further, it 
would be important to investigate the ionic and molecular mech-
anisms underlying the disparate effects of these and other impor-
tant cytokines on myocyte electrophysiology in both atria and 
ventricles, as well as the mechanisms of electrical remodeling 
associated with the transition from paroxysmal to persistent AF.

Concluding Remarks

In view of the striking effects that myofibroblast paracrine factors 
have on atrial and ventricular function, the evidence that cyto-
kines are significantly upregulated and may play important roles 
in atrial structural remodeling, and the relative dearth 

Figure 46-5.  Effects of (A and B) transforming growth factor (TGF)-β1 and (C and D) fibroblast growth factor (FGF)-2 on APD90 of cultured adult rat ventricular myocytes 
at 48 hours. A, top, Representative action potentials in control and TGF-β1 (50 ng/mL) at BCL = 500 ms. B, APD90 vs. BCL in control (open circles; n = 8) and TGF-β1 (black 
squares; n = 10). C, Representative APs in control and FGF-2 (50 ng/mL). D, APD90 vs. BCL in control (open circles; n = 5) and FGF-2 (black squares; n = 6). Calibrations in A 
and C, horizontal, 200 ms; vertical, 20 mV. *P < .05; **P < .01. 
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and the vagus nerves constitute most of the parasympathetic limb 
of the extrinsic CANS, whereas the neurons in the intermedio-
lateral column of the spinal cord, the stellate ganglia, and their 
axons en route to the heart make up most of the sympathetic limb 
of the extrinsic CANS. The intrinsic CANS is composed mainly 
of sympathetic and parasympathetic nerves, as well as ganglion-
ated plexi (GP) on the heart itself or along the great vessels in 
the thorax such as the pulmonary artery, aorta, superior vena 
cava, and pulmonary veins (PVs). The stellate ganglia serve as the 
“head stage” for the sympathetic innervation of the heart. The 
postganglionic sympathetic fibers, mainly from the stellate 
ganglia, constitute the vast majority of the sympathetic innerva-
tion to both the atrium and the ventricle. The GP embedded in 
the epicardial fat pads contain up to several hundred autonomic 
neurons. The distribution of the major ventricular GP is limited 
to the proximal segments of the coronary arteries; they are in 
general small and not as extensive on the ventricles.2-5

The major atrial GP are located adjacent to the pulmonary 
vein (PV)-atrial junction, or the junction of the right atrium and 
the superior or inferior vena cava. Chiou et al discovered that the 
efferent parasympathetic fibers in the vagus nerves converge at a 
GP before innervating the heart.6 This GP, at the junction of the 
right pulmonary artery, aorta, and superior vena cava (SVC), was 
coined as the “head stage” GP because the bradycardia response 
induced by vagal stimulation in canine hearts was nearly abol-
ished if the RPA-Ao GP was ablated.6

The different nomenclature used by anatomists introduced a 
great deal of confusion for scientific communication.2-5 In this 
chapter, we use the nomenclature based on clinical anatomy, for 
example, GP’s relation to PVs (Figure 47-1). The superior left 
GP (SLGP) and the inferior left GP (ILGP) are located adjacent 
to the PV-atrial junction of the left superior PV and the left 
inferior PV, respectively.7 The anterior right GP (ARGP) is situ-
ated at the caudal end of the sinoatrial node, near the right 
superior PV-atrial junction. The inferior right GP (IRGP) 
extends from the inferior right PV-atrial junction to the crux  
of the heart near the junction of the right atrium and inferior 
vena cava.

It was once thought that the ARGP specifically innervates the 
sinus node, while the IRGP at the crux of the heart innervates 
only the AV node. Recent studies indicate that the intrinsic 
CANS forms a complex neural network, and GP serve as “inte-
gration centers” to control the physiological functions of the 
heart.2,3,8 For example, high-frequency stimulation (HFS; 20 Hz) 
to the SLGP also markedly slowed the sinus rate (SR), proving 
that the ARGP is not the only GP that innervates the sinus node. 
Ablation of the ARGP greatly attenuated, but did not eliminate, 
the SR slowing response induced by SLGP stimulation, indica-
tive of the role of ARGP as the gateway GP for the sinus node 
and the presence of other neural pathways bypassing the ARGP. 
Ablation of the four major atrial GP and the ligament of Marshall 
(LOM) exerts potent inhibitory effects on the activity of the 
CANS, supporting clinical implications targeting these GP to 
treat AF.9

The interplay between the intrinsic and extrinsic CANS is not 
well understood. The intrinsic CANS appears to function 
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The Cardiac Autonomic Nervous  
System (CANS)

The autonomic nervous system can be viewed as the interface 
between the central nervous system and the viscera, glands, and 
blood vessels. It is divided into three main components: sympa-
thetic, parasympathetic, and enteric.1 Integration of neural traf-
ficking among the afferent and efferent autonomic nerves as well 
as their associated autonomic neurons maintains a delicate 
homeostasis of the function of the viscera, vessels, and glands. In 
mammalian hearts, the efferent sympathetic preganglionic 
neurons are located in the intermediolateral columns of the gray 
matter of the spinal cord; the preganglionic fibers of these 
neurons pass through or synapse with the paravertebral ganglia 
(e.g., the stellate ganglia). The stellate ganglia, receiving neural 
inputs mainly from spinal nerves C6-T1, are the key neural 
structures for cardiac sympathetic innervation.1 The efferent 
parasympathetic preganglionic neurons are located in the motor 
nuclei of the vagus nerves (e.g., nucleus ambiguus) in the brain 
stem, from which the vagus nerves carry the preganglionic para-
sympathetic fibers to the heart. The parasympathetic postgangli-
onic neurons are concentrated mainly in the ganglionated plexi 
embedded in epicardial fat pads, and the efferent postganglionic 
parasympathetic fibers are distributed over the entire heart. The 
afferent autonomic fibers, both sympathetic and parasympathetic, 
course along the cardiac plexus in the thorax and eventually reach 
the sensory neurons in the nodose ganglia at the base of the skull, 
as well as the dorsal root ganglia of the spinal cord. These afferent 
nerves and ganglia mediate important cardiorespiratory reflexes 
(e.g., baroreflex) and the pain sensation from the heart to the 
brain.2,3

The Extrinsic and Intrinsic CANS

The CANS regulates vascular tone, contractility, and electro-
physiology by transducing and integrating afferent and efferent 
autonomic trafficking.2,3 Autonomic control of the heart is medi-
ated by a highly integrated intrinsic and extrinsic CANS.2,3 The 
extrinsic CANS mainly consists of ganglia and their axons located 
outside the heart. The nucleus ambiguus, the dorsal vagal nucleus, 



Figure 47-1.  A-C, Location of the major atrial ganglionated plexi (GP) and the ligament of Marshall (LOM). SLGP, ILGP, ARGP, IRGP: superior left, inferior left, anterior right, 
and inferior right GP, respectively. LSPV, LIPV, RSPV, RIPV: left superior, left inferior, right superior, and right inferior pulmonary veins, respectively. A, Right anterior oblique 
(RAO) view. B, Anteroposterior (AP) caudal view. C, Posteroanterior (PA) view. D, Ca2+ transient hypothesis. Simultaneous activation of the sympathetic and parasympathetic 
systems induces early afterdepolarization and subsequent triggered firing (see text for detail). E, Octopus hypothesis. Hyperactivity of the autonomic neurons (head of the 
octopus) causes excessive release of the neurotransmitters of autonomic nerves (tentacles) at multiple sites. This leads to triggered firing and reentry at multiple sites to 
initiate and maintain atrial fibrillation (AF). 
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long-term outcome (<50% success, 5 years, single procedure) of 
the standard CPVI clearly indicates that a better understanding 
of the mechanisms underlying AF initiation and maintenance is 
crucial if more effective ablation targets are to be identified.18

The “Ca2+ Transient Triggering” Hypothesis

Clinical studies demonstrated that activation of both the sympa-
thetic and the parasympathetic nervous system commonly pre-
ceded the initiation of paroxysmal AF.19,20 This finding was later 
corroborated by multiple basic studies.21-23 Patterson et al pro-
posed a “Ca2+ transient triggering” hypothesis to explain the ini-
tiation of rapid PV firing (see Figure 47-1). This hypothesis states 
that norepinephrine (by sympathetic activation) augments the 
Ca2+ transient, and acetylcholine (by parasympathetic activation) 
shortens the PV activation potential duration (APD). The abbre-
viated APD makes the Ca2+ transient relatively prolonged, and the 
myocytes even more Ca2+ overloaded. This leads to activation of 
the forward mode of the Na+/Ca2+ exchanger, the formation of 
early afterdepolarization, and subsequent triggered firing from 
the PVs (Figure 47-1D). This hypothesis also helps explain the 
observation that PV firing often occurs at the distal segments of 
the PVs, where the APD is the shortest.24 Zhou et al proposed an 
“octopus hypothesis,” in which the autonomic neurons in the 
major atrial GP function like the head of an octopus, while their 
axons are analogous to the tentacles.25 When the head of the 
octopus becomes hyperactive, excessive release of neurotransmit-
ters from its tentacles can initiate triggered firing and macro- and 
micro-reentry at multiple sites to initiate and maintain AF (Figure 
47-1E). The octopus hypothesis also implies that targeting the 
head of the octopus (i.e., the GP) is perhaps the most effective 
means of mitigating a hyperactive state of the CANS and subse-
quent associated arrhythmias, i.e., paroxysmal AF.

Rapid Firing from Non-PV Sites: LOM and SVC

Although PV firing accounts for nearly 90% of initiation of 
paroxysmal AF, non-PV sites such as LOM and SVC are alterna-
tive sites for rapid firing and AF initiation.26,27 Notably, the initia-
tion pattern of paroxysmal AF from the LOM, SVC, and PVs is 
remarkably similar. LOM itself is richly innervated and had been 
named the “left atrial neural fold” by some anatomists, signifying 
the abundance of its autonomic neural elements.5 However, sub-
stantial discrepancies in the relative abundance of sympathetic 
versus parasympathetic innervation have been reported.28-31 On 
the basis of both electrophysiological and immunohistochemical 
findings, Ulphani et al28 found LOM to be a parasympathetic 
conduit in normal dogs, whereas Doshi et al29 demonstrated 
sympathetic predominance within the LOM in dogs with chronic 
AF. In contrast, Makino et al found in human hearts that the 
LOM-LSPV (left superior pulmonary vein) junction was sympa-
thetically predominant, whereas the LOM-coronary sinus junc-
tion was predominantly parasympathetic.30 Such an innervation 
gradient was later corroborated by Lin et al, who found that HFS 
at the LOM-coronary sinus junction mainly elicited AF, whereas 
HFS at the LOM-LSPV junction induced ventricular tachycar-
dia, atrial tachycardia, or junctional tachycardia.31 However, it is 
unquestionable that the LOM provides an ideal substrate for 
triggered firing if sympathetic versus parasympathetic balance is 
altered, or if both become hyperactive.

Another common site for non-PV firing is the SVC-atrial 
junction, where high density autonomic innervation has been 
shown.6 In patients, the site of rapid firing and successful ablation 
was usually the posterior-septal aspect of the SVC-RA junction 
adjacent to the RPV-Ao GP, suggesting that this “head stage” GP 
may serve as the autonomic basis for SVC firing. Lu et al 

interdependently with as well as independently from the extrinsic 
CANS, as evidenced by its retaining nearly full control of cardiac 
physiology after autotransplantation.2,3 Armour elegantly 
described the intrinsic CANS as “the little brain on the heart.” 
Cooperative interaction between the extrinsic and intrinsic 
CANS maintains a homeostasis that facilitates balanced cardiac 
physiological functions.

Noncholinergic, Nonadrenergic Neurotransmitters 
in the Intrinsic CANS

Until the past two decades, it was believed that the sympathetic 
component of the intrinsic CANS is composed exclusively of 
postganglionic sympathetic fibers, and that all of the cardiac 
autonomic neurons are parasympathetic neurons expressing cho-
linergic markers. With advances in immunohistochemistry, sub-
populations of cardiac autonomic neurons expressing various 
neurotransmitter markers have been identified.10 The presence 
of peptidergic, nitrergic, and noradrenergic neurons, along  
with their associated neurotransmitters such as neuropeptide-Y, 
vasoactive intestinal peptide (VIP), nitric oxide synthase, and 
angiotensin II, strongly indicates that autonomic control of 
cardiac physiology involves a milieu of neurotransmitters  
beyond acetylcholine and norepinephrine.10-12 Neuropeptide-Y 
co-released by prolonged sympathetic activation reduces acetyl-
choline release from the neighboring vagal nerve ending; this is 
a good example of sympathovagal cross-talk.11 These noncholin-
ergic, nonadrenergic neurotransmitters often exert effects similar 
to those of cholinergic or adrenergic agonists or antagonists. 
Using cholinergic and adrenergic blockers to “eliminate” CANS 
control is an oversimplified approach.13,14 Liu et al demonstrated 
that until an antagonist of VIP ([Ac-Tyr1,D-phe2]-VIP) was 
administered, vagal stimulation continued to induce atrial fibril-
lation (AF) in canine hearts despite GP ablation+atropine+esmo
lol.12 A better understanding of the arrhythmogenic potential of 
these noncholinergic, nonadrenergic neurotransmitters may 
facilitate the development of new antiarrhythmic agents for treat-
ment of AF.

Autonomic Mechanisms of AF Initiation  
and Maintenance

In 1978, Coumel et al described a group of patients with AF of 
vagal origin, manifested by the absence of structural heart disease 
and nocturnal onset of AF preceded by a slow SR.15 As the vast 
majority of AF patients appeared not to have the typical findings 
described by Coumel, vagal AF was viewed as a rarity. Landmark 
findings reported by Haïsseguerre et al demonstrated that parox-
ysmal AF, in most cases, originated from rapid focal firing in the 
PVs.16 Subsequent studies verified the pathophysiological roles 
of the PV muscle sleeve as an ideal substrate for reentry and 
discovered periodic acid–Schiff (PAS)-positive cells in the PV 
sleeves that appear to be reminiscent of Purkinje cells.17 However, 
these PAS-positive cells have not been shown to elicit rapid firing 
(300 to 600 beats/min [bpm]), and the PV sleeve, despite being 
an ideal reentrant substrate, cannot initiate reentry without a 
spontaneous, well-timed premature beat.

Over the past 15 years, AF ablation has evolved from eliminat-
ing the focal trigger(s) within the PVs (focal PV ablation) to 
circumferentially isolating the PV-atrial antrum (circumferential 
pulmonary vein isolation [CPVI]). However, the following  
fundamental questions have not been fully addressed: (1) Why 
do PVs elicit rapid firing? (2) How does PV firing initiate  
AF? (3) How does AF maintain itself, particularly in the first  
few hours before structural remodeling starts? The disappointing 
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Clinical studies have independently reported that 
cholinergic+adrenergic blockers failed to eliminate CFAE in 
patients undergoing AF ablation,13,14 casting doubt on the auto-
nomic mechanism for CFAE. The CFAEs recorded in patients 
with paroxysmal AF were significantly more sensitive to auto-
nomic blockers than the CFAEs in persistent AF patients, under-
lying the importance of other mechanisms (e.g., fibrosis) 
responsible for CFAE formation. Of note, a large milieu of non-
cholinergic, nonadrenergic neurotransmitters has been identified 
within the intrinsic CANS.10-12 Failure to eliminate CFAE by 
cholinergic and adrenergic blockade cannot exclude the auto-
nomic mechanism underlying CFAE.

Ablating the CANS to Treat AF

In ablating the CANS to treat AF, the most practical targets are 
the major atrial GP (e.g., the head of the “octopus”). An acciden-
tal finding was reported by Pappone et al, who described a group 
of paroxysmal AF patients undergoing CPVI.41 When a vagal 
response was evoked by ablation, elimination of all evoked vagal 
responses around PV ostia resulted in outstanding success (99%) 
of freedom from AF. Scanavacca et al showed the feasibility of 
selective GP ablation using both endocardial and epicardial 
approaches, but the result of GP-only ablation was disappoint-
ing.42 When our understanding of the anatomy and physiology 
of the major atrial GP was advanced, the results of GP ablation 
improved substantially. A major limitation of GP ablation is that 
despite consistent location adjacent to the PV-atrial junction, the 
extent of each “hyperactive” GP that needs to be ablated to treat 
AF is largely unknown. Pokushalov et al randomly assigned 80 
paroxysmal AF patients to two groups: (1) selective GP ablation 
guided by vagal responses induced by HFS (20 Hz), and (2) abla-
tion of GP selected by presumed anatomical locations.43 At 13.1 
± 1.9 months, 42.5% of patients with HFS-guided GP ablation 
and 77.5% of patients with anatomic GP ablation were free of 
symptomatic AF (P = .02). This difference may be attributed to 
a significantly greater number of radiofrequency applications 
delivered in the latter group, covering a larger area for each GP. 
Although GP-only ablation appeared to produce results similar 
to those of standard CPVI, the combination of CPVI and GP 
ablation seems to lead to higher success rates than are achieved 
with CPVI alone.7,44 However, the value of GP ablation is not 
without debate. Adding GP ablation to CPVI introduces an 
arrhythmogenic substrate and increases the incidence of reen-
trant left atrial tachycardia by approximately 30%.7 This factor 
may lower the success rate compared with standard CPVI.45 
Although the debate about adding GP ablation to CPVI contin-
ues, it cannot be overemphasized that CPVI transects the LOM, 
three of four major atrial GP at the PV-atrial junction (see Figure 
47-1), and numerous autonomic nerves. The contribution of 
autonomic denervation to the efficacy of CPVI cannot be 
overlooked.

The disappointing long-term results of a single AF ablation 
raise further questions: What is the cause of AF recurrence after 
ablation? Is the isolated or destroyed myocardium the real trigger 
or substrate for AF? Although resumption of conduction between 
PV and atrium is considered the main cause for recurrence, 
mapping of the PV-atrial junction in patients without clinical 
recurrence after AF ablation is rarely done. Furlanello et al per-
formed catheter ablation (PV isolation ± atrial flutter ablation) 
on 20 competitive athletes who had very symptomatic lone AF.46 
Successful PV isolation was achieved in 19 of 20 patients in the 
first ablation procedure. When all patients were re-studied 
regardless of arrhythmia recurrence, 62 (81%) of the previously 
isolated PVs had resumed conduction. Most important, the inci-
dence of conduction recurrence did not differ between patients 

delivered HFS to this GP and elicited rapid firing and AF only 
at the SVC, not at the atrium or PV.32 Ablation of this GP only 
prolonged the refractory period of the SVC site. These findings 
indicate that the RPA-Ao GP may provide specific autonomic 
innervation to the SVC-atrial junction, and hyperactivity of this 
GP may serve as the basis for SVC firing.

Perpetuation of AF: the First Few Hours and Beyond

Electrical remodeling (e.g., shortening of the refractory period) 
and structural remodeling (e.g., fibrosis) are indispensable factors 
in the perpetuation of AF over a period of several weeks or 
months.33-35 However, how AF perpetuates itself within the first 
few minutes or hours after its initiation (e.g., before the occur-
rence of structural remodeling) is poorly understood. Any therapy 
that provides early termination of AF will have a great impact on 
AF therapy. Yu et al recorded the neural activity of the canine 
ARGP or SLGP during 6 hours of AF simulated by rapid atrial 
pacing.36 Rapid atrial pacing not only shortened the atrial refrac-
tory period but also progressively enhanced neural activity within 
the GP, providing direct evidence of autonomic remodeling 
during AF. Yu et al proposed that electrical remodeling and auto-
nomic remodeling form a vicious cycle. A hyperactive state of the 
intrinsic CANS (e.g., GP) facilitates AF initiation. AF then short-
ens the refractory period further and augments GP activity to 
perpetuate AF itself. This “vicious cycle” hypothesis helps answer 
the fundamental questions described above: (1) Why do PVs 
elicit rapid firing? (2) How does PV firing initiate AF? (3) How 
does AF maintain itself?

As has been discussed, AF begets electrical, structural, and 
autonomic remodeling. As AF burden increases, increased GP 
activity may spread to peripheral atrial sites. Excessive neu-
rotransmitter release locally engenders more atrial substrates 
(e.g., shortened and dispersed refractory period, higher intracel-
lular Ca2+ load and inflammation) to sustain AF. We hypothesize 
that “metastasizing” activity within the intrinsic CANS may be a 
crucial element in facilitating the progression of AF from the 
paroxysmal form to more advanced forms.

Autonomic Basis for Complex Fractionated Atrial 
Electrograms (CFAEs)

In 2004, Nademanee et al described the technique for targeting 
CFAE to treat patients with paroxysmal and persistent AF.37 
Although CFAE may simply be caused by physical properties of 
myocardial fibers such as anisotropic conduction or zones of slow 
conduction, two other hypotheses also help account for the for-
mation of CFAE: rotor and autonomic hypotheses. The rotor 
hypothesis indicates that CFAE is formed when meandering 
rotors encounter heterogeneous substrates (e.g., dispersion of 
refractoriness).38 CFAE is therefore the by-product of the reen-
trant rotor, which breaks down at its boundary. Notably, infusion 
of acetylcholine into the animal heart is required to maintain a 
stable rotor, implying that the rotor hypothesis is also related to 
autonomic activity. The autonomic hypothesis stems from the 
locations of the CFAE originally described by Nadamanee et al, 
in which distribution of the CFAE correlates well with the  
locations of the major atrial GP. Lin et al showed in a canine 
model that CFAE can be produced by topical application of 
acetylcholine,39 and CFAE can be eliminated by ablation of the 
GP at a distance, indicating that activating the intrinsic CANS is 
critical in the formation of CFAE. Clinical studies later corrobo-
rated that CFAE tend to occur at presumed GP sites.40 Ablation 
of GP greatly reduced the extent of CFAE distribution around 
the GP, implying a possible causal relation between CANS activ-
ity and CFAE.7,40
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47 
other autonomically based diseases without permanent injury to 
the myocardium or to the intrinsic CANS.

Perspectives

Up to now, the clinical benefit of GP ablation in treating AF has 
been controversial, at best. In contrast, renal artery denervation 
that dramatically reduced blood pressure in patients with  
drug-resistant hypertension has refocused attention on the  
role of the autonomics in cardiovascular function.52 The sug-
gested mechanism was that mitigation of sympathetic afferent 
signals to vasomotor centers in the brain reduced efferent  
sympathetic vasoconstriction of the renal arteries. Although it 
remains unclear which sympathetic pathways are modified  
by renal artery denervation, a more direct relationship  
between autonomic modulation and AF was reported in a clinical 
study by Pokushalov et al.53 Patients with concomitant AF and 
drug-resistant hypertension were randomly assigned to two 
groups: CPVI and CPVI plus renal artery denervation. At 
follow-up of 12 months, patients with CPVI alone were 29% 
AF-free, whereas among patients with pulmonary vein isolation 
plus renal artery denervation, 69% were AF-free (P = .03). The 
result that renal sympathetic denervation, rather than increased 
radiofrequency applications delivered to the PVs or the LA, 
markedly improved the AF ablation outcome highlights a para-
digm change in the treatment of arrhythmia. Instead of solely 
targeting the myocardial substrates, modulation of CANS activ-
ity may alter both neural and myocardial substrates for arrhyth-
mias and may mitigate the arrhythmias with minimal myocardial 
damage.

with (82.5%) and without (74.6%) AF recurrence, leading to 
questions about the real cause of AF recurrence after ablation.

Modulation of CANS to Treat AF Without 
Destroying Autonomic Neural Elements

The consequences of neural degeneration and regeneration after 
ablation are poorly understood. If autonomic denervation and 
regeneration are critical elements in the efficacy and failure of 
CPVI, respectively, suppression of the hyperactive CANS by 
modulating, instead of destroying, the autonomic neural ele-
ments may be a more effective approach. Inspired by a clinical 
report by Tai et al47 showing that PV firing in paroxysmal AF 
patients could be inhibited by increased vagal reflex caused by 
phenylephrine-induced hypertension, the Oklahoma group 
hypothesized that by taking advantage of neural plasticity, low-
level vagal stimulation (LL-VS) at voltages not slowing the SR 
or AV conduction may inhibit the CANS, and subsequently AF 
inducibility. A series of acute canine studies corroborated that 
LL-VS markedly lengthened the atrial and PV refractory period 
and inhibited AF inducibility.48-50 Notably, LL-VS was capable of 
preventing AF initiation and terminating AF. The antiarrhythmic 
effects were mediated by suppression of neural activity of the 
major atrial GP and the stellate ganglia.49 Long-term canine 
studies by Shen et al not only verified these findings but also 
discovered that suppression of stellate ganglion activity is respon-
sible for the effects of LL-VS on AF.51 Notably, in acute canine 
studies, LL-VS of 80% below threshold voltage was as effective 
as 10% below threshold in suppressing AF, indicating that LL-VS 
may be a clinically feasible approach to the treatment of AF and 
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or slow heart rate and have been linked to numerous ion channel 
disturbances including L-type calcium, rectifier potassium, and 
late sodium currents. The sodium/calcium exchanger current is 
thought to play a critical role in the development of EADs. Chua 
et al performed optical mapping of tachycardia-induced heart 
failure and demonstrated that  
heterogeneous up-regulation of apamin-sensitive K+ current 
increases sensitivity to intracellular calcium.5 This leads to 
heterogeneous APD shortening and possibly to late phase 3 
EADs in the context of high heart rate or post-defibrillation 
recovery. Stretch activation may play a role in ventricular  
arrhythmias, particularly in the context of severe heart failure and 
volume overload.6 Abnormal automaticity consists of abnormal 
spontaneous firing action potentials that are not coupled to previ-
ous activations.

Stable reentrant circuits around an anatomic anchor such as a 
scar or a large vessel may lead to sustained VT (see Figure 48-2, 
A). A section of unexcitable post-infarct scar or a large vessel such 
as the aorta or the right ventricular (RV) outflow tract may form 
a pathway for a stable reentrant circuit. Even without an unexcit-
able core, simulations have shown that a reentrant circuit may be 
formed around a functional core rather than an anatomic core 
(see Figure 48-2, A). The center of the circuit may remain excit-
able but unexcited as the spiral wave circles around the core. 
Large reentrant circuits that encircle the entire ventricles have 
been shown to form as well, especially with cardiac dilatation or 
conduction slowing.

The reentry wavelength is the product of the conduction 
velocity and the distance of the path of the reentrant circuit. 
Ischemia, fibrosis, cellular uncoupling, and electrolyte imbalance 
may cause conduction slowing. Cardiac dilatation leads to greater 
distances for wave-front conduction. When these changes occur 
heterogeneously over the cardiac tissue, conduction slowing may 
be present to such an extent that slowed conduction in one region 
may lead to fractionation of a single wave front. The faster-
moving portions of the wave front move around the region that 
has slowed conduction. If the region of slowed conduction delays 
the wave front for an extended time, the tissue past the area of 
slowed conduction may have sufficient time to become excitable. 
As the excitation wave front leaves the region of slowed conduc-
tion, it may travel rapidly through the normal area back around 
to the area of slowed conduction that activated initially. If this 
tissue is now excitable, the wave front may reenter into the area 
of slowed conduction, and the process may start again and estab-
lish a stable reentrant circuit.

Transition From VT to VF

Heterogeneous conduction leads to the breakup of continuous 
activation wave fronts, the development of sustained reentrant 
circuits, and the development of sustained VF. Critically timed 
focal activations may break up regular rotors and cause wave-
front collisions and conduction block, leading to breakup of the 
regularly repeating wave fronts.
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Sudden cardiac death (SCD) causes an estimated 300,000 deaths 
in the United States alone.1 Ventricular tachycardia (VT) often 
precedes the onset of ventricular fibrillation (VF). VF causes 
approximately one-third of sudden cardiac deaths.2 Patients at 
high risk for SCD may be implanted with an implanted 
cardioverter-defibrillator (ICD), but the largest group of victims 
of SCD does not have risk factors that place them in the high-risk 
category as candidates for ICD implantation.3 To develop more 
effective treatments for VT and VF, the mechanisms of VT and 
VF onset and maintenance must be understood.

Mechanisms of VT Onset and Maintenance

Although cases of idiopathic VF have been reported, most 
patients with VT and VF have a substrate that increases the prob-
ability of reentry. Two primary conditions lead to the onset of 
VT: ectopic foci and stable reentrant circuits. Ectopic foci due to 
triggered activity or abnormal automaticity may lead to VT. VT 
may be hemodyamically stable or unstable and often self-
terminates, whereas VF is almost always fatal if not treated by 
administration of defibrillation shocks within minutes of VF 
onset. Ventricular tachyarrhythmias often progress from prema-
ture ventricular complexes (PVCs) to runs of VT, and finally to 
VF (Figure 48-1). Ventricular tachycardia and heart failure lead 
to action potential duration (APD) shortening, and rapid activa-
tion rates may lead to intracellular calcium overload. High intra-
cellular calcium and APD shortening promote triggered activity 
and the initiation of VF.4

Focal sources that may lead to VT include triggered activity 
and abnormal automaticity. Focal sources may be the source of 
repetitive rapid ectopic firing or they may lead to disruption of 
the normal conduction pathways and the breakup of cohesive 
wave fronts and establishment of reentrant circuits (Figure 48-2, 
A). Delayed afterdepolarizations (DADs) cause a rise in resting 
potential during diastole. If the transmembrane potential rises 
above the activation threshold, a new action potential may be 
launched. DADs are traditionally linked to intracellular calcium 
overload and thus are exacerbated by the rapid heart rates seen 
in VT and VF. Early afterdepolarizations (EADs) may occur 
during the plateau (phase 2) or repolarization (phase 3) phase of 
an action potential. EADs are often associated with bradycardia 
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Figure 48-1.  Surface ECG recording of the transition from normal sinus rhythm (SR) 
to ventricular tachycardia (VT) and eventually to ventricular fibrillation (VF). 

(Reprinted with permission from Weiss JN, Garfinkel A, Karagueuzian HS, et al: Chaos 
and the transition to ventricular fibrillation: A new approach to antiarrhythmic drug 
evaluation. Circulation 99:2819-2826, 1999.)

SR VT VF

VT
initiation

VT
degeneration

Figure 48-2.  The mechanisms of VT and VF are demonstrated in 2D simulations of transmembrane voltage A, VT may be maintained by a focal 
source, around an anatomic anchor, or as a reentrant circuit around a functional anchor. B, VF may be maintained by multiple wavelet reentry or by a mother rotor (bottom 
left of panel) that fractionates and breaks up into multiple daughter wavelets. 

(Reproduced with permission from Qu Z, Weiss JN: Nonlinear dynamics of excitation and propagation in cardiac muscle. In Zipes DP, Jalife J [eds]: Cardiac Electrophysiology: 
From Cell to Bedside. Philadelphia, Elsevier, 2009, pp 339-348.)

Focal VT Anatomical reentry
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A primary mechanism for block leading to reentry is nonuni-
form dispersion of refractoriness. A study by Geizer et al reported 
that a series of premature stimuli that induced large spatial dis-
persion of repolarization caused VF in an in vivo dog model.7 
This study and others have shown that block can occur even in 
normal, homogeneous tissue when alternans is caused in APD. 
Dispersion in APD leads to the development of conduction block 
and to fractionation of wave fronts, which, in turn, may lead to 
reentrant circuits and the initiation of VT and VF (Figure 48-3).

Simulations have shown that the restitution curve (the rela-
tionship between APD and the diastolic interval) is predictive of 
the breakdown of a rotor to multiple unstable reentrant circuits. 

When the slope of the restitution curve (APD/diastolic interval 
[DI]) is greater than 1, an unstable positive-feedback loop results 
in increasing oscillations in APD and DI (Figure 48-4). Once the 
APD and the DI become so shortened that conduction is not 
possible, the wave front blocks and reentry may occur. A slope of 
less than 1 of the restitution curve leads to a negative-feedback 
loop, decreasing alternans, and to convergence of cycle length 
and DI to an equilibrium.

VF Maintenance

VF changes as global ischemia sets in and the duration of VF 
increases. Using high-speed cinematography on canine hearts, 
Wiggers first proposed four stages of VF: (1) an initial tachysys-
tolic stage (<1 s since VF onset), (2) convulsive incoordination (1 
to 40 s), (3) tremulous incoordination (40 s to 3 min), and (4) 
progressive atonic incoordination (>3 min).8 Other groups have 
proposed 2,9 3,10 4,11 and 512 or more stages to describe the pro-
gression of VF over time. Each strategy for classifying VF activa-
tion patterns describes a change in VF activation rate and 
organization at approximately 2 to 3 minutes, with a progressive 
decline in activation rate and an increased incidence of conduc-
tion block thereafter.

Animal studies have shown that the ability of the heart to 
effectively contract is sufficiently compromised after 3 minutes 
of VF that even after successful defibrillation, return of spontane-
ous circulation does not occur without drugs and/or mechanical 
chest compressions.13,14 With the significant changes in cardiac 
electrophysiology and function that occur after prolonged VF, it 
is reasonable to expect that the mechanisms of VF maintenance 
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The mother rotor causes a high-frequency, repeatable activation 
sequence in a single region of the heart, also called the dominant 
domain. As the distance from the center of the motor rotor 
increases, the distance traveled by the wave front increases. The 
far arms of the rotor begin to fractionate and cause daughter 
reentrant circuits that may be short-lived and meandering. The 
daughter wave fronts propagate onto the remainder of the 
working myocardium and do not exhibit repeating activation 
sequences (Figure 48-2, B). The breakup of the daughter wave 
fronts and irregular patterns of activation away from the mother 
rotor give the electrocardiogram (ECG) the chaotic characteris-
tics of VF.

Recent experimental studies and computer simulations have 
demonstrated that the inward potassium rectifier current plays 
an important role in rotor stability during VF.17 Increased inward-
rectifier current prevents the wave front from colliding with the 
wave tail and thus prevents breakup of stable rotors. Stable 
mother rotors have been recorded in isolated sheep ventricles  
and in guinea pig hearts, and recent canine studies have shown 

may change with the progression of VF. Although many studies 
have investigated the mechanisms of short-duration VF (SDVF; 
lasting <1 min), relatively few studies have explored the mecha-
nisms of long duration VF (LDVF; lasting >1 min). Although 
SDVF is of clinical relevance for ICD therapy, the average time 
from collapse of patients until defibrillation in the prehospital 
setting ranges from 4 to 10 minutes.15 Therefore, the mechanisms 
of SDVF and LDVF are of clinical significance and interest. 
Recent studies have indicated that three different mechanisms 
may be involved in sustaining VF: (1) mother rotor reentry, (2) 
wandering wavelet reentry, and (3) focal activity in the Purkinje 
system. VF mechanisms may vary over time and may switch 
between mechanisms regularly during LDVF.16

Mother Rotor Reentry

Several groups have proposed that a single, stable reentrant 
circuit, called a mother rotor, is responsible for maintaining VF. 

Figure 48-3.  The formation of a reentrant circuit due to heterogeneity of APD An ectopic focus at B initiates in the region of short APD and propagates 
outward toward the region of long APD. The ectopic beat blocks (dotted line) as it encounters refractory tissue but continues to propagate laterally such that it wraps around 
the area of block and reenters through the previous region of block and back into the short APD region. 

(Reproduced with permission from Qu Z, Weiss JN: Nonlinear dynamics of excitation and propagation in cardiac muscle. In Zipes DP, Jalife J [eds]: Cardiac Electrophysiology: 
From Cell to Bedside. Philadelphia, Elsevier, 2009, pp 339-348.)

Long Short

LongShort

160 ms

70 ms

A

A

B

B

Figure 48-4.  Progression of alternans in APD and DI to conduction block and spiral wave breakdown depends on the slope of the restitution 
curve A, A spiral wave rotating at a constant cycle length (CL) undergoing a perturbation (a) that decreases DI and will tend to cause a smaller change in APD, which in 
turn will cause a smaller change in DI. This negative-feedback loop will eventually lead to a return to equilibrium. B, When the restitution slope >1, a perturbation in APD 
(a) leads to a larger disturbance in DI, which leads to a larger change in APD. This positive-feedback loop leads to increased variation in APD and DI until conduction is no 
longer sustained, but blocks (b). This leads to spiral wave breakup and chaotic conduction. 

(Reproduced with permission from Weiss JN, Garfinkel A, Karagueuzian HS, et al: Chaos and the transition to ventricular fibrillation: A new approach to antiarrhythmic drug 
evaluation. Circulation 99:2819-2826, 1999.)
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activity that is consistent with mother rotor reentry on the endo-
cardium after 2 minutes of VF.16

Wandering Wavelet Reentry

Wandering wavelet reentry was first proposed as the mechanism 
of VF maintenance almost 50 years ago. The initial theory pro-
posed that for VF to start, a premature stimulus initiated the 
arrhythmia, and heterogeneity of refractory periods in the tissue 
caused wave-front fractionation that facilitated reentry. Wander-
ing wavelet reentry consists of multiple competing wave fronts 
that constantly undergo collisions, fractionations, and annihila-
tions. Wave fronts meander around refractory tissue and ana-
tomic obstacles such as scar or infarct regions. When a wave front 
encounters unexcitable tissue, whether anatomic or functional in 
nature, it may (1) block entirely, (2) proceed around the obstacle, 
or (3) fractionate and create daughter wave fronts that proceed 
in different directions from the original wave front (see Figure 
48-2, B). Wandering wavelet reentrant pathways are short-lived 
and transient in nature. Although normal cardiac tissue sustains 
VF, the onset of VF is facilitated in diseased tissue such as border 
zones surrounding infarcts and in tissue with anchors such as scar 
or anatomic boundaries that facilitate reentry. A critical mass of 
cardiac tissue is required for the wandering wavelets to have suf-
ficient space to collide and create daughter wavelets. The three-
dimensional (3D) structure of the ventricles, the fiber orientation, 
and the tissue anisotropy cause the wave-front propagation to 
become complicated and difficult to fully map through epicardial 
or endocardial approaches. The hypothesis of wandering wavelet 
reentry supposes that wave fronts propagate throughout the 
cardiac tissue such that there is not a stable high-frequency 
region that drives the activation rate.

Rogers et al. performed panoramic optical mapping of trans-
membrane voltage of perfused VF in pig hearts.18 In 17 episodes 
of mapped VF, they found that 92% of wave fronts were linked 
through fragmentation and collision. They did not find stable 
rotors that lasted beyond a few seconds. Although they were able 
to map only the epicardial surface, investigators were able to 
account for most of the wave fronts without the need for intra-
mural reentry.

Purkinje Fiber Activity

Involvement of the Purkinje system has largely been ignored 
when the mechanisms of VF maintenance are discussed. A 
growing body of evidence suggests that although intramural 
reentry may be the primary driver of SDVF, the Purkinje system 
may play a more significant role in LDVF.

Studies have shown that following 2 to 3 minutes of VF, acti-
vation rates between the endocardial and epicardial surfaces of 
the heart diverged.19 Although activation rates became slower for 
both endocardial and epicardial tissue as VF progressed, the 
epicardial activation rate slowed more dramatically in epicardial 
tissue. This activation rate gradient develops during LDVF in 
dogs19 and humans20 but does not develop in pigs19 (Figure 48-5). 
A study compared VF activation patterns between dogs and pigs 
using plunge needles distributed throughout the LV wall, and VF 
was induced electrically.19 Investigators observed that although 
an activation rate gradient emerged in dogs after a few minutes, 
this gradient did not develop in pigs. This species-dependent 
behavior together with the different Purkinje distribution in the 
two species led investigators to hypothesize that Purkinje fibers 
could be driving the later VF activation patterns in both dogs and 
pigs. As is the case with humans, the Purkinje fiber system in dogs 
is limited primarily to the endocardial surface, and in pigs these 
fibers arborize from the endocardial surface through the 

myocardium nearly to the epicardial surface. The development 
of transmural block and retention of the ability to conduct as 
LDVF progresses have been shown to represent an irregular and 
heterogeneous process.21

To investigate the role of the Purkinje system in LDVF, 
Tabereaux et al. conducted direct endocardial mapping studies on 
isolated, perfused dog hearts.22 They recorded endocardial 
activation maps from the insertion of the anterolateral papillary 
muscle of electrically induced VF. Purkinje activations were 
detected separately from myocardial activations, and three dis-
tinct types of activations were recorded: (1) wave fronts  
proceeding from the working myocardium to the Purkinje 
system, presumably through retrograde conduction pathways;  
(2) focal activations that could appear in the Purkinje system or 
in working myocardium; and (3) activations that began outside 
of the mapped region in the Purkinje system and proceeded to 
initiate a new waveform in the working myocardium (Figure 
48-6). Coupled with the fact that the wave fronts in LDVF tend 
to propagate from the endocardium to the epicardium, the focal 
activations appearing in the mapped region suggest that wave 
fronts are initiated in the Purkinje system near the endocardial 
surface. The authors concluded that the Purkinje system may 
play a critical role in both reentrant circuits and focal activations 
during LDVF.

In a subsequent study, Dosdall et al performed mapping of  
the same anterolateral papillary muscle section of the LV endo-
cardium in dogs.23 They also placed plunge needles on the 
sides of the plaque. They induced VF in two groups: (1) control 
hearts and (2) hearts in which the subendocardium, including  
the Purkinje system, had been chemically ablated by the applica-
tion of Lugol’s solution. Investigators found that although  
the endocardial-epicardial rate gradient developed in the control 
hearts, the rate gradient was eliminated in the ablated hearts.  
The VF spontaneously terminated after 9.2 ± 3.2 minutes 
in the control hearts but terminated after 4.9 ± 1.5 minutes 
in the ablated hearts. This further supports the conclusion  
that the Purkinje system plays a significant role in maintain-
ing LDVF.

Studies in dogs have demonstrated that periods of highly 
synchronous activity on the endocardial surface of the LV occur 
during LDVF. Robichaux et al. inserted a 64-electrode basket 
into the left ventricular (LV) endocardium and recorded electri-
cally induced VF for 10 minutes.24 They observed periods during 
which focal activations in the Purkinje system spread rapidly 
through the entire LV endocardium (Figure 48-7). These activa-
tions resulted in rapid synchronous activation of the endocardium 
and relatively long periods of inactivity between excitations.  
This activity deviates substantially from wandering wavelet or 
mother rotor reentry, during which activity would be recorded 
continuously throughout the endocardium. Another study of 
LDVF by Li et al. demonstrated that this synchronous activation 
pattern originated in the Purkinje system on the endocardium, 
and that these wave fronts blocked at various levels as they pro-
ceeded from the endocardium toward the epicardium.25 Research-
ers found that this type of synchronized activity was present 
approximately one-third of the time 5 to 10 minutes after the 
onset of VF. This synchronous pattern was almost entirely elimi-
nated by giving the EAD blocker, pinacidil, but the incidence of 
this Purkinje-driven activation was not altered by the DAD 
blocker flunarizine.16

Potential mechanisms for focal activity in the Purkinje system 
during LDVF and after successful defibrillation shocks are begin-
ning to come to light. In a study on perfused rabbit ventricles, 
Maruyama et al. found spontaneous intracellular calcium levels 
after defibrillation on the LV endocardial surface but not on the 
epicardium.26 Triggered activity emerged from the endocardial 
surface and was correlated with high intracellular calcium levels. 
Purkinje-like potentials preceded triggered activity on the 
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Figure 48-5.  Plunge needle recordings from a dog and a pig during LDVF Electrode 1 was near the endocardium, and electrode 6 was near the epicardium. 
In both species, the activation rate is similar on the endocardium and the epicardium at 2 minutes of VF. At 6 and 10 minutes of VF, the epicardial activation rate of the 
dog slows significantly, but an activation rate gradient does not develop in the pig. Purkinje activations (arrows on the dog endocardial recordings) accompany activations 
in the dog plunge needle recordings. 

(Reproduced with permission from Allison JS, Qin H, Dosdall DJ, et al: The transmural activation sequence in porcine and canine left ventricle is markedly different during long-
duration ventricular fibrillation. J Cardiovasc Electrophysiol 18:1306-1312, 2007.)
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Figure 48-6.  A focal activation arising from the center of the array The focal-appearing PF activation (yellow) is followed by a WVM (red) activation wave front. 
The temporal derivative of  individual electrode recordings shows the wave front  initiating at electrode A and spreading outward toward electrodes D and E. The green 
represents a nonrelated wave front. 

(Reprinted with permission from Tabereaux PB, Walcott GP, Rogers JM, et al: Activation patterns of Purkinje fibers during long-duration ventricular fibrillation in an isolated 
canine heart model. Circulation 116:1113-1119, 2007.)
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endocardial surfaces. Spontaneous calcium release and higher 
diastolic intracellular calcium levels after rapid pacing or VF may 
lead to triggered activity in the Purkinje system.

Li et al performed high-resolution 3D mapping in pig hearts 
by placing plunge needles with six electrodes at 2-mm spacing in 
a 9 × 9 grid with 2-mm spacing on the anterior LV wall.27 They 
found that although reentrant circuits were common within the 
mapped region during the first few minutes (Figure 48-8), by  
3 minutes after VF the intramural reentry disappeared, and  
the incidence of focal activations within the mapped region  
(activations that began de novo in the region rather than as the 
result of reentry or propagation into the mapped region from 
outside) increased steadily throughout the first 10 minutes of VF. 
Although they did not record Purkinje fibers directly, the authors 
proposed that either focal activity in the Purkinje system or 
reentrant activity involving the Purkinje system may cause this 

focal activation, because the Purkinje system permeates the ven-
tricular wall in pigs.

Conclusions

Substrate changes that facilitate focal and reentrant activity lead 
to the onset of VT. Changes in conduction velocity and disper-
sion of refractoriness may lead to degeneration of VT into VF. 
VF perpetuates through wandering wavelet reentry, mother rotor 
reentry, and activity in the Purkinje system. The mechanisms of 
VF maintenance change as VF duration increases. VT and VF 
remain as two of the leading causes of death. New mapping 
techniques are leading to a greater understanding of the onset 
and maintenance of these arrhythmias.
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Figure 48-7.  Recordings from an LV multi-electrode basket, an RV electrode, and a surface lead II ECG during LDVF A, Chaotic activation pat-
terns on the LV recordings immediately after VF onset are consistent with wandering wavelet reentry. B, Synchronous, nearly simultaneous activations throughout the LV 
endocardium demonstrate rapidly spreading activation throughout the LV endocardium. This activity demonstrates that activations spread rapidly throughout the endo-
cardium during periods of LDVF. 

(Reproduced with permission from Robichaux RP, Dosdall DJ, Osorio J, et al: Periods of highly synchronous, non-reentrant endocardial activation cycles occur during long-
duration ventricular fibrillation. J Cardiovasc Electrophysiol 21:1266-1273, 2010.)
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Figure 48-8.  Transmural 3D plunge needle mapping in pigs showed that the inci-
dence of intramural reentry within a mapped region went to zero in the first 2 to 3 
minutes, and the incidence of focal activations increased during the first 10 minutes 
of VF. 

(Reproduced with permission from li l, Jin Q, Huang J, et al: Intramural foci during long 
duration fibrillation in the pig ventricle. Circ Res 102:1256-1264, 2008.)
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Genetics of Atrial Fibrillation
Steven A. Lubitz and Patrick T. Ellinor

Genetic Mapping of AF

Linkage Analysis and Candidate Gene 
Resequencing

The search for genetic variants underlying AF has evolved with 
improvements in genetic techniques and with the recognition of 
a widespread heritable basis for AF. Early investigations used 
classical linkage analysis to identify monogenic disease suscepti-
bility loci in families. Linkage analysis relies on the use of genetic 
markers at known locations of the genome that can help deter-
mine which loci transmit along with disease.

The first genetic locus for AF was described in 1997 by 
Brugada et al, who identified an AF susceptibility region on chro-
mosome 10 in a large family with autosomal dominant AF (Table 
49-1).8 Since this initial report, linkage analysis has repeatedly 
been used to identify genetic mutations underlying AF in a 
number of large families with AF.

Chen et al narrowed an AF susceptibility locus to a region on 
chromosome 11p15 in a family with autosomal dominant AF 
spanning four generations.9 Investigators extended their analysis 
by sequencing KCNQ1, a candidate gene in the region that 
encodes a potassium channel α-subunit. In the first transmem-
brane segment of the channel, they discovered a highly conserved 
serine residue that was mutated to a glycine in all affected family 
members. Subsequent characterization revealed that the mutant 
protein increases the repolarizing IKs current density when 
expressed with the KCNE1-subunit. This gain-of-function 
mutation is expected to result in shortened atrial refractory 
periods and thereby promote reentry, a well-founded mechanism 
underlying AF.51 Our group used a similar approach to map a 
mutation in the third transmembrane domain of KCNQ1.10 The 
S209P variant demonstrated a similar gain-of-function effect 
again implicating this as a disease susceptibility gene for AF.

Linkage analysis also has identified mutations in SCN5A that 
segregate with AF, conduction abnormalities, cardiomyopathy, 
and possibly early-onset ischemic stroke.24-26 SCN5A encodes a 
sodium channel α-subunit responsible for the depolarizing INa 
current. The D1275N mutation that results in an aspartic acid 
for asparagine substitution was independently identified by dif-
ferent investigators,24-26 and associates with atrial standstill when 
co-segregating with connexin-40 (GJA5) mutations.52

In yet another large multigenerational family with prevalent 
AF, Hodgson-Zingman et al mapped a frameshift mutation to 
NPPA, which encodes atrial natriuretic peptide.47 The two–base-
pair deletion eliminates a stop codon, resulting in an additional 
12 amino acids at the carboxy terminus of the mature 28-residue 
long atrial natriuretic peptide (ANP) protein. Ex vivo rabbit 
hearts bathed in the mutant peptide demonstrated significantly 
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The pathophysiology of atrial fibrillation (AF) remains incom-
pletely characterized; however, epidemiologic studies demon-
strate a heritable basis for the arrhythmia. In recent years, 
appreciation of AF heritability has stimulated the search for  
the genetic underpinnings of the disease. Genetic mapping  
techniques have identified rare mutations and common variants 
associated with AF. In addition to validating suspected electro-
physiological mechanisms underlying AF, recent genetic discov-
eries have identified previously unrecognized pathways involved 
in the development of AF. Investigators are now searching for 
causal variants at many identified loci, investigating the biological 
mechanisms linking AF susceptibility loci to disease, and assess-
ing the clinical implications of recent genetic discoveries.

Heritability of AF

Reports of familial clustering of AF date back to the early 1940s.1,2 
Familial AF was generally regarded as a rare condition for many 
years thereafter. However, over the past decade a major paradigm 
shift occurred with widespread recognition of the heritability 
underlying AF.3-7 In the community-based Framingham Heart 
Study, 27% of individuals with AF had a first-degree relative with 
AF confirmed by electrocardiography.7 Familial AF was associ-
ated with a 40% increased risk of AF for another family member 
over a subsequent 8-year period (Figure 49-1). The risk associ-
ated with familial AF remained even after adjustment for estab-
lished clinical risk factors for AF. A study from Denmark 
demonstrated that AF was more common among monozygotic 
twins as compared with dizygotic twins, implicating a genetic 
predisposition to the arrhythmia even among those raised with 
shared environmental exposures.6

In numerous reports, the heritability of AF appears to be 
greatest among younger individuals3,5,7 and those without struc-
tural heart disease.3,4 Premature familial AF, or that occurring in 
family members ≤65 years of age, was associated with a 2-fold 
increase in the risk of AF compared with individuals without 
familial AF in the Framingham Heart Study.7 Nevertheless, data 
from Framingham provide evidence that the heritability of AF is 
present in the elderly as well.7
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and fibrillation. This mechanism has been described as “atrial 
torsades,” and observations from this report underscore the het-
erogeneity of mechanisms that can lead to AF.

Candidate gene association studies in patients with AF also 
have identified variants in genes encoding sodium channel sub-
units. Both loss-of-function27 and gain-of-function28,29 mutations 
in SCN5A have been identified in patients with lone AF. Muta-
tions in sodium channel β-subunits, SCN1B and SCN2B, have 
been described that decrease sodium current amplitude and alter 
channel gating kinetics when coexpressed with SCN5A.30 These 
mutations are speculated to predispose to AF through shortening 
of the atrial action potential duration or by conduction slowing, 
both of which may facilitate reentry.

Mutations in GJA5, which encodes the gap junction 
connexin-40, have been described in 4 of 15 patients with AF 
screened in one candidate gene association study.32 The GJA5 
mutations in three of the four patients were present in cardiac 
tissue but not in lymphocyte specimens, suggesting that these 
mutations were acquired or somatic rather than inherited or 
germline mutations. Other candidate gene association studies 
have linked common genetic variation in GJA5 to AF.31,33

Non-ion channel variants also have been discovered in candi-
date gene association studies. In a recent large-scale cardiovascu-
lar candidate gene association study, an intronic variant in the 
IL6R receptor was associated with AF.48 Mutations in LMNA, 
which encodes the nuclear envelope proteins lamin A and lamin 
C, have been identified in patients with cardiomyopathy and 
AF.36,37 Mutations in these proteins underlie a diverse spectrum 
of disorders that include Emery-Dreifuss syndrome, Charcot-
Marie-Tooth disease, and premature aging syndromes. Never-
theless, LMNA mutations appear to be rare causes of AF.38

Recently, loss-of-function variants in ANK2 have been identi-
fied in kindreds with early-onset AF, in which family members 
had frequently progressed to permanent AF.34 ANK2 encodes 
ankyrin-B, which was previously implicated in the long QT syn-
drome in a family in which a substantial proportion of members 
was affected by AF.35,53 Loss-of-function mutations in ANK2 
appear to decrease the expression and trafficking of CaV 1.3 
channels, resulting in decreased ICa,L current.34 Heterozygous 
ANK2 knockout mice exhibit a lack of discrete P waves and 
increased susceptibility to pacing-induced atrial arrhythmias, 
including AF.

Similar to linkage mapping, candidate gene association studies 
have provided insight into the pathogenic mechanisms of AF. 
These studies demonstrate that mutations in ion channels and 
genes hypothesized to be involved in AF are rare.54-56 Further-
more, like linkage analysis, candidate gene association studies 
have generally identified rare mutations underlying monogenic 
forms of AF that are private to individual families. The validity 
and generalizability of more common variants identified in some 
candidate gene association studies have been called into question 
owing to the lack of replication of many associations.57

Nevertheless, the potential importance of such rare variants 
was underscored in a recent analysis, in which sequencing for 
potassium channel mutations in a sample of 80 probands with AF 
and 240 controls demonstrated an excess number of nonsynony-
mous variants among those with AF.58 Despite their rarity, model-
ing of the effects of multiple potassium channel mutations 
suggested that the combination of such variants could result in 
substantial changes in action potential duration and dispersion of 
repolarization, potentially establishing a substrate for AF.

Genome-Wide Association Studies

Over the past decade, systematic efforts to examine human 
genetic variation such as the international HapMap project59 have 
resulted in appreciation of genetic diversity in different ancestral 

shortened atrial effective refractory periods as compared with 
those bathed with a wild-type atrial natriuretic peptide, again 
consistent with reentry as a pathogenic model for AF.

In aggregate, linkage analysis has implicated potassium 
(KCNQ19,10) and sodium (SCN5A24-26) channel mutations, a 
nuclear envelope protein (NUP15540,41), NPPA,47 and loci on 
chromosomes 649 and 10.8,50 Newer genetic techniques such as 
exome and whole genome sequencing have emerged in recent 
years that make mapping of these families even more efficient. 
However, the large, multigenerational families needed for linkage 
analysis remain rare. More often AF is observed in smaller fami-
lies and thus is it is often hard to establish the causality of appar-
ently disease-causing mutations with such limited genetic 
information.

Candidate Gene Association Studies

In contrast to linkage mapping, in which inferences about recom-
bination are made on the basis of segregation of markers in a 
pedigree, investigators have also selected and screened candidate 
genes for mutations in cohorts of patients with and without AF. 
As an extrapolation of initial studies on KCNQ1, numerous addi-
tional candidate gene association studies have focused on cardiac 
ion channels (see Table 49-1).

In one report, genetic variants in KCNQ1 were identified that 
predisposed to AF in a stretch-sensitive fashion,12 illustrating the 
potential for a concealed predisposition for AF to be elicited by 
an acquired exposure (e.g., valvular disease, heart failure). In 
another report implicating KCNQ1, a mutation was identified in 
a patient with long QT syndrome.13 Diverging effects on IKs were 
observed depending on whether the mutant protein was expressed 
with KCNE1 or KCNE2 β-subunits, each of which are differen-
tially expressed in the atria and ventricles, leading the authors to 
speculate that the mutation was the cause of both long QT syn-
drome and AF. Gain-of-function mutations in both KCNQ111 and 
KCNH220 have been discovered in AF in the context of short QT 
syndrome.

In contrast to the enhanced atrial repolarization mechanism 
invoked by most discovered potassium channel mutations, a 
nucleotide substitution resulting in a premature stop codon in 
KCNA5 has been described that manifested a loss-of-function of 
the Kv1.5 channel protein.23 The mutation effectively abolished 
IKur and prolonged the action potential duration, increasing sus-
ceptibility to early afterdepolarization-induced atrial tachycardia 

Figure 49-1.  The  risk  of  atrial  fibrillation  is  increased  in  individuals  with  a  first-
degree relative with antecedent atrial fibrillation in the Framingham Heart Study. 
The estimated 8-year risk of atrial fibrillation (AF) is increased by 40% among indi-
viduals  with  a  first-degree  relative  with  atrial  fibrillation  as  compared  with  those 
without familial atrial fibrillation. 

(Adapted with permission from Lubitz et al.7)
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Table 49-1. Atrial Fibrillation Susceptibility Loci Identified by Linkage Analysis or Candidate Gene Association Studies

Gene or Locus Gene Product Mapping Method Presumed Mechanism Frequency

Potassium Channels

KCNQ1 α-subunit, IKs Linkage9,10

Screening11-13
Enhanced repolarization (↑IKs) Rare

KCNE1 β-subunit, IKs Screening14 Enhanced repolarization (↑IKs) Rare

Screening15-17 Unknown Common

KCNE2 β-subunit, IKs Screening18 Enhanced repolarization (↑IKs) Rare

KCNE5 β-subunit, IKs Screening19 Enhanced repolarization (↑IKs) Rare

KCNH2 Kv11.1, IKr Screening20 Enhanced repolarization (↑IKr) Rare

Screening21 Unknown Common

KCNJ2 Kir 2.1, IK1 Screening22 Enhanced repolarization (↑IK1) Rare

KCNA5 Kv1.5 channel, IKur Screening23 Delayed repolarization and afterdepolarization 
(↓IKur)

Rare

Sodium Channel

SCN5A α-subunit, INa Linkage24-26 Unknown Rare

Screening27-29 Hyperpolarizing shift in inactivation (loss-of-
function)27

Depolarizing shift in inactivation (gain-of-
function)28,29

Rare

SCN1B β-subunit, INa Screening30 ↓INa current and altered channel gating Rare

SCN2B β-subunit, INa Screening30 ↓INa current and altered channel gating Rare

Other Ion Channel/Ion Channel–Related

GJA5 Connexin40 Screening31-33 Impaired cellular transport and intercellular 
electrical coupling, increased dispersion of 
refractoriness

Common

ANK2 Ankyrin-b Screening34

Linkage35
Loss-of-function reduces expression and 

membrane targeting of Cav1.3 (↓ICa,L)
Rare

Non–Ion Channel

LMNA Lamin A/C Screening36-38

Linkage39
Disruption of nuclear function or altered 

interaction with cytoplasmic proteins
Rare

NUP155 Nucleoporin Linkage40,41 Reduced nuclear membrane permeability, 
enhanced repolarization

Rare

AGT Angiotensinogen Screening42,43 Unknown Common

ACE Angiotensin-converting enzyme Screening44-46 Insertion/deletion, unknown mechanism Common

NPPA Natriuretic peptide precursor A Linkage47 Mutant peptide, enhanced repolarization Rare

IL6R Interleukin-6 receptor Candidate gene chip48 Unknown Common

Mapped Loci Without Causative Gene

6q14-q16 — Linkage49 Unknown Rare

10p11-q21 — Linkage50 Unknown Rare

10q22-q24 — Linkage8 Unknown Rare

groups. The HapMap project revealed the presence of about 10 
million common genetic variants occurring with a frequency of 
5% or greater in the general population, most of which were 
single-nucleotide polymorphisms (SNPs). Such efforts provided 
a reference against which observed genetic variation could be 
compared in cohorts of individuals assembled for investigation. 
High-density chips were developed that allowed the simultane-
ous genotyping of hundreds of thousands of SNPs across the 
genome, enabling efficient genetic profiling of individuals.

Genome-wide associations emerged in which genotypes at 
each of hundreds of thousands to millions of known SNP 

positions were tested for association with human traits using 
standard epidemiologic techniques. Unlike linkage analysis, 
genome-wide association testing does not require multigenera-
tional cohorts for assessment of variant transmission. In contrast 
to candidate gene association studies, the presence of genome-
wide genotyping allowed investigators to efficiently test variants 
in genes or genetic regions that were not previously suspected of 
being involved in AF pathogenesis.

Unique study design and interpretation considerations are 
applicable to genome-wide association studies. First, owing to the 
massive number of tests performed in each genome-wide 
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first genome-wide association study for AF in 2007.61 Review of 
this discovery provides an example of the power of genome-wide 
association studies and the follow-up work involved in identifying 
causal elements at a particular susceptibility locus.

Investigators first identified genetic variants at the chromo-
some 4q25 locus that were highly associated with AF in approxi-
mately 550 individuals with and 4500 without AF from Iceland.61 
The association between SNPs at chromosome 4q25 and AF has 
been widely replicated in samples of European,61,88-91 Han 
Chinese,61,92 African American,48,93 and Japanese65 ancestry, dem-
onstrating the fundamental role of this locus in the pathophysiol-
ogy of AF.

The mechanisms linking chromosome 4q25 to AF remain 
unclear. The top variants associated with AF lie in a region of the 
genome with no known genes, and are approximately 150 thou-
sand base-pairs away from the nearest gene at the locus, the 
paired-like homeodomain 2 transcription factor (PITX2). Among 
the genes at 4q25, PITX2 is a plausible candidate for involvement 
in AF. PITX2 encodes a transcription factor that is involved in 
cardiac and pulmonary development. Mice deficient in one 
isoform of the protein that is expressed in the heart, Pitx2c, do 
not form myocardial sleeves in the pulmonary veins.71 Given the 
importance of pulmonary vein ectopic foci in the pathogenesis of 
AF,94 the relations between PITX2 and pulmonary vein myocar-
dial cell development are particularly intriguing. Additionally, 
Pitx2c is responsible for suppressing default formation of a sinus 
node in the developing left atrial region.72,73

Decreased expression of Pitx2c was noted in patients with AF 
as compared with those with sinus rhythm,74,75 suggesting that 
Pitx2c deficiency or downregulation may predispose to AF. 
Increased inducibility of AF was observed in heterozygous Pitx2c 

association study, stringent significance thresholds (e.g., P < 5 × 
10−8) are used to guard against false-positive test results that occur 
by chance with multiple hypothesis testing. Second, common 
genetic variants associated with disease are expected to confer 
small or modest disease risks, in contrast to rare and large-effect 
genetic variants observed in monogenic forms of AF. Third, the 
stringent significance thresholds used and the modest relative 
risks expected in genome-wide association studies necessitate 
extremely large sample sizes to adequately power genetic variant 
discovery. By convention genome-wide associations require rep-
lication in independent samples to claim validity, making these 
studies some of the largest human scientific experiments ever 
conducted. Diverse international collaborations have formed 
over the past several years and have contributed to the success of 
genome-wide association studies. As of 2011, 1617 genome-wide 
associations encompassing 249 human traits had been 
published.60

Genome-wide association studies have identified nine genomic 
regions associated with AF (Table 49-2 and Figure 49-2).61-65 
Association signals at these loci often span tens of thousands of 
base pairs and encompass both genic and nongenic regions. Asso-
ciated SNPs are not interpreted as causal genetic variants but 
rather as markers that tag causal genetic elements located nearby. 
To date, causal variants for AF have not been discovered. Never-
theless, candidate genes at these loci frequently exist, and have 
implicated transcription factors involved in cardiac and pulmo-
nary development, ion channels, and cell signaling molecules 
(Figure 49-3). Functional work has begun to explore the mecha-
nisms by which these genomic regions potentially underlie AF.

The most significantly associated variants associated with AF 
exist at the chromosome 4q25 locus, and were reported in the 

Table 49-2. Atrial Fibrillation Susceptibility Loci Identified by Genome-Wide Association Study

Chromosome Candidate Gene(s) Factors Supporting Candidate Gene

1q2164,65 KCNN3 • Inhibition prolongs atrial effective refractory period66,67

• Inhibition reduces inducibility and duration of pacing-induced atrial fibrillation (AF) in animal models66,67

1q2465 PRRX1 • PRRX1 knockout results in abnormalities of great vessel development in a mouse model68

• PRRX1 knockout impairs pulmonary vasculature development69

• PRRX1 affects vascular smooth muscle cell differentiation70

4q2561-65 PITX2 • Necessary for pulmonary vein myocardial sleeve formation71

• Suppresses default formation of left atrial sinus node72,73

• Decreased expression in patients with AF74,75

• Deficiency in mice associated with increased susceptibility to atrial arrhythmias75

• Expression regulates potassium and sodium channel expression in HL-1 atrial myocytes74

• PITX2 affects vascular smooth muscle cell differentiation70,76

7q3165 CAV1 • Encodes a cellular membrane protein involved in signal transduction77

• Knockout associated with dilated cardiomyopathy78 and cardiac hypertrophy79

• Directly modulates endothelial cell KCNN3 trafficking80 and indirectly modulates cardiac KCNH2 
trafficking81

9q2265 C9orf3 • Aminopeptidase-O
• Unclear relation to AF

10q2265 SYNPO2L/ MYOZ1 • MYOZ1 is expressed in cardiomyocytes and localizes to Z-disc82

14q2365 SYNE2 • Located in sarcomere and involved in maintaining nuclear structural integrity; binds lamin83

• Mutations underlie some cases of Emery-Dreifuss muscular dystrophy, which is characterized by muscle 
atrophy, cardiomyopathy, and cardiac conduction abnormalities

15q2465 HCN4 • Highly expressed in sinoatrial node
• HCN4 channel is responsible for the hyperpolarization-activated inward phase 4 depolarizing current 

(cardiac pacemaker or funny current, If)84

• Mutations in HCN4 are associated with sick sinus syndrome and bradycardia85

16q2265 ZFHX3 • Partial deletion of 16q22 associated with congenital heart disease86

• Variants at 16q22 associated with Kawasaki disease87
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activity that has been oberved,95-97 it is possible that variants exert 
regulatory effects on distant gene targets. Indeed, independent 
susceptibility signals for AF at the chromosome 4q25 locus have 
been identified in conserved noncoding regions of chromosome 
4q25.98 The number of risk alleles at three SNPs tagging these 
independent signals correlated with increased risk of AF in a 
sample of about 6000 individuals with AF and 32,000 without AF. 

knockout mice subjected to programmed atrial stimulation.75 
Pitx2c expression also appears to regulate expression of  
certain sodium and potassium channels in HL-1 atrial cardio-
myocytes, demonstrating a direct role for Pitx2c in cellular 
electrophysiology.74

How genetic variants at chromosome 4q25 associate with AF 
is unknown, but in light of evidence of long-range enhancer 

Figure 49-2.  Nine Genetic Loci Associated With Atrial Fibrillation Discovered in Genome-Wide Association Studies The chromosome and position 
of each of 2.2 million tested single-nucleotide polymorphisms are plotted on the x-axis, and the −log10 (P value) is plotted on the y-axis. Peaks above the dotted horizontal 
line are significantly associated with atrial fibrillation at P < 5 × 10−8. The closest gene at each associated locus is indicated. 

(Adapted with permission from Ellinor et al.65)
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prevalence between races.102 It is important to note that causal 
variants at established loci remain undiscovered.

Application of technological advancements such as next gen-
eration exome and whole genome sequencing is under way in 
large AF cohorts, and may provide a greater understanding of the 
genetic architecture related to AF at associated loci. Functional 
characterization of genetic variation at AF loci will involve a 
combination of bioinformatics and experimentation in cellular 
and animal models systems. Such follow-up work has begun, but 
it will take time to reveal the mechanisms by which genetic varia-
tion associates with AF.

The potential clinical applications of genetic variants associ-
ated with AF remain largely unexplored. Investigation into the 
predictive utility of AF genetic variants for incident arrhythmia 
and AF-related morbidities such as stroke and heart failure is 
warranted. Assessment of pharmacogenetic interactions between 
AF-related therapeutics and genetic variants is necessary to deter-
mine whether use of such information can enhance efficacy of 
care and minimize adverse effects.

Conclusions

Gains in our understanding about the genetic underpinnings of 
AF have revealed new potential biological pathways involved in 
the pathogenesis of the arrhythmia. The field has advanced 
rapidly over the past several years and continues to evolve at a 
brisk pace. Continued genetic variant discovery and biological 
characterization of associated loci have the potential to reveal 
new therapeutic targets for the management of patients with AF.

Consideration of genotypes at these three SNPs identified a 
subset of 12% of individuals in the sample who had at least a 
2-fold increased risk for AF, and 1% with at least a 6-fold 
increased risk for AF relative to those with the most common 
genotypes at each of the three SNPs.

Despite data implicating PITX2 in the pathogenesis of AF, 
genetic variants in PITX2 have not been identified through 
sequencing in cohorts of patients with AF.99 Mutations in PITX2 
are found in Axenfeld-Rieger syndrome100 and Peters anomaly,101 
which are characterized by ocular abnormalities but not AF.

After the discovery of AF-associated variants on chromosome 
4q25, genome-wide association studies demonstrated additional 
associations on chromosome 16q2262,63 and 1q21.64 In 2012, the 
largest meta-analysis of genome-wide association studies of AF 
was published, which included 6707 individuals with and 52,426 
individuals without AF.65 In addition to the three previously iden-
tified AF susceptibility loci, six novel loci for AF were discov-
ered.65 Although causal variants at these loci have not been 
identified, candidate genes exist at most of these loci and are 
summarized in Table 49-2.

Future Directions

Understanding of the genetic basis of AF has improved rapidly 
in the past several years, yet numerous knowledge gaps still exist. 
The heritability underlying AF is incompletely explained by top 
variants at genetic loci.7 Despite associations between variation 
at some loci and AF across different ancestral groups, significant 
undiscovered genetic differences may underlie differences in AF 
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and this impacts the functional properties of certain genetic vari-
ants.3,4 In fetal and neonatal heart, another alternatively spliced 
form of NaV1.5 is expressed that uses an alternative exon 6 (exon 
6a; see Figure 50-1, A), resulting in several amino acid differences 
within a voltage-sensor domain (D1/S3-S4).1,5 This fetal-
expressed NaV1.5 splice variant exhibits developmental regula-
tion in mouse and human heart6 and shows distinct biophysical 
properties, including a more depolarized voltage dependence of 
activation. Other alternative splicing events have less certain bio-
logical and physiological relevance.1

Transcription of human SCN5A is under the control of a 
promoter that precedes the first exon and other determinants of 
transcriptional activity located in the first intron.7 Common poly-
morphisms in the SCN5A promoter influence the level of gene 
expression and may have clinical relevance. In particular, a com-
bination of polymorphisms constituting a common haplotype 
within the promoter has been associated with longer PR interval 
and QRS duration, as well as the extent of QRS widening during 
challenge with sodium channel blocking drugs in Asians.8 These 
and other observations suggest that unequal transcription from 
the two copies of SCN5A could influence the clinical expression 
of heterozygous mutations in this gene.9

The cardiac sodium channel resides in the myocyte plasma 
membrane as a multi-protein complex consisting of the pore-
forming (α) subunit (NaV1.5), auxiliary (β) subunits, and other 
interacting proteins. A family of four sodium channel β-subunits 
(β1, β2, β3, β4) encoded by the genes SCN1B, SCN2B, SCN3B, and 
SCN4B are expressed in heart and likely interact with NaV1.5, 
possibly to modulate channel function or subcellular localiza-
tion.10 Several other proteins expressed in heart also interact 
directly or indirectly with sodium channels, including ankyrins, 
caveolin-3, calmodulin, α1-syntrophin, glycerol-3-phosphate 
dehydrogenase 1-like protein (GPD1L), fibroblast growth factor 
homologous factors, Nedd4-like ubiquitin-protein ligase, multi-
copy suppressor of gsp1 (MOG1), and 14-3-3η.11 Some of these 
proteins have been implicated in rare cases of inherited arrhyth-
mia susceptibility, suggesting that they mediate important func-
tional interactions.12 Further information about regulation of 
sodium channels in the context of multi-protein complexes is 
provided in Chapter 18.

Normal Sodium Channel Function

Cardiac voltage-gated sodium channels are critical mediators of 
phase 0 depolarization and control the velocity of impulse propa-
gation through the heart. Sodium channels switch between three 
major functional states (closed, open, and inactivated) in response 
to changes in membrane potential. Only open channels generate 
electrical current by allowing the selective passage of sodium ions 
into cells. The functional state of sodium channels can be moni-
tored in electrophysiological recording experiments by using 
specific voltage-clamp protocols to elicit activation (closed → 
open), inactivation (open → inactivated), and recovery from 
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More than a decade ago, the discovery and characterization of a 
mutation in the gene encoding a human cardiac voltage-gated 
sodium channel (SCN5A) began a new era in our understanding 
of the molecular and genetic basis of arrhythmias. Subsequent 
work has revealed an unexpectedly large number of clinically and 
pathophysiologically diverse conditions associated with an ever 
growing number of mutations in this gene (Box 50-1). The diver-
sity of clinical disorders (phenotypes) associated with SCN5A 
mutations is explained in part by corresponding heterogeneity in 
mutant channel dysfunction. An understanding of the functional 
consequences of SCN5A mutations has driven tremendous prog-
ress in elucidating arrhythmia mechanisms in these genetic 
disorders.

This chapter will focus primarily on molecular genetic and 
pathophysiological aspects of the heritable cardiac sodium 
channel diseases. As an organizational framework, molecular 
mechanisms have been clustered by the predicted effect on 
cardiac electrogenesis. Other chapters provide complementary 
information about the structure and function of sodium channels, 
as well as details about the clinical manifestations of SCN5A-
associated disorders.

Cardiac Sodium Channel

SCN5A encodes the pore-forming subunit of the major voltage-
gated sodium channel expressed in human heart. This gene spans 
approximately 100 kilobases on the short arm of chromosome 3 
(3p21) and comprises 28 canonical exons ranging in size from 53 
(exon 24) to 3257 (exon 28) base pairs (Figure 50-1, A). The full-
length product of SCN5A is a 2016 amino acid protein designated 
as NaV1.5, but other nomenclature (i.e., hH1) is also used to 
describe recombinant forms. Alternatively spliced messenger 
RNAs (mRNAs) transcribed from SCN5A have also been detected 
in heart.1 One splice variant expressed in adult heart is generated 
by alternative usage of splice acceptor sequences at the junction 
between intron 17 and exon 18, resulting in inclusion or exclu-
sion of glutamine at position 1077.2 Approximately half of mature 
SCN5A mRNAs in heart encode the 2015 amino acid alternative 
form of the protein that arises from this alternative splicing event, 
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inactivation (inactivated → closed), which occur on a millisecond 
time scale. In addition to these rapid transitions, sodium channels 
are susceptible to slow inactivation if the membrane remains depo-
larized for a longer time. Slow inactivation occurs on a time 
course of several seconds and may contribute to determining the 
availability of active channels under various physiological condi-
tions. The structural basis for sodium channel function is dis-
cussed in Chapter 1, and additional details about functional 
properties of sodium channels are presented in Chapter 9.

Consequences of Sodium  
Channel Dysfunction

More than 450 SCN5A mutations have been identified in patients 
with the arrhythmia predisposition syndromes presented in  
Box 50-1. Types of mutations include missense (e.g., amino  
acid substitutions), nonsense (e.g., premature stop codon), inser-
tions or deletions, and splice-site mutations. Some mutation 
types, particularly those predicted to truncate the encoded 
protein (nonsense, insertions, or deletions affecting the reading 
frame), destroy the functionality of the channel (loss-of-function) 
by deleting critical domains or preventing protein translation 
through nonsense-mediated decay of the mRNA. Splice-site 
mutations may also severely disrupt channel function if exons are 
skipped or intron sequences are retained in the final mRNA. 
However, a large number of SCN5A mutations result in single 
amino acid substitutions for which functional predictions are 
difficult. Several missense mutations and a few in-frame insertion/
deletion alleles have been studied in vitro to determine the 
molecular basis for arrhythmia predisposition in these syndromes, 
and common patterns of sodium channel dysfunction have 
emerged.

At the cellular and tissue levels, abnormal sodium channel 
function can be predicted to cause delayed repolarization, impaired 
impulse propagation, altered intracellular ion homeostasis, or combi-
nations of these pathophysiological effects. These pathogenic 
outcomes will be used as the framework for discussion of mecha-
nisms of sodium channel dysfunction in specific disorders.

Figure 50-1.  SCN5A gene structure and mutations A,  Schematic of  the 
SCN5A gene illustrating 28 canonical exons and one alternative exon (vertical lines; 
red for canonical coding exons, blue for alternative exon 6a, and dark gray for non-
coding  exons  or  portions  of  exons).  The  bent arrow  indicates  the  approximate 
location of the transcription start site near the promoter. Locations of the transla-
tion start and stop codons are  indicated. Locations of mutations associated with 
LQT-3 (B), BrS (C,D), cardiac conduction disease (E), and dilated cardiomyopathy 
(F)  are  superimposed  on  a  two-dimensional  membrane  topology  map  of  the 
sodium channel protein 

(Mutation data were obtained from the online Inherited Arrhythmias Database 
[http://www.fsm.it/cardmoc/] and from the literature. Images were prepared by  
Dr. Robert Abraham, Vanderbilt University, using software generously supplied by  
Dr. André Linnenbank, University of Amsterdam.)
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Other
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associated with SNTA1 mutations involves activation of neuronal 
nitric oxide synthase (nNOS) complexed with NaV1.5, leading to 
increased cell levels of nitric oxide and nitrosylation of the sodium 
channel. Activation of nNOS is the result of disrupted scaffolding 
of a plasma membrane Ca2+-ATPase (PMCA4b) that normally 
inhibits the enzyme in a multi-protein complex with NaV1.5 and 
α1-syntrophin.28

Increased persistent sodium current provides an explanation 
for delayed repolarization in LQTS.29 Cardiac action potentials 
last several hundred milliseconds because of a prolonged  
depolarization phase (plateau), the result of opposing inward 
(mainly Na+ and Ca2+) and outward (K+) ionic currents. Repolar-
ization occurs when net outward current exceeds net inward 
current. Increased persistent sodium current will shift this balance 
toward inward current and will delay onset of repolarization, thus 
lengthening the action potential duration and the corresponding 
QT interval. Delayed repolarization predisposes to ventricular 
arrhythmias mainly by increasing the probability of early after-
depolarization (EAD) and by increasing the dispersion of the 
action potential duration.30 These phenomena promote condi-
tions that allow electrical signals from depolarized regions of the 
heart to prematurely reexcite adjacent myocardium that has 
already repolarized—the basis for a reentrant arrhythmia.

The pathogenic effects of increased persistent sodium current 
in LQTS have also been strongly supported by computer simula-
tions of cardiac action potentials29,31 and by electrophysiological 
investigations of cardiac myocytes from genetically engineered 
mice. Mice engineered to carry the delKPQ mutation have spon-
taneous life-threatening ventricular arrhythmias.32,33 At the cel-
lular level, cardiomyocytes from these LQT-3 mice exhibit 
prolonged action potential duration and frequent EADs—
findings that were exaggerated by slow pacing rates. These cells 
have increased persistent sodium current with faster recovery 
from inactivation—features that were predicted from studies per-
formed in noncardiac cells.32 Further evidence from the delKPQ 
mouse suggests that delayed afterdepolarization (DAD) caused 
by a Ca2+-dependent diastolic transient inward current, possibly 
evoked by abnormal Na+ entry through mutant channels, also 
contributes to arrhythmia susceptibility and may account for the 
greater lethality of this LQTS subtype.34

Delayed Repolarization

Congenital Long QT Syndrome

Congenital long QT syndrome (LQTS) is an inherited condition 
of abnormal myocardial repolarization. It is characterized clini-
cally by increased risk of potentially fatal ventricular arrhythmias, 
especially torsades de pointes, manifesting as syncope, cardiac 
arrest, and sudden unexplained death in otherwise healthy young 
adults and children. The disease is typically recognized in late 
childhood or early adolescence, but extreme cases may present 
during early infancy or in the perinatal period.13 The syndrome 
most often transmitted is in families as an autosomal dominant 
trait (Romano-Ward syndrome; see also Chapter 93).

Approximately 10% of autosomal dominant LQTS cases are 
explained by SCN5A mutations,14 and this form of the disease is 
referred to as LQT-3. The proportion of sodium channel muta-
tions in LQTS cases presenting during the perinatal and neonatal 
time periods may be higher.15 The first SCN5A mutation 
described was an in-frame deletion of three highly conserved 
amino acid residues (delKPQ 1505-1507) located within the 
cytoplasmic loop connecting domains 3 and 4 of NaV1.516—a 
structural domain required for fast inactivation of the channel.

Since the discovery of the first SCN5A mutation, more than 
75 mostly missense SCN5A mutations have been associated with 
LQT-3 (Figure 50-1, B). Although mutations are found through-
out the channel sequence, multiple mutations are clustered in a 
small number of structural regions. One of these regions is the 
S4 segment of domain 4 (D4), a critical structural determinant 
of voltage sensing. Another mutation cluster can be found in the 
aforementioned cytoplasmic inactivation gate. Finally, several 
mutations are found in the proximal carboxy terminus, which 
includes binding sites for several interacting proteins that can 
modulate sodium channel function.11

Persons with SCN5A mutations associated with LQTS often 
present with distinct clinical features, including sinus bradycar-
dia, and a tendency for cardiac events to occur during sleep or 
rest.17 In addition to bradycardia, certain features of the surface 
electrocardiogram (ECG), such as narrow and late-onset peaked 
or biphasic T waves, may offer additional clues to the presence 
of an SCN5A mutation in the setting of LQTS.18 Cardiac events 
are less frequent in the settings of SCN5A mutations as compared 
with the two major forms of LQTS caused by potassium channel 
mutations (LQT-1, LQT-2).19,20 However, in children and adults, 
the risk of dying after a cardiac event is greater for LQT-3 than 
for either LQT-1 or LQT-2.

In LQT-3, most SCN5A mutations exhibit a dominant gain-
of-function phenotype at the molecular level characterized by 
defective inactivation leading to increased persistent sodium 
current (Figure 50-2).21 Some mutant channels may also exhibit 
accelerated recovery from inactivation—a phenomenon consis-
tent with an unstable inactivated state. At the level of single 
sodium channels, increased persistent sodium current has been 
correlated with an increased tendency for channel reopening, 
which may occur in bursts.21 More severe slowing of inactivation 
may be noted in mutations associated with clinically severe 
LQTS,13,22 while a small number of mutations may alter voltage 
dependence of activation and/or inactivation with less dramatic 
effects on the level of persistent current.23,24

Increased persistent sodium current has also been observed 
when wild type NaV1.5 channels were coexpressed with LQTS-
associated mutations in certain auxiliary subunits and interacting 
proteins. Specifically, mutations in SCN4B encoding the β4 aux-
iliary subunit,25 CAV3 encoding the vesicular trafficking protein 
caveolin-3,26 and SNTA1 encoding the adapter protein α1-
syntrophin,27,28 exert their pathologic effects by disturbing sodium 
channel inactivation, leading to increased persistent current. The 
mechanism responsible for increased persistent current 

Figure 50-2.  Increased persistent sodium current in LQT-3 Upper panel 
is a representative current recording from a cell expressing either wild type (WT) 
cardiac sodium channels (black trace) or an SCN5A mutation associated with LQT-3 
(red trace)  illustrating  increased  persistent  sodium  current  (INa).  Lower panel  illus-
trates a normal ventricular action potential waveform (black line) and an illustration 
of prolonged action potential duration (APD; red line) as occurs in LQTS. 
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Other common SCN5A variants may also be proarrhythmic 
because of altered sodium channel inactivation. The common 
variant R1193Q is common in Asians but is a rare variant (0.3%) 
in subjects of European ancestry.57 This variant has been reported 
in subjects with both acquired and congenital LQTS58,59 and 
in sudden unexplained death syndrome (SUDS).60 This variant 
promotes an increased persistent sodium current58 and faster 
inactivation.60

Impaired Impulse Propagation

Brugada Syndrome

Mutations in SCN5A have been associated with 20% to 30% of 
cases of Brugada syndrome (BrS), a heritable form of idiopathic 
ventricular fibrillation.61,62 Individuals with BrS have increased 
risk for potentially lethal ventricular arrhythmias (polymorphic 
ventricular tachycardia or fibrillation) typically during sleep, but 
in the absence of myocardial ischemia, electrolyte abnormalities, 
or structural heart disease. Increased risk for atrial fibrillation and 
intraventricular conduction abnormalities may also occur in BrS. 
Individuals with the disease may exhibit a characteristic baseline 
ECG pattern consisting of ST elevation in the right precordial 
leads but normal QT intervals.63 Administration of sodium 
channel blocking agents (e.g., procainamide, flecainide, ajmaline) 
or fever may expose this ECG pattern in latent cases.64,65 Inheri-
tance is autosomal dominant with incomplete, often low, pene-
trance and a substantial male predominance. A family history of 
unexplained sudden death is typical. The sudden unexplained 
death syndrome (SUDS) is clinically similar to BrS and causes 
sudden death, typically during sleep, in young and middle-aged 
males in Southeast Asian countries.66 Additional information 
about BrS may be found in Chapter 92.

Chen et al first identified three distinct SCN5A mutations in 
two unrelated BrS families and in a third sporadic case.61 One 
mutation was missense (T1620M), and the other alleles included 
a frameshift caused by a single nucleotide deletion and a putative 
splice-site defect. More than 375 mutations have been reported 
in BrS (Figure 50-1, C, D). SCN5A mutations have also been 
identified in subjects with SUDS.60 In contrast to LQT-3, many 
mutations in BrS are predicted to cause protein truncation by 
causing frameshifts, premature stop codons, or aberrant mRNA 
splicing. These observations provided the first suggestion that 
sodium channel loss-of-function is responsible for the disorder.

Most SCN5A mutation–positive BrS subjects are heterozy-
gous, but a few reports have described homozygous or compound 
heterozygous mutation carriers.67,68 Most SCN5A mutation-
positive BrS families exhibit low penetrance (i.e., low concor-
dance between genotype and clinical disease). One attractive 
hypothesis put forth to explain incomplete penetrance in BrS is 
the existence of genetic modifiers. As has been mentioned, 
genetic variants in the SCN5A promoter may influence the clini-
cal expression of heterozygous loss-of-function mutations.9 
Another potential mechanism involves interactions between wild 
type and mutant sodium channel alleles. This idea was first sug-
gested to explain the variable clinical expression of BrS in a family 
segregating a trafficking defective missense mutation (R282H) in 
which an asymptomatic mutation carrier also carried a common 
variant (H558R) on the opposite allele.69 In vitro experiments 
demonstrated that H558R rescued the trafficking defect through 
interactions between the two variant NaV1.5 proteins.70

Reduced sodium current is the primary pathophysiological 
event in BrS; this is consistent with SCN5A mutations predicted 
to encode nonfunctional channels.61,71 Some missense mutations 
are nonfunctional because of impaired protein trafficking to the 
cell membrane or defective ion conductance.72,73 Trafficking defi-
cient mutants have the potential to exert a dominant-negative 

Knowledge of the basic mechanisms underlying LQT-3 has 
prompted new ideas regarding genotype-specific treatment. 
Mexiletine and other sodium channel blocking drugs can reduce 
persistent sodium current and shorten the QT interval in LQT-3 
patients,35-38 although no data yet indicate that this therapeutic 
strategy will reduce mortality. In LQT-3 mouse models, mexi-
letine shortens the myocyte action potential and prevents 
arrhythmias,30,39 mainly during slow pacing rates. Suppression of 
increased persistent current by the antianginal drug ranolazine 
has been demonstrated for LQT-3 mutations in vitro,40 and rano-
lazine treatment of human with carrying the SCN5A-delKPQ 
mutation shortened the QTc interval significantly.41 Propranolol, 
but not the other β-adrenergic antagonists, may exhibit sodium 
channel blocking effects at high concentrations,42-44 and certain 
SCN5A mutations have increased sensitivity to the drug.13 
However, propranolol and other β-blockers did not suppress 
arrhythmias in the delKPQ mouse model.33

Perinatal and Neonatal LQT-3

SCN5A mutations may cause life-threatening LQTS during ges-
tation (fetal LQTS) and in neonates (neonatal LQTS). Clinical 
signs suggestive of fetal LQTS include ventricular tachycardia, 
second-degree atrioventricular (AV) block, and, most commonly, 
sinus bradycardia,45 but such findings may go undetected because 
electrocardiographic testing of fetuses is not routine. Certain 
SCN5A mutations, many of which are de novo,13,46-49 present with 
earlier onset and more severe congenital arrhythmia syndromes 
than is typical for LQT-3. The high rate of reported de novo 
SCN5A mutations in the perinatal period may reflect low herita-
bility due to a survival disadvantage conferred by severe, life-
threatening phenotypes. The functional effects of certain SCN5A 
mutations associated with fetal LQTS can also be potentiated by 
a developmentally regulated splice isoform involving alternative 
forms of exon 6.6

Evidence indicates that occult LQTS can clinically present as 
sudden infant death syndrome (SIDS) (see Chapter 98). Cardiac 
mechanisms including life-threatening arrhythmias have been 
suspected as risk factors for SIDS, and mutations in genes respon-
sible for LQTS have been identified in approximately 10% of 
cases.50,51 SCN5A mutations have accounted for approximately 
50% of all LQTS mutations identified in SIDS. SCN5A muta-
tions associated with SIDS promote increased persistent current 
overtly or under certain conditions such as intracellular acidosis 
or in the context of a common splice variant.50,52-54

Arrhythmia Susceptibility With Common  
SCN5A Variants

Common variants within the SCN5A coding region have been 
identified in certain populations, and some of these may confer 
increased risk of cardiac arrhythmia. One variant common in 
subjects of African descent (S1103Y, also reported as S1102Y) has 
been associated with an eightfold increased risk for ventricular 
arrhythmia.55 Functional consequences of S1103Y include 
increased transient and increased persistent current sufficient to 
evoke EADs in a computational model of cardiac action poten-
tials. This variant may also increase arrhythmia risk in infants. 
One study suggested that African American SIDS victims are 
more often homozygous for SCN5A-S1103Y when compared 
with non-SIDS infants.53 This study further demonstrated that 
SCN5A-S1103Y channels exhibit a greater level of persistent 
sodium current when exposed to intracellular acidosis. A subse-
quent study reported a significantly higher prevalence of hetero-
zygous SCN5A-S1103Y carriers among 71 African American 
cases of SIDS as compared with African American controls.56
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Familial Progressive Conduction System Disease

Mutations in SCN5A have been associated with a heterogeneous 
group of disorders characterized by impaired cardiac conduction 
manifest as abnormal atrioventricular (AV) conduction (AV 
block), slowed intraventricular conduction, and/or atrial inexcit-
ability (atrial standstill).102-105 The degree of impaired cardiac 
conduction often progresses with advancing age. Inheritance may 
be autosomal dominant or autosomal recessive, but in rare cases, 
digenic inheritance has been observed (see later).104,106,107

Age-related defects in conduction along the His-Purkinje 
system have been referred to as Lenègre or Lev disease and may be 
caused by progressive fibrosis of specialized conducting tissues in 
the heart.108 However, clinically similar conditions may be inher-
ited and associated with SCN5A mutations109 (see Chapter 107). 
A variety of names have been applied to this genetic subtype, 
including progressive cardiac conduction disease, familial AV block, 
and hereditary Lenègre disease. The clinical phenotypes may 
present in early childhood or in adulthood. In children, progres-
sive AV block is most typical, whereas adults with these disorders 
usually have intraventricular conduction abnormalities such as 
right or left bundle branch block.

Twenty-two SCN5A mutations have been associated with 
cardiac conduction disease, including congenital sick sinus syn-
drome and atrial standstill (Figure 50-1, E). The first mutations 
described by Schott and colleagues were predicted to be complete 
loss-of-function alleles.102 Several missense mutations have since 
been characterized in vitro, and these alleles may be nonfunc-
tional or may exhibit complex biophysical abnormalities that are 
predicted to reduce peak sodium current density at physiological 
voltages.103,110 In the case of G514C, a missense mutation segre-
gating with conduction disease in a Dutch family, the mutant 
sodium channel exhibits unequal depolarizing shifts in the voltage 
dependence of activation and inactivation such that a smaller 
number of channels are activated at typical threshold voltages.110 
Computational modeling of these changes supported reduced 
conduction velocity, but the level of predicted sodium current 
loss was not sufficient to evoke shortened epicardial action poten-
tials, offering a plausible explanation as to why these individuals 
did not manifest BrS. Other missense mutations cause enhanced 
slow inactivation, a gating process that regulates channel avail-
ability over a time course of several seconds to minutes.103 Lower 
peak sodium current impairs conduction velocity by slowing the 
rate of change in membrane potential (dV/dt) during the action 
potential.

As has been discussed, aging Scn5a+/− mice variably develop 
progressive conduction system fibrosis and impaired impulse 
conduction through both ventricles. The molecular basis for 
fibrosis is unknown, but it has been correlated with increased 
expression of transforming growth factor-β1 (TGF-β1) and 
reduced expression of the gap junction protein Cx40 in heart 
tissue.111,112 The degree of fibrosis and the severity of impaired 
conduction in Scn5a+/− mice correlate with the residual level of 
sodium channel protein, but the mechanism for variable protein 
levels is unknown.113 Observations made in Scn5a+/− mice illus-
trate a continuum of pathophysiological events associated with 
loss-of-function SCN5A mutations and help to explain the 
co-occurrence of BrS and conduction system diseases, which have 
been termed overlap syndromes.

Congenital Sick Sinus Syndrome  
and Atrial Standstill

Whereas most SCN5A-linked disorders manifest clinically with 
abnormal ventricular excitability or conduction, in less common 
syndromes mutant sodium channels disproportionately affect 
atrial electrical activity. In familial atrial standstill and congenital 

effect on the wild type sodium channel.74 Other missense muta-
tions are functional but have biophysical defects predicted to 
reduce channel availability such as altered voltage dependence of 
activation, more rapid fast inactivation, and enhanced slow 
inactivation.75-77 One mutation (E1053K) disrupts binding of the 
channel to ankyrin-G, and this alters membrane trafficking and 
localization in cardiac myocytes (see also Chapter 9).78 Truncat-
ing or nonfunctional missense mutations are generally associated 
with more severe phenotypes.79

Reduced sodium current may also be the consequence of 
mutations in other genes that are less frequent causes of BrS, 
including those encoding sodium channel auxiliary subunits 
(SCN1B, SCN3B),80,81 interacting proteins (MOG1),82 or 
glycerol-3-phosphate dehydrogenase 1-like protein (GPD1L).83 
Mutations in GPD1L have been suggested to cause suppression 
of sodium current by a protein kinase C (PKC)-dependent mech-
anism that is linked with the redox state of the cell.84,85 Specifi-
cally, reduced enzymatic activity of mutant GPD1L protein is 
associated with an NADH/NAD+ imbalance that can activate 
PKC, leading to phosphorylation of a specific serine residue (Ser-
1503) in NaV1.5, causing reduced channel activity.

Knowledge of the mechanisms underlying loss of sodium 
channel function in BrS has inspired the testing of strategies that 
may have therapeutic potential. For example, trafficking defective 
SCN5A mutants may be rescued to the plasma membrane and 
rendered functional by treatment with mexiletine.73,86 Addition-
ally, for certain nonsense mutations, partial restoration of sodium 
current can be achieved in vitro by pharmacologic “read-through” 
strategies using aminoglyosides or by genetic suppression of 
eukaryotic release factors (e.g., eRF3a) that facilitate stop codon 
recognition.87

Two mechanisms have been proposed to explain the cellular 
basis of BrS, both implicating electrophysiological defects in the 
right ventricle.88,89 In one mechanism, a reduction in myocardial 
sodium current exaggerates differences in action potential dura-
tion between endocardium and epicardium.90-92 These differences 
occur because of unequal distribution of transient outward current 
(Ito), a repolarizing current more prominent in the epicardial layer 
that contributes to the characteristic spike and dome shape of the 
action potential. Reduced sodium current will cause dispropor-
tionate shortening of epicardial action potentials because of unop-
posed Ito leading to an exaggerated transmural voltage gradient, 
dispersion of repolarization, and a substrate promoting phase 2 
reentry. This mechanism is supported by elegant work using the 
arterially perfused canine ventricular wedge preparation.90,91 The 
second hypothesis posits that the main effect of reduced sodium 
current consists of slowing of impulse conduction in the right 
ventricle and delayed activation of the right ventricular outflow 
tract (RVOT).88,93-95 This mechanism has gained support primar-
ily from clinical observations including electroanatomic mapping 
studies96,97 and the observed therapeutic benefit of epicardial abla-
tion over the RVOT.98 It is not clear whether these two hypoth-
eses are mutually exclusive, or whether all cases of BrS originate 
by the same pathophysiological mechanism.

Heterozygous Scn5a knockout mice (Scn5a+/−) have provided 
an animal model of BrS.99-101 Hearts from young Scn5a+/− mice 
exhibit conduction slowing in the right ventricle and an increased 
propensity for ventricular tachycardia—features that are aggra-
vated by flecainide. The arrhythmia has been demonstrated to 
originate in the RVOT in vivo and ex vivo. Although data from 
investigations of Scn5a+/− mice tend to support the hypothesis of 
conduction slowing as the primary electrophysiological defect in 
BrS, mouse ventricular action potentials lack a plateau phase, 
making this a suboptimal model for testing the alternative mecha-
nism. In older Scn5a+/− mice, progressive fibrosis and conduction 
slowing occur in both ventricles, providing a model system from 
which to gain an understanding of conduction system disorders 
associated with SCN5A mutations.
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dependence of activation (Figure 50-3, A). Subsequently, the 
same biophysical defect was observed for SCN5A-R222Q, a 
mutation involving a different conserved arginine residue in the 
D1/S4 segment.119,120 These observations led to the prediction 
that channels might be active at voltages near the cardiac myocyte 
resting membrane potential. Aberrant activation of sodium 
current near the myocyte resting membrane potential can be 
demonstrated in heterologous cells expressing either R814W or 
R222Q subjected to slow voltage ramps (Figure 50-3, B).126 This 
phenomenon differs from that observed for LQT-3 mutations in 
that peak current activation during voltage ramps for those muta-
tions occurs at more positive potentials.127 The tendency for 
diastolic sodium current activation may predispose myocytes to 
disordered intracellular sodium and calcium ion homeostasis, 
leading to myocardial dysfunction.

Another SCN5A mutation associated with DCM (R219H) 
predisposes to altered intracellular ion homeostasis by a novel 
mechanism.121 This mutation replaces the most extracellular argi-
nine residue in the D1/S4 voltage sensing segment with histidine, 
but this substitution has no overt effects on channel function. 
However, cells expressing this mutant sodium channel exhibited 
rapid internal acidification when exposed to a pH gradient. This 
finding was explained by the generation of a proton leak current 
through mutant sodium channels, but the leak does not occur 

sick sinus syndrome, SCN5A mutations cause sinus node dysfunc-
tion progressing to atrial inexcitability and symptomatic brady-
cardia in children or young adults. Fetal bradycardia and irregular 
fetal heart rate may be early signs of the condition during gesta-
tion. Surface ECG recordings reveal an absence of P waves and 
a slow AV junctional rhythm. Electrophysiological studies may 
reveal prolonged His-ventricular conduction indicating a more 
generalized defect in cardiac conduction. In these conditions, the 
atria, but not the ventricles, are refractory to electrical pacing.

Families with these disorders caused by SCN5A mutations 
may exhibit recessive inheritance. In congenital sick sinus syn-
drome, affected individuals inherit a nonfunctional or severely 
dysfunctional SCN5A mutation from one parent and a less 
severely impaired allele from the other parent.105 Some of these 
mutations impair trafficking of the sodium channel protein to the 
plasma membrane.114 Heterozygous parents are asymptomatic 
but may have subclinical first-degree AV block. In addition to 
compound heterozygous SCN5A mutations, similar phenotypes 
have been associated with homozygous alleles.106 Familial atrial 
standstill has also been associated with heterozygous SCN5A 
mutations coinherited with a common promoter variant in the 
connexin-40 gene that is predicted to reduce gene expres-
sion.104,107 In these families, inheritance of the sodium channel 
mutation alone was not sufficient to evoke a clinical phenotype—
a finding consistent with digenic inheritance.

The mechanisms by which SCN5A mutations impair sinus 
node dysfunction have been explored using action potential mod-
eling and studies of Scn5a+/− mice.115,116 In single-cell action 
potential simulations, reduced sodium current slows pacing in the 
peripheral cells of the sinoatrial node (SAN) but not in the central 
SAN cells, which are primarily responsible for cardiac rhythm 
and lack sodium channels. In multicellular simulations, reduced 
sodium current impairs conduction from SAN to surrounding 
atrial tissue, leading to sinoatrial exit block. These predictions 
are consistent with observations made in Scn5a+/− mice.116

Altered Intracellular Ion Homeostasis

Dilated Cardiomyopathy With Arrhythmia

Mutations affecting cardiac ion channels primarily cause disor-
ders of heart rhythm, whereas familial cardiomyopathy is typi-
cally associated with mutations in genes encoding sarcomeric or 
contractile proteins. An exception to this paradigm is represented 
by SCN5A mutations associated with familial dilated cardiomy-
opathy (DCM). McNair et al reported that a missense mutation, 
SCN5A-D1275N, segregated with a phenotype including DCM 
of variable expression, abnormal atrioventricular conduction, 
sinus node dysfunction, and atrial and ventricular arrhythmias in 
a four-generation kindred.117 Subsequent studies have revealed 
ten additional mutations (Figure 50-1, F).118-125 Inheritance is 
most consistent with autosomal dominance with incomplete pen-
etrance except in sporadic cases. Most of the mutations segre-
gated in families with a heterogeneous phenotype characterized 
by variable expression of DCM including peripartum cardiomy-
opathy, sick sinus syndrome, and atrial and ventricular arrhyth-
mias. Mutation positive subjects may have frequent, multifocal 
premature ventricular beats (PVBs) that originate in Purkinje 
fibers.119,120 Suppression of PVBs with quinidine has been reported 
to improve myocardial contractility in some cases.119

Several patterns of sodium channel dysfunction have been 
elucidated for mutations associated with DCM. In the first report, 
the SCN5A-R814W mutation associated with this syndrome 
exhibited a novel in vitro biophysical phenotype. This mutation, 
which affects a conserved arginine residue in the D2/S4 voltage 
sensing segment, caused a hyperpolarized shift in the voltage 

Figure 50-3.  Aberrant mutant sodium current activation in dilated 
cardiomyopathy A, Conductance-voltage  (G-V) curves  illustrating  the voltage 
dependence of activation  for wild  type  (WT) NaV1.5 and  two mutations  (R814W, 
R222Q) associated with dilated cardiomyopathy. Both mutations cause hyperpolar-
izing shifts in the G-V relationship. B, Activation of sodium current during a voltage 
ramp from −120 mV to +40 mV for WT-NaV1.5 and R814W. Mutant channels activate 
aberrantly at voltages near the resting membrane potential, suggesting a predis-
position to diastolic sodium current. 

(Images were prepared by Tom Beckermann and Dr. Thao Nguyen.)
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mutation SCN5A-E1784K, which is associated with a highly pen-
etrant form of LQT-3 and concurrent features of BrS or sinus 
node dysfunction in some carriers.131 These distinct biophysical 
abnormalities are predicted to predispose to ventricular arrhyth-
mia through different mechanisms at opposite extremes of heart 
rate.31 Whereas, increased persistent current will prolong action 
potentials, especially at slow heart rates, enhanced slow inactiva-
tion will predispose to activity-dependent loss of sodium channel 
availability at fast rates. These findings were confirmed by  
computational modeling and in a mouse model genetically  
engineered with the SCN5A-1795insD mutation.132 In another 
unusual case, deletion of lysine-1500 in SCN5A was associated 
with the unique combination of LQTS, BrS, and impaired 
cardiac conduction in the same family.133 This mutation impairs 
inactivation causing increased persistent sodium current but also 
reduces sodium channel availability through opposite shifts in 
voltage dependence of inactivation and activation.

Certain SCN5A mutations may be associated with different 
clinical manifestations in different families (e.g., D1275N; see 
earlier)104,117,118,129 or even among members of the same family,134 
perhaps because of host-specific factors such as modifier genes 
that influence the final clinical expression. In the mouse model 
of the SCN5A-1795insD mutation, evidence of strain-dependent 
phenotype severity prompted a search for genetic modifiers of 
cardiac conduction.135 Specifically, the conduction defect was less 
severe when the mutation was present in FVB/N mice than when 
the same allele was present on a 129P2 genomic background. 
Further, flecainide worsened bradycardia and QRS prolongation 
to a greater degree in 129P2 than in FVB/N mutant mice. Dif-
ferences in functional behavior of cardiac sodium current between 
the two strains were also observed. Specifically, sodium currents 
recorded from 129P2 myocytes exhibited a depolarized shift in 
the conductance-voltage relationship, compared with FVB/N 
myocytes. This finding suggested that insufficient sodium channel 
activation was the mechanism for impaired conduction velocity—
an idea corroborated by computational modeling. Differences in 
cardiac gene expression between strains may contribute to these 
differences in sodium currents. Specifically, Scn4b encoding the 
β4 sodium channel auxiliary subunit is expressed at a substantially 
lower level in right ventricular tissue from 129P2 mice.135 Several 
other divergent patterns of gene expression were also observed, 
but their significance was unclear. Additional studies to uncover 
genetic modifiers may yield new therapeutic targets and enable 
better risk stratification strategies.

through the normal pathway for sodium ions. Rather, protons  
are conducted through the “gating pore,” which consists of an 
aqueous channel surrounding the S4 segment. An aberrant 
proton leak current may create an unstable myocyte membrane 
potential, possibly evoking PVBs, or may adversely affect con-
tractile proteins through altered intracellular pH. The increased 
intracellular proton concentration may also stimulate a cascade 
of ion exchange events (Na+/H+; Na+/Ca2+) that perturb Ca2+ 
homeostasis with long-term deleterious effects on myocardial 
contractility.

One particular SCN5A mutation (D1275N) associated with 
DCM and a variety of conduction disorders including sinus node 
dysfunction causes a complex cardiac phenotype in mice.128 Mice 
engineered to be homozygous for the human SCN5A-D1275N 
mutation exhibit bradycardia and impaired atrial and ventricular 
conduction while young (3 to 12 weeks) but then progress to 
develop spontaneous ventricular tachycardia and nonfibrotic 
DCM when older. Sodium currents from homozygous mutant 
mice have markedly reduced amplitude and abnormal inactiva-
tion gating, including slow kinetics, increased persistent current, 
and depolarized voltage dependence. Studies of heterologously 
expressed SCN5A-D1275N channels demonstrated none of these 
functional abnormalities, prompting speculation that myocyte-
specific factors are required for full expression of the phenotype. 
Another potential explanation relates to genetic modifiers  
or environmental factors as suggested by the highly variable 
nature of the phenotypes associated with this mutation in 
humans.104,117,118,129

Syndromes With Complex Mechanisms

Mutations in SCN5A have been associated with complex pheno-
types (overlap syndromes) featuring characteristics of two or 
more syndromes. Mutant cardiac sodium channels associated 
with overlap syndromes exhibit more complex functional defects. 
The in-frame insertion mutation (SCN5A-1795insD) identified 
in a family segregating both LQTS and BrS causes an inactiva-
tion defect resulting in increased persistent sodium current 
typical of LQT-3 but also confers enhanced slow inactivation 
with reduced channel availability that is more consistent with 
BrS.130 The combination of increased persistent sodium current 
with enhanced slow inactivation has also been observed with 
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Four subtypes of LQTS (LQT1, LQT2, LQT7, and LQT13) 

are linked to mutations in genes encoding for the pore-forming 
α-subunits of voltage-gated cardiac K+ channels (Kv channels), 
and three subtypes (LQT5, LQT6, and LQT11) are linked to 
mutations in genes encoding for one of the regulatory subunits 
of Kv channels. Most mutations involve single-nucleotide substi-
tutions in the coding regions (exons) of genes that alter a codon, 
leading to the replacement of one amino acid by a different one 
(missense mutations; approximately two-thirds of all mutations) 
or the creation of an early (premature) stop codon resulting in 
the formation of a truncated protein (nonsense mutations). 
Single-nucleotide substitutions in the noncoding regions (introns) 
also occur and may result in altered gene transcripts. Specific 
intronic nucleotide sequences at the intron/exon (acceptor site) 
and exon/intron (donor site) boundaries are crucial for the 
process whereby introns are excised from gene transcripts to 
create mature protein-encoding mRNAs (i.e., the splicing 
process). Mutations within these highly conserved intronic 
regions may cause aberrant splicing, leading to the deletion of 
entire exons (or exon parts) or inclusion of entire introns (or 
intron parts) in the mature mRNA, thereby often altering the 
open reading frame of translation and generating a new sequence 
of amino acids in the final product (i.e., frameshift). Mutations 
also involve insertion or deletion of one or more nucleotides, 
which may lead to a shift in the open reading frame, or (when a 
multiple of three nucleotides are inserted or deleted) to the addi-
tion or removal of one or more amino acids in the final product, 
without affecting the reading frame.4

Experimental investigation of mutated K+ channels (or a 
normal channel with a mutated regulatory subunit) in heterolo-
gous expression systems such as Xenopus oocytes or mammalian 
cell lines has unequivocally demonstrated that LQTS-related 
mutations delay repolarization by reducing the outward K+ 
current through the affected channel (loss-of-function).3 It is 
important to note that loss-of-function effects of LQTS-related 
mutations in KCNQ1 and KCNH2 (causing LQT1 and LQT2, 
respectively) have also been shown in the much more native 
environment of cardiac myocytes derived from patient-specific 
pluripotent stem cells from members of families affected with 
these diseases.5,6 In general, mutations cause loss-of-function by 
decreasing the number of functional channels in the sarcolemma 
(lower expression) or by disrupting the extent or speed of channel 
opening and closing (altered gating). Because α-subunits of Kv 
channels assemble as tetramers to form functional ion channels, 
it is of functional importance whether mutated channel proteins 
possess the ability to assemble with normal channel proteins in 
heterozygous mutation carriers where both normal and mutated 
channels coexist (a normal allele is inherited from one parent and 
a mutant allele is inherited from the other parent). When mutated 
subunits assemble with normal subunits, they can disturb the 
sarcolemmal expression or gating of the normal channel subunits 
(i.e., a dominant-negative effect). In this case, the overall loss of 
K+ current will exceed 50%. In contrast, when mutant subunits 
do not participate in tetramer assembly, 50% reduction (maxi-
mally) in the K+ current is anticipated (i.e., haploinsufficiency). 
As expected, dominant-negative LQTS-linked mutations have a 
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Potassium (K+) channels are necessary for proper functioning of 
cardiac myocytes and many other human cell types. In the mid-
1990s, the human ether-a-go-go related gene (HERG; now referred 
to as KCNH2) and KVLQT1 (now referred to as KCNQ1), each 
encoding for a major cardiac K+ channel, were among the first 
genes linked to an inheritable arrhythmia syndrome.1,2 Ever 
since, many other genes encoding for cardiac K+ channels or their 
accessory (regulatory) subunits have been implicated in the etiol-
ogy of various inheritable arrhythmia syndromes, including the 
long QT syndrome, the short QT syndrome, sudden infant death 
syndrome, catecholaminergic polymorphic ventricular tachycar-
dia, the Brugada syndrome, and familial atrial fibrillation (Table 
51-1).3 A detailed description of the molecular biology and physi-
ology of cardiac K+ channels is provided elsewhere in this book. 
This chapter focuses on the molecular genetics of inheritable 
diseases related to cardiac K+ channels, so-called K+ channelopa-
thies. Clinical features and management of these diseases are 
described in detail elsewhere in this book.

Long QT Syndrome

The long QT syndrome (LQTS) is a cardiac arrhythmogenic 
disease that causes syncope and sudden death due to torsades de 
pointes, a characteristic form of polymorphic ventricular tachy-
cardia, and ventricular fibrillation. Inheritable (congenital) LQTS 
is characterized by a prolonged heart rate corrected QT interval 
(QTc duration) on a 12-lead electrocardiogram (ECG) due to a 
delay in repolarization of the ventricles, in the absence of struc-
tural heart diseases or secondary causes of a prolonged QTc 
duration, such as electrolyte abnormalities, hypothermia, and use 
of certain drugs. Inheritable LQTS with an autosomal dominant 
pattern of inheritance has an estimated prevalence of 1 : 2500, and 
is traditionally called the Romano-Ward syndrome (first described 
independently by the Italian pediatrician Cesarino Romano in 
1963 and the Irish pediatrician O. Connor Ward in 1964). The 
very rare autosomal recessive form of LQTS, with concomitant 
congenital bilateral sensory neural deafness, is called the Jervell 
and Lange-Nielsen syndrome (first described by Anton Jervell 
and his associate Fred Lange-Nielsen in 1957).3 The autosomal 
dominant form is subdivided into different subtypes (so far 13 
subtypes) according to the affected gene. The subdivision is based 
on the chronological order in which the subtypes are reported. 
This subdivision, which is based on underlying molecular genetic 
and pathophysiological mechanisms, is not ideal, but is followed 
in this chapter.



502 MOLECULAR GENETICS AND PHARMACOGENOMICS

and protein kinase A (PKA), requiring A-kinase anchoring pro-
teins (AKAPs). As a result, IKs enables the physiological response 
(i.e., abbreviation) of repolarization to fast heart rates during 
sympathetic nerve activity.11 In 1991, two linkage studies linked 
a gene locus on chromosome 11 to LQTS in several unrelated 
families. Five years later, positional cloning techniques estab-
lished KCNQ1 as the chromosome 11–linked LQT1 gene.2 In 
1997, targeted mutational analysis of KCNE1 in two families with 
LQTS identified two missense mutations in KCNE1 (LQT5).12 
LQT1 is now known to account for nearly 40% of all LQTS 
cases. LQT5 is rare, and mutations in KCNE1 may be responsible 
for nearly 3% of all LQTS cases.13-15 In 2007, targeted mutational 
analysis of the translated exons of AKAP9, encoding the A kinase 
anchoring protein type 9 (AKAP9; also called Yatiao), identified 
a missense mutation in a single patient with LQTS (LQT11). So 
far, only this one mutation in Yatiao has been linked to LQTS.16

Long QT Syndrome Type 1

To date, more than 300 mutations in KCNQ1 have been linked 
to LQT1. Most mutations are missense mutations (≈70%), fol-
lowed by frameshift mutations (≈10%), splice-site mutations 
(≈10%), nonsense mutations (≈5%), and in-frame deletions or 
insertions (≈5%).13-15 Novel mutation detection methods have 
demonstrated large genomic rearrangements (i.e., copy number 
variants) in KCNQ1, leading to the complete deletion of one or 
more exons in LQTS patients who were mutation negative after 
traditional point mutation analyses.17 This study suggests that the 
prevalence of copy number variants in LQT1 may be higher  
than was previously thought. LQT1 mutations in Kv7.1 are 
mostly located in the transmembrane segments (≈60%), the 
intracellular C-terminus (≈30%), and the intracellular N-terminus 
(≈10%).13-15 A fraction of these mutations have been investigated 
in experimental settings, and these studies have revealed an array 
of molecular mechanisms that underlie IKs loss-of-function 
(Figure 51-1) including (1) defective Kv7.1 protein synthesis, (2) 
defective trafficking of mutated Kv7.1 proteins to the sarcolemma 
and their retention in the endoplasmic reticulum, (3) impaired 
ability of mutated proteins to coassemble into tetrameric chan-
nels, (4) altered biophysical properties, (5) disrupted interaction 

worse clinical outcome than mutations that cause haploinsuffi-
ciency.7,8 In addition, LQTS patients with compound mutations 
(≈8% of all genotyped patients) in the same gene, but particularly 
in different LQTS-related genes, are shown to display a more 
severe phenotype than single mutation carriers.9 These clinical 
data indicate that the extent of decrease in cardiac K+ currents 
may determine disease severity in LQTS.

A delicate balance between inward and outward ion currents 
determines the repolarization of ventricular myocytes. Substan-
tial differences in the expression levels of K+ channels between 
cardiac myocytes in different cardiac regions create a spatial dis-
persion of repolarization within the healthy ventricular myocar-
dium. In LQTS, K+ current reduction leads to prolongation of 
the action potential plateau phase (reflected as QT interval pro-
longation on the ECG), and this allows recovery from inactiva-
tion and reactivation of L-type Ca2+ channels, which produces 
early afterdepolarizations (EADs). EADs, together with an 
accentuated spatial dispersion of repolarization, underlie the sub-
strate and the trigger for the development of torsades de pointes 
in LQTS.10 The consensus is that EADs initiate torsades de 
pointes, and EADs are probably the initiating event in LQT2, 
the second most prevalent type of LQTS. However, in LQT1, 
the most common type of LQTS, where arrhythmic events 
usually and predictably start at higher heart rates, the arrhyth-
mogenic mechanism might be different. Delayed afterdepolariza-
tions (DADs), spontaneous action potentials during phase 4 of 
the cardiac action potential, might play a role in this condition. 
DADs may also trigger ventricular arrhythmias in LQT7 (see 
later).

IKs-Related Long QT Syndrome

LQTS type 1 (LQT1), type 5 (LQT5), and type 11 (LQT11) are 
linked to mutations that cause a reduction in the slowly activating 
delayed rectifier K+ current (IKs) in the heart. The α-subunit of 
the channel responsible for IKs (Kv7.1) is encoded by KCNQ1, and 
Kv7.1 proteins require the presence of their regulatory β-subunit 
MinK (encoded by KCNE1) to conduct IKs. IKs is markedly 
enhanced by β-adrenergic stimulation through phosphorylation 
of Kv7.1 channels by protein kinase C (PKC), requiring MinK, 

Table 51-1. Genes Related to Inheritable Potassium Channel Diseases

Current Chromosome Gene Protein Protein Function Disease

Ito,fast 1p13.3 KCND3 Kv4.3 α-Subunit BrS

11q13.4 KCNE3 MiRP2 β-Subunit BrS

Xq22.3 KCNE5 MiRP4 β-Subunit BrS, FAF

IKs 11p15.5 KCNQ1 Kv7.1 α-Subunit LQT1, JLNS, SQT2, SIDS, FAF

21q22.12 KCNE1 MinK β-Subunit LQT5, JLNS, SIDS

Xq22.3 KCNE5 MiRP4 β-Subunit FAF

7q21-q22 AKAP9 AKAP9 Regulatory subunit LQT11

IKr 7q36.1 KCNH2 Kv11.1 α-Subunit LQT2, SQT1, SIDS, BrS, FAF

21q22.12 KCNE2 MiRP1 β-Subunits LQT6, SIDS, FAF

IK1 17q24.3 KCNJ2 Kir2.1 α-Subunit LQT7, SQT3, CPVT, FAF

IKur 12p13 KCNA5 Kv1.5 α-Subunit FAF

IK-ATP 12p11.23 KCNJ8 Kir6.1 α-Subunit SIDS, BrS

IK-ACh 11q24 KCNJ5 Kir3.4 α-Subunit LQT13

BrS, Brugada syndrome; CPVT, catecholaminergic polymorphic ventricular tachycardia; FAF, familial atrial fibrillation; JLNS, Jervell and Lange-Nielsen syndrome; LQT, long 
QT syndrome type; SIDS, sudden infant death syndrome; SQT, short QT syndrome type.
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in heart rate (immediately at standing from supine position or at 
peak exercise, and during the recovery phase of treadmill exercise 
testing).22,23 In healthy subjects, QT intervals shorten at faster 
heart rates, enabling QTc to remain within normal limits with 
decreasing R-R intervals. Moreover, QTc duration lengthening 
is also observed in LQT1 patients in response to the intravenous 
infusion of epinephrine.24 These clinical features indicate loss of 
an adequate compensatory response of IKs to β-adrenergic stimu-
lation and stress hormones, most probably as the result of reduced 
phosphorylation and disrupted endosomal recycling of mutated 
Kv7.1 channels. As expected, antiadrenergic therapies such as 
β-blockers and left stellate ganglion ablation have great efficacy 
in LQT1 patients.25,26 β-Blockers have been shown to diminish 
QTc changes during exercise or standing and significantly reduce 
the rate of cardiac events.22,25

Molecular genetics may be useful not only for diagnostic pur-
poses, but also for risk stratification in LQT1. In a multicenter 
study in 600 LQT1 patients, significantly higher rates of cardiac 
events were found in patients with mutations located in trans-
membrane segments or with mutations that exert dominant-
negative effects on normal IKs channel subunits.7 Another large 
multicenter study associated mutations in highly conserved 
amino acid residues in Kv7.1 with significant risk of cardiac 
events.27 Moreover, a recent study in 387 LQT1 patients corre-
lated clinical phenotype with changes in biophysical properties 
of Kv7.1 channels caused by different KCNQ1 mutations. 

with regulatory proteins, and (6) defective endosomal recy-
cling.3,18-20 Of note, these mechanisms are not mutually exclusive. 
Loss-of-function alterations in biophysical properties of mutated 
IKs channels involve a slower rate of channel activation, a shift in 
the voltage dependence of activation toward more depolarized 
membrane potentials (indicating later channel activation), and 
accelerated deactivation (indicating faster channel closing). Dis-
rupted interaction of mutated Kv7.1 proteins with the key regula-
tory protein AKAP9 has been demonstrated to reduce Kv7.1 
phosphorylation by PKA upon β-adrenergic stimulation.19 Dis-
rupted interaction with phosphatidylinositol-4,5-bisphosphate 
(PIP2) results in reduced PKC-mediated phosphorylation of the 
Kv7.1 proteins. PIP2, a sarcolemmal lipid, increases IKs activity 
through phosphorylation.20 IKs is also increased by the stress 
hormone cortisol through the action of the serum- and 
glucocorticoid-inducible kinase 1 (SGK1). Cortisol upregulates 
SGK1, thereby facilitating endosomal recycling of Kv7.1 chan-
nels and stimulating their insertion into the sarcolemma. Muta-
tions in Kv7.1 can disturb this process, causing further IKs 
reduction upon stimulation of SGK1 by cortisol.18

Consistent with the molecular signaling pathways, LQT1-
related cardiac events occur often during exercise (in particular 
swimming) and psychological stress, when the adrenergic tone 
and plasma levels of cortisol are increased.21 In addition, the QT 
interval fails to shorten appropriately, and might even lengthen 
(paradoxical QT response), in LQT1 patients upon an increase 

Figure 51-1.  Common molecular mechanisms responsible for cardiac potassium channel loss-of-function or gain-of-function in inherited potassium channel diseases. 
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accelerating deactivation.37 Other mechanisms include defective 
trafficking of mutated MinK proteins (and thereby Kv7.1 pro-
teins), impaired channel assembly, and reduced sensitivity to 
PIP2.20,37 Residues in the C-terminus of MinK are identified as 
key determinants for sensitivity of Kv7.1 to PIP2, and LQT5-
linked mutations in these residues are shown to reduce PIP2-
mediated phosphorylation of Kv7.1 proteins by PKC.20 Because 
of its low prevalence, genotype-phenotype correlations in LQT5 
are not available but may resemble those observed in LQT1.

An SNP in KCNE2, D85N, located in the C-terminus of 
MinK, has been associated with QT interval duration in the 
general population,33,34 and is shown to be more prevalent in 
(genotype-negative) LQTS patients.38 Heterologous expression 
studies revealed significant loss-of-function effects of D85N on 
KCNQ1-encoded and KCNH2-encoded currents.38 Therefore, 
D85N is suggested to be a disease-causing variant in LQTS, and 
certainly a modifier of phenotype in LQT1 and LQT2 patients.

Long QT Syndrome Type 11

AKAP9 (Yatiao) has an N-terminal and a C-terminal binding 
domain that interacts with the C-terminus of Kv7.1. The only 
LQT11 mutation described so far (S1570L) has been found in 1 
out of 50 genotype-negative unrelated LQTS patients. S1570L 
is located in the C-terminal binding domain of AKAP9. It has 
been shown to disrupt, but not eliminate, the interaction between 
AKAP9 and Kv7.1, leading to reduced cyclic adenosine mono-
phosphate (cAMP)-mediated phosphorylation of Kv7.1 by PKA 
during β-adrenergic stimulation. This is speculated to result in 
less IKs enhancement during sympathetic nerve activity.16

Jervell and Lange-Nielsen Syndrome

Jervell and Lange-Nielsen syndrome (JLNS), the autosomal 
recessive form of LQTS affecting 3 to 5 in 1 million children, is 
characterized by QT interval prolongation, congenital bilateral 
sensory neural deafness, torsades de pointes, and sudden cardiac 
death from very early in life. JLNS depends on homozygous or 
compound heterozygous mutations on KCNQ1 or KCNE1. 
Hearing loss is due to dysfunction of IKs channels in the inner 
ear, where they act as K+ charge carriers for sensory transduction 
and generation of endocochlear potential in the endolymph. 
Most JLNS-linked mutations are found in KCNQ1 (≈90%), and 
mutations in KCNE1 are associated with a less severe phenotype 
and are more prevalent in asymptomatic patients. Although 
exceptions exist, most JLNS-linked mutations are nonsense 
mutations, frameshift mutations, and splice-site mutations (i.e., 
mutations that are expected to disrupt channel assembly and lead 
to haploinsufficiency).39 This may explain the mild phenotype in 
heterozygous parents of JLNS patients compared with LQT1 
patients. Similar to LQT1, cardiac events are triggered during 
exercise and emotional stress. However, compared with LQT1, 
JLNS is associated with longer QTc durations, greater risk of 
cardiac events (at a younger age), and lower efficacy of β-blocker 
therapy.39

IKr-Related Long QT Syndrome

LQTS type 2 (LQT2) and type 6 (LQT6) are linked to mutations 
that cause a reduction in the rapidly activating delayed rectifier 
K+ current (IKr) in the heart. The α-subunit of the channel 
responsible for IKr (Kv11.1) is encoded by KCNH2, traditionally 
called the human ether-a-go-go related gene (HERG) because of 
its homology to the Drosophila ether-a-go-go (eag) gene. The 
interaction of Kv11.1 with the KCNE2-encoded β-subunit 

Especially, a slower rate of channel activation was associated with 
increased risk for events in LQT1.28 In all these studies, the 
effects of the mutations were independent of traditional risk 
factors (i.e., QTc, female gender, and β-blocker therapy). Muta-
tion type and location may be used to predict whether a KCNQ1 
mutation is pathogenic or is an innocuous rare variant.29 This is 
clinically relevant in that large overlap of QTc values has been 
noted between patients with LQTS and healthy patients. Non-
missense mutations, regardless of location, have an estimated 
predictive value of more than 99% to be pathogenic, and mis-
sense mutations have a high predictive value when located in the 
transmembrane segments, the pore loop, and the C-terminus of 
Kv7.1 proteins.29 LQT1 patients with a mutation in the cytoplas-
mic loops are at higher risk for lethal arrhythmias than are 
patients with a mutation in other regions of Kv7.1, probably 
because of a pronounced reduction in channel activation upon 
β-adrenergic stimulation.30

Recent studies have identified single-nucleotide polymor-
phisms (SNPs) in the nitric oxide 1 adaptor protein gene 
(NOS1AP) as strong modulators of QT interval duration and risk 
of cardiac events in LQT1 (and other LQTS types).31,32 First, 
genome-wide association studies associated SNPs in NOS1AP 
with QT interval in the general population. Next, a role for 
NOS1AP SNPs was found in sudden cardiac death in the general 
population.33,34 In 2009, a family-based association analysis linked 
SNPs in NOS1AP with QT interval prolongation and risk for 
cardiac arrest and sudden death in a large South African cohort 
of LQT1 patients with the A341V mutation.31 NOS1AP encodes 
CAPON, an accessory protein of the neural nitric oxide synthase, 
which controls intracellular nitric oxide production. Functional 
studies indicate that CAPON fastens cardiac repolarization 
through inhibition of L-type Ca2+ channels.35 This provides a 
rationale for the association of SNPs in NOS1AP with QT inter-
val duration. SNPs in the 3′-untranslated region (3′UTR) of 
KCNQ1 may also modulate phenotype severity in LQT. In a 
recent study in two independent LQT1 cohorts from the Neth-
erlands and the United States, SNPs in KCNQ1’s 3′UTR were 
associated with QTc duration and symptoms in an allele-specific 
manner. Patients with derived SNP variants on their mutated 
KCNQ1 allele had shorter QTc and fewer symptoms, while 
patients with these variants on their normal KCNQ1 allele had 
longer QTc and a greater number of symptoms. Experimental 
studies showed that the expression of KCNQ1’s 3′UTR with 
derived SNP variants was less than the expression of 3′UTR with 
ancestral SNP variants. The 3′UTR play a crucial regulatory role 
in gene expression by controlling stability and translation of 
mRNAs. SNPs in this region were suggested to affect this func-
tion of the 3′UTR, thereby altering gene expression in an allele-
specific manner.36 If true, this is expected to be especially relevant 
when one allele contains a pathogenic mutation. However, these 
findings await replication in larger LQT1 cohorts before their 
clinical use is proposed.

Long QT Syndrome Type 5

The KCNE-encoded MinK exerts its regulatory effects on Kv7.1 
via interactions between the transmembrane segments and the 
C-termini of the two proteins. In general, interactions between 
transmembrane segments are believed to be essential for normal 
channel activation, while interactions between the C-termini 
regulate channel assembly and channel deactivation. LQT5 muta-
tions involve mainly missense mutations, although in-frame dele-
tions, nonsense mutations, and frameshift mutations are also 
found.13-15 Most mutations impair the ability of MinK to modu-
late gating properties of Kv7.1, causing a shift in the voltage 
dependence of activation toward more depolarized potentials (in 
particular, mutations in the transmembrane segments) and 
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defective trafficking and intracellular retention of mutated Kv11.1 
proteins include decreased affinity to heat shock protein 70 
(Hsp70; known to promote maturation of Kv11.1) and increased 
affinity to heat shock cognate 70 (Hsc70; which promotes  
proteasomal degradation of Kv11.1),46 abnormal ubiquitylation 
of Kv11.1 by ubiquitin ligase Nedd4-2,47 and redistribution of 
mutated proteins to a microtubule-dependent quality control 
compartment in the endoplasmic reticulum.48

In contrast to IKs, which is enhanced significantly by cAMP-
mediated phosphorylation upon β-adrenergic stimulation, cAMP 
has only a minor effect on IKr channel gating. The C-terminus 
of Kv11.1 contains a cyclic nucleotide binding domain (CNBD). 
Binding of cAMP to the CNBD leads to a small change in the 
voltage dependence of channel activation.49 However, disruption 
of this minor effect of cAMP on IKr channel gating in the presence 
of a mutation may provide a rationale for the characteristic occur-
rence of arrhythmias in LQT2 upon sudden fright (e.g., unex-
pected auditory stimuli, other arousal-related stimuli).21 In 
agreement with this, QTc duration in LQT2 patients is length-
ened immediately at standing from supine position or in response 
to intravenous injection of an epinephrine bolus—conditions 
associated with abrupt β-adrenergic stimulation.23,50 In contrast, 
QTc changes in LQT2 upon exercise testing or continuous low-
dose infusion of epinephrine are variable and transient.22,24 In 
accordance, antiadrenergic therapies (β-blockers and left stellate 
ganglion ablation) are effective in LQT2, but less so than in 
LQT1.25,26

Although mutation-specific therapies for LQT2 are not avail-
able in clinical settings, experimental studies have suggested 
various approaches to restore the effects of a mutation on expres-
sion, trafficking, or gating of Kv11.1 channels. Aminoglycoside 
antibiotics have been shown to partially restore the functional 
expression of full-length proteins for some KCNH2 nonsense 
mutations by permitting read-through of the premature termina-
tion codons created by these mutations.51 However, how amino-
glycoside antibiotics change stop codon at the molecular level 
and the final effects of read-through on channel level are not yet 
known. More important, it is well established that defective traf-
ficking of mutated Kv11.1 proteins may be restored in vitro by 
culturing cells at lower incubation temperatures or in the pres-
ence of high-affinity IKr channel-blocking drugs (e.g., E4031, 
cisapride).45 These interventions may stabilize the mutated pro-
teins in configurations that facilitate normal trafficking. However, 
the use of such drugs is contraindicated in LQT2 patients because 
of their potent IKr-blocking properties. Finally, interactions 
between the N-terminus and pore-forming domains of Kv11.1 
channels are known to regulate slow deactivation gating. Muta-
tions within the N-terminus disrupt these interactions and cause 
accelerated deactivation. Application of small molecules contain-
ing the N-terminal residues of Kv11.1 has been demonstrated to 
restore the deactivation properties of mutated channels.52 
However, further in vivo studies are required to unravel possible 
future clinical benefits of such interventions.

Long QT Syndrome Type 6

Only a few mutations in KCNE2 have been associated with 
LQT6. Most of them are missense mutations and are located in 
the single transmembrane segment of the protein.13-15 The pres-
ence of mutated MiRP2 subunits leads to reduced current densi-
ties and various alterations in the gating properties of Kv11.1 
channels, including a shift in voltage dependence of activation 
toward more positive potentials, faster inactivation, and slower 
recovery from inactivation.40,54,55 Mutated MiRP2 subunits may 
also change the pharmacologic response of Kv11.1 channels to 
drugs.40 However, the role of MiRP2 in IKr modulation and ven-
tricular repolarization remains controversial, especially because 

(MinK-related peptide 1; MiRP1) is thought to be required for 
normal gating and pharmacologic properties of IKr channels. In 
1994, linkage studies linked a gene locus on chromosome 7 to 
LQTS in nine families, and in 1995, mutations in HERG were 
found to be responsible for LQT2.1 In 1999, missense mutations 
in KCNE2 were first identified in LQTS patients.40 LQT2 is now 
known to account for nearly 30% of all LQTS cases, and muta-
tions in KCNE2 may be responsible for less than 1% of all LQTS 
cases.13-15

Long QT Syndrome Type 2

The IKr channel is composed of four α-subunits that are encoded 
by two transcripts of KCNH2: HERG1a or the alternative spliced 
transcript HERG1b.41 HERG1b proteins lack the first 376 amino 
acids of hERG1a. To date, more than 200 LQT2-linked muta-
tions in hERG1a are reported,3 and only one missense mutation 
in HERG1b has recently been identified in LQT2.41 Most LQT2 
mutations are missense mutations (≈60%), followed by frameshift 
mutations (≈25%), nonsense mutations (≈10%), splice-site muta-
tions (<5%), and in-frame deletions or insertions (≈5%).13-15 
Large genomic rearrangements (i.e., copy number variants) in 
KCNH2 were also found in LQTS patients.17 LQT2-linked muta-
tions are located in the intracellular C-terminus (≈40%), trans-
membrane segments (≈30%), and intracellular N-terminus 
(≈30%) of Kv11.1.13-15 Missense mutations have a predictive value 
of 100% to be pathogenic when located in the transmembrane 
segments, the linkers, and the pore loop of Kv11.1 proteins.29 A 
multicenter study in 858 LQT2 patients associated missense 
mutations in the transmembrane pore regions (segment 5, pore 
loop, and segment 6) and the N-terminus with significantly 
greater risk of cardiac events than missense mutations located in 
the C-terminus or the transmembrane nonpore regions (seg-
ments 1 to 4).8 Moreover, mutations in α-helical domains, where 
the secondary protein structure may be more highly ordered, 
were associated with greater risk than mutations in β-sheet 
domains or other locations.8 In contrast, the risk of non-missense 
mutations was not location specific. Of note, an SNP in KCNH2, 
K897T, located in the C-terminus of Kv11.1, has been associated 
with QT interval duration in the general population,33,34 and may 
modify the phenotype in LQT2.42 Heterologous expression 
studies revealed loss-of-function effects of K897T on KCNH2-
encoded currents.43

The underlying mechanisms of IKr reduction have been 
studied experimentally for only a fraction of all LQT2 mutations, 
and include (1) defective Kv11.1 protein synthesis, (2) nonsense-
mediated decay (NMD), (3) impaired intracellular trafficking, (4) 
abnormal biophysical properties (e.g., slower channel activation, 
faster inactivation, faster deactivation), and/or (5) reduced K+ 
selectivity or permeation.3,44,45 NMD is an RNA surveillance 
mechanism that selectively degrades mRNA transcripts contain-
ing premature termination codons as the result of nonsense or 
frameshift mutations.44 NMD may have a reciprocal impact on 
LQT2 phenotype: although NMD may prevent mutated prod-
ucts from exerting a dominant-negative effect on normal Kv11.1 
proteins, it may also lead to degradation of mutated mRNAs that, 
if not degraded, can produce partially functional Kv11.1 channels. 
However, defective trafficking of mutated Kv11.1 proteins to the 
sarcolemma is the dominant molecular mechanism of IKr reduc-
tion in LQT2, in particular for mutations located in highly  
conserved domains of Kv11.1.45 Normally, Kv11.1 proteins are 
modified through the addition or trimming of sugar moieties in 
the endoplasmic reticulum (core glycosylation) and in the Golgi 
apparatus (complex glycosylation). Most LQT2-linked mutations 
disrupt the trafficking of core-glycosylated (“immature”) Kv11.1 
proteins to the Golgi apparatus, resulting in their retention in 
the endoplasmic reticulum. Processes suggested to be involved in 
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cardiac death, in the absence of cardiac structural abnormalities, 
in several members of two unrelated families.60 In 2004, SQTS 
was first linked to missense mutations in KCNH2,61 and in the 
same year, a missense mutation in KCNQ1 was associated with 
the disease.62 In 2005, a missense mutation in KCNJ2 was linked 
to SQTS in a single family.63 Thus, in a short time, three subtypes 
of SQTS have been recognized, each subtype associated with a 
mutation in a K+ channel-encoding gene: KCNH2 (SQT1), 
KCNQ1 (SQT2), and KCNJ2 (SQT3). All SQTS-linked muta-
tions are missense mutations and, when studied in heterologous 
expression systems, cause gain-of-function of corresponding K+ 
channels by altering gating properties. The expected increase in 
IKr (in SQT1), in IKs (in SQT2), or in the outward component of 
IK1 (in SQT3) fastens repolarization and leads to QT interval 
shortening on ECG.

Short QT Syndrome Type 1

So far, three different mutations in KCNH2 are linked to SQT1. 
The first two SQT1-linked mutations result in the same amino 
acid change, N588K, located in the pore loop region of Kv11.1. 
This mutation caused a shift of inactivation toward much more 
positive potentials.61 Because inactivation is responsible for 
inward rectification (i.e., a decrease in outward K+ current at 
sustained depolarization), the shift of inactivation resulted in 
failure of rectification and an increase in IKr during the plateau 
phase of the action potential. Another SQT1-linked mutation in 
the pore loop region, T618I, also caused a shift of inactivation 
toward more positive potentials, and induced faster recovery 
from inactivation.64 The third SQT1 mutation, R1135H, located 
in the C-terminus of Kv11.1, caused gain-of-function by slowing 
channel deactivation.65 The R1135H mutation is believed to be a 
modifier in SQTS, because not all carriers of the mutation dis-
played short QT intervals. Experiments in canine left ventricular 
wedge preparations, using an IKr agonist to mimic SQT1 muta-
tions, suggest that a proportionate decrease in the effective 
refractory period (secondary to action potential shortening) in 
combination with accentuated spatial dispersion of repolarization 
(due to spatial transmural heterogeneity of IKr expression) facili-
tates the initiation of polymorphic ventricular arrhythmias in 
SQT1.66 It is important to note that QTc duration may prolong 
in patients with SQT2 after treatment with hydroquinidine, a 
nonselective cardiac K+ channel blocker.67

Short QT Syndrome Type 2

Two mutations in KCNQ1 are associated with SQT2.62,68 The 
first reported mutation, V307L, located in the pore loop of Kv7.1, 
was identified in a 70-year-old patient with short QT intervals 
and ventricular fibrillation. In heterologous expression systems, 
the mutation caused a shift of voltage-dependent activation 
toward more negative potentials (indicating earlier channel acti-
vation) and accelerated the rate of activation.62 These changes are 
predicted to increase IKs. The second SQT2-linked mutation, 
V141M in segment 1 of Kv7.1, was identified in a baby girl with 
SQTS and atrial fibrillation in utero and after birth. The muta-
tion abrogated voltage-dependent gating, resulting in instanta-
neous opening of the Kv7.1 channels. This indicates the presence 
of a constitutive repolarizing current, which may explain the 
association of the V141M mutation with atrial fibrillation.68 Pres-
ervation of voltage-dependent gating in V307L mutated channels 
might be a reason why this mutation does not induce atrial fibril-
lation. It must be noted that KCNQ1 mutations are related to 
SQTS only in single isolated cases, and co-segregation of KCNQ1 
mutations with SQTS in large families has not yet been 
demonstrated.

the expression level of KCNE2 is very low in ventricles and only 
significantly high in pacemaker cells and Purkinje fibers.

Long QT Syndrome Type 7

The Andersen-Tawil syndrome (ATS), also called Andersen’s syn-
drome, is an uncommon disease associated with ventricular 
arrhythmias, potassium-sensitive periodic paralysis, and dysmor-
phic features, including short stature, scoliosis, clinodactyly, 
hypertelorism, and subtle facial abnormalities.55 ATS is catego-
rized as LQTS type 7 (LQT7) because of the presence of promi-
nent U waves, which are difficult to distinguish from truly 
prolonged QT intervals, and mild QT prolongation. The first 
ATS cases were reported by Andersen and colleagues in 1971, 
and Dr. Rabi Tawil has significantly contributed to further 
description of the disease.56 In 2001, mutations in KCNJ2, encod-
ing the α-subunit (Kir2.1) of the channel responsible for the 
inward-rectifier K+ current (IK1) in the heart, were linked to 
ATS.55 It is now known that KCNJ2 mutations account for ≈60% 
of all ATS cases. IK1 is the major determinant of the resting 
membrane potential in working myocardium, and contributes to 
the terminal phase of the action potential repolarization. Nearly 
all ATS-linked mutations in KCNJ2 lead to the generation of 
nonfunctional channels and a dominant-negative effect on the 
function of normal Kir2.1 proteins.56 The trafficking of mutated 
Kir2.1 proteins is often normal. Moreover, ATS-linked mutations 
alter the sensitivity of Kir2.1 to PIP2, an essential activator of the 
channel, and, in accordance, ≈50% of all mutations are located 
at residues that are crucial for the interaction of Kir2.1 with PIP2. 
IK1 reduction allows the Na+/Ca2+ exchanger (INa+/Ca2+), the major 
inward current during phase 4 of the cardiac action potential, to 
depolarize the membrane potential to the threshold of L-type 
Ca2+ channel activation, thereby producing spontaneous action 
potentials (DADs).57 This mechanism of arrhythmogenesis in 
ATS (LQT7) contrasts with most other LQTS types (see earlier), 
in which EADs during the action potential plateau phase trigger 
arrhythmias. DADs may underlie frequent ventricular ectopies 
with occasionally bidirectional ventricular tachycardia and recur-
rent polymorphic ventricular tachycardia in ATS.

Long QT Syndrome Type 13

In 2010, a linkage study in a large Chinese family linked a het-
erozygous missense mutation in KCNJ5 to LQTS in affected 
members. KCNJ5 encodes the α-subunit (Kir3.4) of a channel 
that carries the acetylcholine-sensitive inwardly rectifying K+ 
current (IK-Ach).58 Acetylcholine leads to opening of the channel 
via activation of membrane G-proteins. Heterologous expression 
of the mutated channels revealed IK-Ach loss-of-function due to 
reduced plasma membrane expression. IK-Ach is present in the 
sinoatrial node, atria, and atrioventricular node, where it plays a 
role in parasympathetic slowing of the heart rate and repolariza-
tion of atrial action potentials.58 However, its precise role in the 
ventricles is yet unclear.

Short QT Syndrome

The short QT syndrome (SQTS) was introduced in 2001 by 
Gussak and colleagues after the first description of constantly 
shorter-than-normal QT intervals in one isolated case with 
syncope and sudden cardiac death at a young age, and three 
familial cases, of which one suffered from paroxysmal atrial fibril-
lation.59 In 2003, Gaita and colleagues associated persistent short 
QT intervals with syncope, ventricular fibrillation, and sudden 
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polymorphic ventricular tachycardia (CPVT), the Brugada  
syndrome (BrS), and familial atrial fibrillation (FAF) (see  
Table 51-1).3,11,75-78 The molecular genetics of these diseases 
are described in detail elsewhere in this book. In short, CPVT  
is characterized by syncope and sudden death due to  
exercise-induced (adrenergically mediated) bidirectional or  
polymorphic ventricular tachycardia, and is associated with  
mutations in RyR2-encoded cardiac ryanodine receptor/Ca2+-
release channel and CASQ2-encoded calsequestrin—proteins 
involved in Ca2+ homeostasis and excitation-contraction coupling 
in cardiac myocytes. The ventricular arrhythmias in CPVT  
may resemble arrhythmias observed in patients with LQT7.  
In 2006, a genetic study first identified mutations in KCNJ2 
in 3 of 11 unrelated patients (with normal QT intervals)  
who were clinically diagnosed with CPVT, suggesting  
phenotypic mimicry between CPVT and LQT7.75 However, the 
mutations were not studied experimentally. In 2009, a KCNJ2 
mutation, which was found in a patient with CPVT, was shown 
to induce loss-of-function of Kir2.1 channels by abrogating 
increase of IK1 upon PKA-dependent phosphorylation—not at 
baseline.76 This indicates that, at least some KCNJ2 mutations 
may cause CPVT by inducing IK1 loss-of-function during 
β-adrenergic stimulation by impairing Kir2.1 phosphorylation. 
However, the role of KCNJ2 mutations in CPVT should be 
further clarified.

In BrS, ventricular tachycardia and ventricular fibrillation are 
accompanied by characteristic coved-type ST segment (or J 
point) elevation in the right precordial ECG leads V1 to V3. BrS 
is traditionally linked to loss-of-function mutations in the cardiac 
Na+ channel, SCN5A. These mutations result in decreased INa 
during phase 0 of the cardiac action potential, which may allow 
the repolarizing transient outward K+ current (Ito) (active during 
action potential phases 0 and 1) to cause loss of the action poten-
tial plateau phase (by disabling the membrane potential to reach 
voltages required for L-type Ca2+ channels to activate). Because 
Ito is more expressed in the subepicardial myocytes, this is believed 
to aggravate transmural voltage gradients and provide a substrate 
for reentrant excitation waves. Consistent with this theory, muta-
tions in KCND3, encoding the α-subunit of the channel respon-
sible for Ito (Kv4.3), and KCNE3 and KCNE5, encoding β-subunits 
of the Ito channel, were recently discovered in unrelated patients 
with BrS.3 As expected, these mutations caused Ito gain-of-func-
tion when studied in vitro. It is interesting to note that mutations 
in KCNH2 may also be implicated in BrS. Two BrS-linked mis-
sense mutations in KCNH2 were shown to cause gain-of-function 
of the mutated Kv11.1 channels and, in computer simulation 
models, loss of the action potential dome in right ventricular 
subepicardial myocytes.77 More recently, a missense mutation in 
KCNJ8, encoding the α-subunit of the ATP-sensitive K+ channel 
(Kir6.1), was identified in patients with Brugada syndrome  
(and in two other patients with ventricular fibrillation and early 
repolarization pattern in the inferolateral ECG leads). The 
Kir6.1 channels are responsible for an inward-rectifying K+ 
current (IK-ATP) during hypoxia or ischemia, when intracellular 
ATP concentration or the ATP/adenosine diphosphate (ADP) 
ratio declines. However, the BrS-linked mutation in KCNJ8 
caused an increase in IK-ATP during normal conditions, probably 
as the result of reduced sensitivity of the mutated channels to 
intracellular ATP.78

Finally, several mutations in potassium channel genes are 
found in families or single cases with lone atrial fibrillation (i.e., 
atrial fibrillation at a relatively young age in the absence of 
cardiac structural abnormalities), including mutations in KCNQ1 
and KCNE5 (involved in IKs), KCNH2 and KCNE2 (involved in 
IKr), KCNE3 (involved in Ito), KCNJ2 (responsible for IK1), and 
KCNA5. 3,11 The KCNA5-encoded Kv1.5 channels conduct the 
ultra-rapidly activating delayed outward-rectifying K+ current 
(IKur), a repolarizing current present only in the atria. Generally, 

Short QT Syndrome Type 3

So far, two mutations in KCNJ2 are linked to SQT3. The D172N 
mutation, located in the transmembrane segment 1 of Kir2.1, was 
discovered in a 5-year-old girl and her father, both of whom 
displayed extremely short QT intervals.63 The second SQT3-
linked mutation (M301K, located in the C-terminus of Kir2.1) 
was found in an 8-year-old girl with markedly short QT inter-
vals.69 Both mutations caused larger outward IK1 at more positive 
potentials, indicating a larger contribution of IK1 to the terminal 
phase of action potential repolarization (because the membrane 
potential returns from depolarized levels to hyperpolarized 
levels).63,69 Indeed, computer modeling studies showed that 
increased outward IK1 results in shortening of the action potential 
duration as the result of abbreviation of the terminal phase of 
repolarization.63 These findings are in line with the asymmetric 
shape of the T wave in SQT3 patients with a rapid descending 
limb. In contrast, T waves in patients with SQT1 and SQT2 are 
symmetric.61,62

Sudden Infant Arrhythmia Death Syndrome

The term sudden infant death syndrome (SIDS), first introduced in 
1969, refers to the sudden death of an infant, younger than 1 year 
of age, which is unexpected by clinical history, and in which a 
thorough postmortem analysis and investigation of the death 
scene fail to identify an adequate cause of death.70 SIDS is 
believed to be a multifactorial disease, with multiple risk factors 
contributing to its development, including gender, age, and 
genetic variants (intrinsic), low birth weight and prematurity 
(developmental), supine sleeping position, mild infection, 
smoking or drug intake by parents, and socioeconomic status 
(extrinsic and/or environmental). Genetic variants associated 
with the occurrence of SIDS are mutations and polymorphisms 
in genes encoding for proteins involved in the autonomic nervous 
system, the immune system, fatty acid oxidation, and blood 
glucose regulation, and in genes encoding for the cardiac ion 
channels or their regulatory subunits.71

In 2001, a mutation in KCNQ1, previously linked to LQTS, 
was identified in an infant with SIDS.72 Ever since, numerous 
cohort studies and case reports, wherein mutation screening was 
performed in cardiac genes that were earlier linked to inheritable 
arrhythmia syndromes in adults, have related mutations in the 
following potassium channel encoding genes to SIDS: KCNQ1, 
KCNH2, KCNJ8 (encoding adenosine triphosphate [ATP]-sensi-
tive K+ current channels), KCNE1, and KCNE2.71 These muta-
tions often cause gating alterations that are expected to result in 
loss-of-function and/or gain-of-function.73 Indeed, some of these 
mutations are also found in adult patients with LQTS or SQTS.71 
It is interesting to note that in a large prospective study in a 
population of 44 596 neonates, 59 infants displayed markedly 
prolonged QTc duration (QTc ≥460 ms), of whom 16 had muta-
tions in potassium channel encoding genes (9 KCNQ1 mutations, 
6 KCNH2 mutations, 1 KCNE1 mutation, and 1 KCNE2 muta-
tion; with one infant carrying two mutations).74 Although the 
molecular pathogenesis of SIDS remains not well understood, on 
the basis of the previously mentioned findings, it is tempting to 
speculate that SIDS cases suffer from inheritable arrhythmia syn-
dromes (e.g., LQTS, SQTS), which, in conjunction with other 
intrinsic, developmental, and environmental risk factors, mani-
fest during early childhood.

Other Potassium Channel Diseases

Other inheritable arrhythmia syndromes that are linked to muta-
tions in potassium channel genes comprise catecholaminergic 
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ventricular electrical activity. However, additional studies are 
needed to explore the pathophysiological role of potassium 
channel mutations in the development of arrhythmias in CPVT, 
BrS, and FAF, and to develop clinically useful genotype-phenotype 
correlation, risk stratification strategies, and gene/mutation- 
specific therapies.

all these mutations cause gain-of-function of the corresponding 
currents, leading to shortening of atrial action potential dura-
tions, thereby facilitating the initiation of reentry.

In conclusion, identification of mutations in cardiac potassium 
channel genes in (often) isolated cases of CPVT, BrS, or FAF may 
emphasize the importance of these channels for normal atrial and 
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the cellular and ionic mechanisms underlying J wave syndromes. 
The clinical aspects are discussed in Chapter 96.

An ER pattern in the ECG, consisting of a distinct J wave or 
J point elevation, a notch or slur of the terminal part of the QRS, 
and an ST-segment elevation, is commonly seen in healthy young 
males and until recent years had been viewed as benign.15,16 Our 
observation in 2000 that an ER pattern in the canine coronary-
perfused wedge preparation can readily convert to one in which 
phase 2 reentry gives rise to polymorphic ventricular tachycardia/
ventricular fibrillation (VT/VF) prompted us to suggest that ER 
in some cases may predispose to malignant arrhythmias in the 
clinic.8,17,18

A number of case reports and experimental studies have sug-
gested a critical role for the J wave in the pathogenesis of idio-
pathic ventricular fibrillation (IVF).19-28 A definitive association 
between ER pattern and IVF was reported in two studies pub-
lished in New England Journal of Medicine in 2008.29,30 These 
publications were followed by another study from Viskin and 
coworkers31 that same year and by large population association 
studies in 2009 and 2010.32-36 As is discussed in Chapter 96, a 
number of case-control and population-based studies appeared 
between 2010 and 2012, confirming the association between ER 
and IVF. It is interesting to note that recent studies have reported 
that the prevalence of inferior and anterior, but not lateral, ER 
is significantly greater among patients who developed VT/VF 
within 72 h after an acute myocardial infarction.37-40

A strong male predominance is observed with all of the J wave 
syndromes,8 including BrS.41 Experimental and clinical studies 
have provided evidence in support of the hypothesis that testos-
terone plays an important role in ventricular repolarization. 
Ezaki and coworkers42 demonstrated that ST-segment elevation 
is relatively small and is similar in males and females before 
puberty. After puberty, ST-segment elevation in males, but not 
in females, increases sharply, more so in the right precordial 
leads, subsequently decreasing gradually with advancing age. The 
effect of androgen-deprivation therapy on the ST segment was 
evaluated in 21 prostate cancer patients. Androgen-deprivation 
therapy significantly decreased ST-segment elevation. These 
results suggest that testosterone modulates the early phase of 
ventricular repolarization and thus ST-segment elevation.

We recently suggested a classification scheme for ER based 
on the data available in the literature in 2010 (Table 52-1).8 An 
ER pattern manifest exclusively in the lateral precordial leads was 
designated as Type 1; this form is prevalent among healthy male 
athletes and is thought to be associated with a relatively low level 
of risk for arrhythmic events. The ER pattern in the inferior or 
inferolateral leads was designated as Type 2; this form is thought 
to be associated with a moderate level of risk. Finally, an ER 
pattern appearing globally in the inferior, lateral, and right pre-
cordial leads was labeled Type 3; this form is associated with the 
highest level of risk and in some cases has been associated with 
electrical storms.8 Type 3 ER patterns may be very similar to 
those of Type 2, exhibiting inferolateral ER, except for brief 
periods just before the development of VT/VF, when pronounced 
J waves are also observed in the right precordial leads.43 BrS 
represents a fourth variant in which ER is limited to the right 
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Definition and Clinical Characteristics  
of the J Wave Syndromes

The J wave is a positive deflection in the electrocardiogram 
(ECG) that occurs at the junction between the QRS complex and 
the ST segment, also known as the J point. Because much of the 
J wave is typically hidden inside the QRS, it may manifest as a J 
point elevation, a slurring of the terminal part of the QRS, or a 
late delta wave following the QRS. When it becomes more accen-
tuated, it may appear as a small secondary R wave (R′) or ST 
segment elevation (Figure 52-1).

The J wave or elevated J point has been recognized in the 
ECG of humans and animals since the early 1930s. It was first 
described by Tomaszewski1 in 1938 in an accidentally frozen 
human. The J wave has also been termed an Osborn wave after 
Osborn’s description of the wave in hypothermic dogs.2

In both humans and animals, the appearance of a prominent 
J wave in the ECG is pathognomonic of hypothermia3-5 and 
hypercalcemia6,7 and, more recently, as a marker for a substrate 
capable of generating life-threatening ventricular arrhythmias.8 
A distinct J wave has been described in the ECG of subjects 
completely recovered from hypothermia9,10 and those predis-
posed to idiopathic ventricular fibrillation, but is otherwise rarely 
observed in humans under normal conditions. A distinct J wave 
is commonly observed under baseline conditions in the ECG of 
some animal species, such as dogs and baboons, and is greatly 
accentuated under hypothermic conditions.11-13 An elevated J 
point, on the other hand, is commonly encountered in humans 
and in some animal species under normal conditions.

The term early repolarization (ER) to the best of our knowl-
edge was coined by Grant et al14 to describe ST-segment devia-
tions and associated T wave changes and was thought to result 
from premature repolarization. The ER pattern in the ECG in 
recent years has been shown to be associated with life-threatening 
arrhythmias, describing an entity that we termed early repolariza-
tion syndrome (ERS). Although Brugada syndrome (BrS) and ERS 
differ with respect to the magnitude and lead location of abnor-
mal J wave manifestation, they are thought to represent a con-
tinuous spectrum of phenotypic expression termed J wave 
syndromes.8 In this chapter, we discuss the genetic basis for and 



512 MOLECULAR GENETICS AND PHARMACOGENOMICS

Figure 52-1.  Cellular Basis for Diversity in the Manifestation of the Early Repolarization Pattern in the ECG Each panel shows transmembrane 
action potentials recorded from the epicardial and endocardial regions of an arterially perfused canine ventricular wedge preparation and a transmural electrocardiogram 
(ECG) simultaneously recorded. Under the conditions indicated, the six panels illustrate the cellular basis for a J point elevation, a distinct J wave, slurring of the terminal 
part of  the QRS, combined J wave and ST-segment elevation, and a very prominent J wave appearing as an ST-segment elevation and giving rise to a brief episode of 
polymorphic ventricular tachycardia (VT). 
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J wave syndromes

Inherited Acquired

ER In Lateral 
Leads
ERS Type 1

ER in Inferior or 
Inferolateral Leads
ERS Type 2

Global ER
ERS Type 3

Brugada 
Syndrome

Ischemia-
Mediated 
VT/VF

Hypothermia-
Mediated VT/VF

Anatomic location Anterolateral left 
ventricle

Inferior left ventricle Left and right 
ventricles

Right 
ventricle

Left and right 
ventricles

Left and right 
ventricles

Leads displaying
J point/J wave 

I, V4-V6 II, III, aVF Global V1-V3 Any of 12 leads Any of 12 leads

Response of J wave/
ST elevation to:

N/A

N/A

N/A

N/A

Male Male Male Male Male89,90 Either gender

Bradycardia or pause

Na+ channel blockers

Sex Dominance

VT/VF Rare
Common in healthy 

athletes15,16,50

Yes23,29 Yes, electrical 
storms30,65 

Yes Yes Yes

Response of quinidine 
to:

Limited data 91

J wave /ST elevation
VT/VF 

Response of 
isoproterenol to:
J wave /ST elevation
VT/VF 

Limited data N/A N/A

ER, Early repolarization; ERS, early repolarization syndrome; N/A, not available; VF, ventricular fibrillation; VT, ventricular tachycardia.
Modified from Antzelevitch C, Yan GX: J wave syndromes. Heart Rhythm 7:549–558, 2010.

Table 52-1. J Wave Syndromes: Similarities and Differences

precordial leads. Within each category, the level of risk appears 
to increase in accordance with the presence of additional electro-
cardiographic signatures, including a horizontal or declining ST 
segment following the J wave or J point elevation,35,44,45 relatively 
short QT intervals,46 and very prominent J waves or J point eleva-
tion, which may appear as a coved-type ST-segment elevation 
(Box 52-1). Risk stratification strategies for BrS and ERS are 
discussed more fully in Chapter 96.

Cellular Basis for the J Wave and Associated 
Arrhythmogenesis

Transmural differences in the magnitude of the action potential 
notch have long been recognized as the basis for inscription of 
the electrocardiographic J wave.47,48 The ventricular epicardial 
(Epi) action potential (AP), particularly in the right ventricle 
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heterogeneous, resulting in marked abbreviation of action poten-
tial at some sites but not at others. The dome can then propagate 
from regions at which it is maintained to regions where it is lost, 
giving rise to a very closely coupled extrasystole via phase 2 
reentry (Figure 52-4, D).57 The phase 2 reentrant beat is capable 
of initiating polymorphic VT or VF (Figure 52-4, E, F).

Although most studies point to the pathophysiology of BrS as 
caused by repolarization abnormalities, secondary to accentua-
tion of the notch in the early phases of the AP, recent data suggest 
that the possibility of delayed depolarization in the right ven-
tricular outflow tract in some cases may provide the principal 
substrate of the ST-segment elevation or J waves associated with 

Figure 52-2.  Effect of Ventricular Activation Sequence and Tempera-
ture on the Manifestation of the J Wave in the Pseudo-ECG 
Recorded for Coronary-Perfused Canine Right Ventricular Wedge 
Preparations A, When the wedge preparation is stimulated from the endocardial 
(Endo) surface, a J wave on the electrocardiogram (ECG) is temporally aligned with 
the  Ito-mediated  epicardial  action  potential  notch.  B,  When  the  preparation  is 
paced from the epicardial surface, the epicardial action potential notch is coinci-
dent with  the QRS, and a  J wave  is no  longer observed. C and D, Hypothermia-
induced  J  wave.  Each  panel  shows  transmembrane  action  potentials  from  the 
epicardial and endocardial regions of an arterially perfused canine left ventricular 
wedge and a transmural ECG simultaneously recorded. C, Because of the smaller 
notch  in  the  left  ventricular  (LV) epicardium, a distinct  J wave  is not  seen under 
baseline  conditions.  The  small  action  potential  notch  in  epicardium  but  not  in 
endocardium is associated with an elevated J point at the R-ST junction (arrow) at 
36° C.  D,  A  decrease  in  the  temperature  of  the  perfusate  to  29° C  results  in  an 
increase  in the amplitude and width of the action potential notch  in epicardium 
but not endocardium, leading to the development of a transmural voltage gradient 
that manifests as a prominent J wave on the ECG (arrow). 

(Modified from Antzelevitch C, Yan GX: J wave syndromes. Heart Rhythm 7:549–558, 2010.)
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Box 52-1 Risk Stratification of Patients With Early 
Repolarization (ER) Pattern: Who Is at Risk?

1. Association of ER pattern with sudden cardiac death (SCD), 
unexplained syncope, or unexplained family history of 
SCD.

2. J point or ST-segment elevation of 0.2 mv or greater in 
inferior and inferolateral or global leads.

3. Transient J wave augmentation portends a high risk for 
ventricular fibrillation in patients with ER.

4. Appearance of distinct and prominent J waves.
5. Association of ER pattern with abbreviated QT intervals.
6. Association with horizontal or descending ST segment.
7. Appearance of closely coupled extrasystoles.
8. Hyperpnea-induced ventricular tachycardia (vT)/

ventricular fibrillation (vF).

outflow tract, displays a prominent transient outward current 
(Ito)-mediated action potential notch or spike and dome morphol-
ogy. The presence of a prominent Ito-mediated action potential 
notch in ventricular epicardium but not endocardium leads to the 
development of a transmural voltage gradient that manifests as a 
J wave or J point elevation on the ECG. Direct evidence in 
support of this hypothesis was first acquired in the arterially 
perfused canine ventricular wedge preparation,20 as illustrated in 
Figures 52-1 and 52-2. Modulation of the notch amplitude, 
whether due to hypothermia (Figure 52-2, C and D) or due to 
changes in activation rate or to prematurity (Figure 52-3), gives 
rise to parallel changes in the amplitude of the J wave. Factors 
that influence Ito kinetics or ventricular activation sequence 
(Figure 52-2, A, B) can modify the manifestation of the J wave 
on the ECG. Whether reduced by Ito blockers such as 
4-aminopyridine, quinidine, or premature activation; or aug-
mented by exposure to hypothermia, ICa and INa blockers, or Ito 
agonists such as NS5806 or IK-ATP agonists, changes in the mag-
nitude of the epicardial action potential notch parallel those of 
the J wave or J point elevation (see Figure 52-1).49-52

Augmentation of net repolarizing current, whether secondary 
to a decrease in inward current or an increase in outward current, 
accentuates the notch leading to augmentation of the J wave or 
appearance of ST-segment elevation. A further increase in net 
repolarizing current can result in partial or complete loss of the 
action potential dome, leading to a transmural voltage gradient 
that manifests as an accentuated J wave or an ST-segment eleva-
tion.18,49,50 In regions of the myocardium exhibiting a prominent 
Ito, such as the epicardium of the right ventricular outflow tract 
(RVOT), marked accentuation of the action potential notch leads 
to a very pronounced J wave, generally referred to as a coved-type 
or Type 1 ST-segment elevation, which is diagnostic of BrS when it 
appears in the right precordial leads (Figure 52-4, B). When this 
pronounced manifestation appears in the inferior or lateral leads, 
it is sometimes referred to as a variant of BrS, but in our view it 
is best characterized as a more pronounced manifestation of ER.

Additional outward shift of the net current active during the 
early phase of the AP can lead to loss of the AP dome (APD), thus 
creating dispersion of repolarization between epicardium and 
endocardium as well as within epicardium, between the region 
where the dome is lost and regions at which it is maintained 
(Figure 52-4, C). Sodium channel blockers like procainamide, 
pilsicainide, propafenone, flecainide, and disopyramide cause a 
further outward shift of current flowing during the early phases of 
the action potential, and therefore are effective in inducing or 
unmasking ST-segment elevation in patients with concealed J 
wave syndromes.53-55 Sodium channel blockers like quinidine, 
which also inhibits Ito, reduce the magnitude of the J wave and 
normalize ST-segment elevation.18,56 Loss of the APD is usually 
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Clinical Correlates

In patients with BrS or ERS, the manifestation of the J wave or 
ER is dynamic,27,61,62 likely as the result of autonomic influences. 
The most prominent ECG changes appear just before the onset 
of VT/VF.20-27,43,61,62 Other ECG characteristics of ERS also 
closely match those of BrS, including the presence of accentuated 
J waves, ST-segment elevation, pause and bradycardia, depen-
dence, and short coupled extrasystole-induced polymorphic VT/
VF (Table 52-2). Vagally mediated accentuation of the ECG and 
arrhythmic manifestations of BrS have long been appreci-
ated.61,63,64 In both BrS and ERS, bradycardia accentuates 
ST-segment elevation, and tachycardia tends to normalize the ST 
segment. VF often occurs near midnight or in the early morning 
hours, when heart rate is slower and parasympathetic tone is 
augmented.23,65

BrS.58,59 The repolarization versus depolarization hypothesis con-
troversy has been documented as a point-counterpoint.60

The net outward shift of current may extend beyond the 
action potential notch causing depression of the epicardial action 
potential dome, thus leading to both ST-segment elevation and 
an accentuated J wave. Activation of the adenosine triphosphate 
(ATP)-sensitive potassium current (IK-ATP) or depression of the 
inward calcium channel current (ICa) can effect such a change 
(Figure 52-5, A, B). This is more likely to manifest in the ECG 
as an ER pattern consisting of a J point elevation, slurring of the 
terminal part of the QRS, and mild ST-segment elevation. The 
ER pattern facilitates loss of the dome secondary to agents or 
conditions that produce a further outward shift of net current, 
leading to the development of ST-segment elevation, phase 2 
reentry, and VT/VF (Figure 52-5, C). Inhibition of Ito shifts net 
current in the inward direction, thus normalizing the ST segment 
and suppressing the J wave and arrhythmic manifestation.

Figure 52-3.  Effect of Premature Stimulation on the Relationship Between Epicardial (Epi) Action Potential (AP) Notch (APN) Amplitude 
and J Wave Amplitude A, Simultaneous recording of a transmural electrocardiogram (ECG) and transmembrane APs from the Epi and endocardial (Endo) regions of 
an isolated arterially perfused right ventricular wedge. A significant APN in epicardium is associated with a prominent J wave (arrow) during basic stimulation (S1-S2: 4000 ms). 
Premature stimulation (S1-S2: 300 ms) causes a parallel decrease in the amplitude of Epi APN and that of the J wave (arrow). B, Plot of the amplitudes of the Epi APN (open 
circles) and the J wave (open squares) as a function of the S1-S2 interval. The amplitude of the Epi APN and that of the J wave are normalized to the value recorded at an 
S1-S2 interval of 900 ms. 

(Modified from Yan GX, Antzelevitch C: Cellular basis for the electrocardiographic J wave. Circulation 93:372–379, 1996.)
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Table 52-2. Features Common to Brugada (BrS) and Early Repolarization Syndromes (ERS) and Possible Underlying Mechanisms

BrS ERS Possible Mechanism(s)

Region associated with highest arrhythmic risk RvOT Inferior myocardium Increased levels of Ito

Male predominance Yes (75%) Yes (80%) Testosterone modulation of ion currents 
underlying the epicardial AP notch

Average age of first event 40 42

Dynamicity of ECG High High Autonomic modulation of ion channel currents 
underlying early phases of the epicardial AP

vT/vF trigger Short-coupled PvC Short-coupled PvC Phase 2 reentry

Ameliorative response to quinidine Yes Yes Inhibition of Ito and possible vagolytic effect

Ameliorative response to isoproterenol and 
cilostazol

Yes Yes Increased ICa and faster heart rate

Ameliorative response to pacing Yes Yes Reduced availability of Ito due to slow recovery 
from inactivation

vagally mediated accentuation of ECG pattern Yes Yes Direct effect to inhibit ICa and indirect effect to 
increase Ito (due to slowing of heart rate)

AP, Action potential; ECG, electrocardiogram; Ica, inward calcium channel current; Ito, inward calcium channel current; RVOT, right ventricular outflow tract; AP, action 
potential; PVC, premature ventricular contraction; VF, ventricular fibrillation; VT, ventricular tachycardia.
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slowing of transmural conduction, so that the J point shifts to a 
lower position on the terminal part of the QRS.69

Genetics of J Wave Syndromes

BrS has been associated with mutations in 12 different genes (see 
Table 52-3). More than 300 mutations in SCN5A (Nav1.5, BrS1) 
have been reported in 11% to 28% of BrS probands.70-72 Muta-
tions in CACNA1C (Cav1.2, BrS3), CACNB2b (Cavβ2b, BrS4), 
and CACNA2D1 (Cavα2δ, BrS9) are found in approximately 13% 
of probands.73,74 Mutations in the glycerol-3-phophate dehydro-
genase 1–like enzyme gene (GPD1L, BrS2), SCN1B (β1-subunit 
of Na channel, BrS5), KCNE3 (MiRP2, BrS6), SCN3B (β3-
subunit of Na channel, BrS7), KCNJ8 (BrS8), and KCND3 

Recent studies have found that the arrhythmic manifestations 
of ERS may be provoked by vagal maneuvers such as hyperpnea.66 
It is interesting to note that there is a higher prevalence of an ER 
pattern in patients with spinal cord injury at levels of injury that 
disrupt central sympathetic command of the heart (at the level of 
C5 to C6), resulting in enhanced vagal tone and/or reduced 
sympathetic tone.67

Suppression of ECG features by isoproterenol or pacing in 
ER patients further supports the thesis that they share common 
underlying electrophysiological abnormalities with BrS patients.43 
However, salient diagnostic features of BrS such as provocation 
by sodium channel blockers or positive signal averaged ECG are 
rarely observed in ERS patients.30,43 An exception to this rule 
appears to apply to ERS associated with SCN5A mutations.68 
Kawata and coworkers showed that sodium channel blockers 
attenuate ER in patients with ERS apparently as the result of 

Figure 52-4.  Cellular Basis for Electrocardiographic and Arrhythmic Manifestation of Brugada Syndrome (BrS) Each panel shows transmembrane 
action potentials (APs) from one endocardial (Endo) (top) and two epicardial (Epi) sites, together with a transmural electrocardiogram (ECG) recorded from a canine coronary-
perfused right ventricular wedge preparation. A, Control (basic cycle length = 400 ms). B, Combined sodium and calcium channel block with terfenadine (5 µM) accentuates 
the Epi AP notch, creating a transmural voltage gradient that manifests as an exaggerated J wave or ST-segment elevation in the ECG. C, Continued exposure to terfenadine 
results  in all-or-none repolarization at the end of phase 1 at some Epi sites but not others, creating a local Epi dispersion of repolarization (EDR), as well as a transmural 
dispersion of repolarization (TDR). D, Phase 2 reentry occurs when the Epi AP dome propagates from a site where it is maintained to regions where it has been lost, giving 
rise to a closely coupled extrasystole. E, Extrastimulus (S1-S2 = 250 ms) applied to the epicardium triggers a polymorphic ventricular tachycardia (VT). F, Phase 2 reentrant 
extrasystole triggers a brief episode of polymorphic VT. 

(Modified from Fish JM, Antzelevitch C: Role of sodium and calcium channel block in unmasking the Brugada syndrome. Heart Rhythm 1:210–217, 2004.)
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Table 52-4. Genetic Basis of Early Repolarization Syndrome (ERS)

Locus Ion Channel Gene/Protein % of Probands

ERS1 12p11.23 IK-ATP KCNJ8, Kir6.1

ERS2 12p13.3 ICa CACNA1C, CaV1.2 4.1

ERS3 10p12.33 ICa CACNB2b, Cavβ2b 8.3

ERS4 7q21.11 ICa CACNA2D1, Cava2d 4.1

ERS5 12p12.1 IK-ATP ABCC9, SUR2A

ERS6 3p21 INa SCN5A, NaV1.5

Causative Genes

Locus Ion Channel Gene/Protein % of Probands

BrS1 3p21 INa SCN5A, Nav1.5 11-28

BrS2 3p24 INa GPD1L Rare 

BrS3 12p13.3 ICa CACNA1C, Cav1.2 6.6

BrS4 10p12.33 ICa CACNB2b, Cavβ2b 4.8

BrS5 19q13.1 INa SCN1B, Navβ1 1.1

BrS6 11q13-14 Ito KCNE3, MiRP2 Rare 

BrS7 11q23.3 INa SCN3B, Navβ3 Rare 

BrS8 12p11.23 IK-ATP KCNJ8, Kir6.1 2

BrS9 7q21.11 ICa CACNA2D1, Cavα2d 1.8

BrS10 1p13.2 Ito KCND3, Kv4.3 Rare

BrS11 17p13.1 INa MOG1 Rare

BrS12 12p12.1 IK-ATP ABCC9, SUR2A Rare

Modulatory Genes

15q24-q25 If HCN4

7q35 IKr KCNH2, HERG

Xq22.3 Ito KCNE5 (KCNE1-like)

Table 52-3. Genetic Basis of Brugada Syndrome (BrS)

(BrS10) are more rare.75-80 Mutations in these genes lead to loss-
of-function in INa and ICa, as well as to gain-of-function in Ito or 
IK-ATP. MOG1 was recently described as a new partner of NaV1.5, 
playing a role in its regulation, expression, and trafficking. A 
missense mutation in MOG1 was also associated with BrS 
(BrS11).81 Mutations in KCNH2, KCNE5, and HCN4, although 
not causative, have been identified as capable of modulating the 
substrate for the development of BrS (Table 52-3).82-84 Loss-of-
function mutations in HCN4 causing a reduction in the pace-
maker current, If, have the potential to unmask BrS by reducing 
heart rate.84

The genetic basis for ERS is gradually coming into focus. The 
familial nature of the ER pattern has been demonstrated in a 
number of studies.34,85,86 In the Framingham Heart Study, siblings 
of ER subjects were twice as likely to have ER than non-ER 
subjects (odds ratio [OR] 2.22; P < .05). In another study of more 
than 500 British families, ER was more than twice as likely to 
occur in children (OR 2.54; P = .005) if one of the parents had 
an ER pattern in the ECG.34,85

ERS has been associated with mutations in six genes (Table 
52-4). Consistent with the findings that IK-ATP activation can 

generate an ER pattern in canine ventricular wedge preparations, 
a rare variant of KCNJ8, responsible for the pore-forming subunit 
of the IK-ATP channel, has recently been reported in patients with 
ERS as well as BrS.78,87,88 Recent studies from our group have also 
identified loss-of-function mutations in the α1 and β2 and α2δ 
subunits of the cardiac L-type calcium channel (CACNA1C, 
CACNB2, and CACNA2D1) in patients with ERS.74 The most 
recent addition to the genes associated with ERS is SCN5A, the 
gene that encodes the α-subunit of the cardiac sodium channel. 
Watanabe and coworkers reported loss-of-function mutations in 
SCN5A in patients with VT associated with the ER pattern.68 It 
appears that SCN5A mutations are associated with a Type 3 ERS, 
in which a J point or an ST-segment elevation is present in the 
right precordial leads and in the inferior and lateral leads under 
baseline conditions or after a sodium block challenge.68

Our working hypothesis concerning the mechanism underly-
ing electrocardiographic and arrhythmic manifestations of the J 
waves is that an outward shift in repolarizing current due to a 
decrease in sodium or calcium channel currents or an increase in 
outward currents, including Ito, IK-ATP, and IK-ACh, gives rise to both 
the substrate and the trigger of BrS and ERS (Figure 52-6). The 
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prominent J waves that predispose to the development of VT/
VF.8 The substrate involves a dispersion of repolarization both 
within the epicardium and transmurally between the epicardium 
and the endocardium, whereas the trigger is likely due to phase 
2 reentry, which develops as a result of the dome at some epicar-
dial sites, but not others.

In patients with BrS, the appearance of prominent J waves is 
limited to the leads facing the right ventricular outflow tract, 
where Ito is thought to be most prominent. The more prominent 
Ito in the right ventricular epicardium provides for a greater 
outward shift in the balance of current, which promotes the 
appearance of the J waves in this region of the ventricular myo-
cardium. In the case of ERS, the appearance of prominent J waves 
may occur in other regions of the heart because of an outward 
shift in the balance of current in these regions secondary to an 
increase in outward current (e.g., Ito, IK-ATP) or a decrease in 
inward current (e.g., ICa, INa).

Differentiating J Wave Deflections Caused by 
Conduction vs. Repolarization Defects

Perturbations of the terminal phase of the action potential gener-
ally referred to as J waves can arise from repolarization or depo-
larization abnormalities. When due to the latter, the apparent J 
wave is expected to appear as a notch interrupting the terminal 
part of the QRS, with little or no ST-segment elevation. A simple 
way to distinguish between the two mechanisms is to examine the 
effect of rate or atrial premature beats. When due to delayed 
conduction, the notched appearance should become progres-
sively more accentuated with acceleration of rate or prematurity, 
and when due to repolarization problems, the amplitude of the J 
wave should gradually diminish. These different responses are 
due to the fact that delayed conduction almost invariably becomes 
more accentuated at faster rates or with prematurity, whereas the 
Ito-mediated action potential notch diminishes as the result of 
insufficient time for Ito to reactivate.

Figure 52-5.  Cellular Basis for the Early Repolarization Syndrome 
(ERS) A, Surface electrocardiogram (ECG) (lead V5) recorded from a 17-year-old 
healthy African American male. Note the presence of a small J wave and marked 
ST-segment elevation. B, Simultaneous recording of transmembrane action poten-
tials  (APs)  from  epicardial  (Epi)  and  endocardial  (Endo)  regions  and  a  transmural 
ECG in an isolated arterially perfused canine left ventricular wedge. A J wave in the 
transmural ECG is manifest because of the presence of an AP notch in epicardium 
but not endocardium. Pinacidil (2 µM), an adenosine triphosphate (ATP)-sensitive 
potassium  channel  opener,  causes  depression  of  the  AP  dome  in  epicardium, 
resulting in ST-segment elevation in the ECG, resembling the ERS. C, ATP-sensitive 
potassium current (IK-ATP) activation in the canine right ventricular wedge prepara-
tion using 2.5 µM pinacidil produces heterogeneous  loss of the AP dome in epi-
cardium,  resulting  in  ST-segment  elevation,  phase  2  reentry,  and  ventricular 
tachycardia or ventricular fibrillation (VT/VF) (Brugada syndrome [BrS] phenotype). 
D, The Ito blocker, 4-aminopyridine (4-AP), restored the Epi AP dome, reduced both 
transmural and Epi dispersion of  repolarization, normalized  the ST segment, and 
prevented phase 2 reentry and VT/VF in the continued presence of pinacidil. 

(Modified from Antzelevitch C, Yan GX: J wave syndromes. Heart Rhythm 7:549–558, 
2010.)
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Figure 52-6.  J Wave Syndromes Schematic depicting our working hypothesis 
that an outward shift in repolarizing current due to a decrease in sodium or calcium 
channel  currents  or  an  increase  in  transient  outward  current  (Ito),  ATP-sensitive 
potassium current (IK-ATP), or IK-ACh, or other outward currents, can give rise to accen-
tuated  J  waves  associated  with  the  Brugada  syndrome  and  early  repolarization 
syndrome. Both are thought to be triggered by closely coupled phase 2 reentrant 
extrasystoles,  but  in  the  case  of  early  repolarization  syndrome  (ERS),  a  Purkinje 
source of ectopic activity is also suspected. 

(Modified from Antzelevitch C, Yan GX: J wave syndromes. Heart Rhythm 7:549–558, 
2010.)
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particular phenotype (BrS vs. ERS) depends on the part of the 
heart that is principally affected and the ion channels involved. 
We view the J wave syndromes as a spectrum of disorders that 
involve accentuation of the epicardial action potential notch in 
different regions of the heart, leading to the development of 
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extrudes one Ca2+ ion (two positive charges) for every three Na+ 
ions (three positive charges) that are transferred into the cell. 
Thus, NCX generates a net inward depolarizing current, the 
transient inward current—Iti. In physiological conditions, 
SERCA is responsible for approximately 63% of calcium removal, 
and NCX mediates the remaining 37%.11 However, NCX 
becomes important to remove Ca2+ in any condition of calcium 
overload (e.g., in patients with genetic mutations of the RyR2 
gene [CPVT] and during heart failure).11 Excessive activation of 
NCX can be arrhythmogenic.

Sarcoplasmic Reticulum Ca2+ Release Threshold 
and the Adrenergic Signaling

Activation of the adrenergic nervous system, mainly through 
β-adrenergic receptors, has profound effects on calcium han-
dling, and it is often the initiator of calcium-mediated arrhyth-
mogenesis.12 Adrenergic activation has two major effects on 
calcium handling: the enhancement of the amplitude of the 
L-type calcium current (ICa) and the increase of SR Ca2+ levels 
induced through the activation of SERCA13. The latter is respon-
sible for an increase of Ca2+-transient amplitude. The effects of 
adrenergic activation can take place because of the phosphoryla-
tion target proteins14 induced by the activation of two enzymes 
with kinase activity: protein kinase A14 and Ca2+ calmodulin 
kinase II (CAMKII).15 Among the several target proteins, the 
adrenergic-dependent changes of Ca2+ handling are mainly due 
to the phosphorylation of L-type Ca2+ channel (increased current 
amplitude) phospholamban (removal of SERCA inhibition and 
increase of SR Ca reuptake) and RyR2 (increased open probabil-
ity and increased transients).16 Thus, protein phosphorylation is 
an important mechanism that enables adrenergic activation to 
enhance the SR calcium release. In physiological conditions, this 
response is useful to react to environmental stressors by improv-
ing myocardial contractility.

The importance of the adrenergic nervous system in the mod-
ulation of the function of the CRUs is highlighted by the evi-
dence that mutations in the genes encoding for three of its major 
components, the ryanodine receptor (RyR2), cardiac calsequestrin 
(CASQ2), triadin (TRDN) lead to a severe inherited arrhythmo-
genic syndrome characterized by life-threatening arrhythmias 
induced by adrenergic stimulation, namely catecholaminergic 
polymorphic ventricular tachycardia (CPVT). Recently, some 
authors have provided data supporting a causal link between RyR2 
mutations and the onset of structural cardiomyopathy. This 
chapter reviews the current evidences and pathophysiological 
knowledge on phenotypes associated with intracellular calcium 
handling proteins.

Phenotypes Associated With Mutation in Calcium 
Handling Proteins

CPVT is the most frequent phenotype associated with mutations 
involved in intracellular calcium handling. Three genes have 
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Overview of the Function of the  
Calcium-Handling System

Growing clinical and experimental evidence highlights the rele-
vance of cardiac calcium handling in the pathogenesis of inher-
ited arrhythmias.1 The control of Ca2+ fluxes in myocardial cells 
requires the timely coordination of several events that ultimately 
lead to contraction. Any perturbation of this process has the 
potential to determine an arrhythmogenic substrate.

The core events of Ca2+ ion movements in the myocardial cells 
are the opening of the L-type Ca2+ channels followed by the release 
of Ca2+ from the sarcoplasmic reticulum (SR) through the opening 
of the ryanodine receptors (RyR2).2 This process is called calcium-
induced calcium release (CICR).3 The L-type calcium channel 
(CaV1.2) activation is therefore the first step of CICR. CaV1.2 
belongs to the family of the voltage-gated calcium channels that 
are macromolecular complexes consisting of an ion conducting 
protein (the α1-subunit) and additional accessory peptides with 
regulatory function called α2δ, the β1-4, and γ subunits.4 Among the 
biophysical properties of voltage-dependent calcium current 
(ICa), the inactivation process is relevant to inherited arrhythmias 
(Timothy syndrome, see Chapter 95). Two components have been 
identified: voltage- (VDI) and Ca2+ (CDI)-dependent inactivation. 
The Ca2+-mediated component of inactivation is modulated by 
intracellular (cytosolic) concentration of calcium (Ca2+).

CaV1.2 channels tend to cluster in the T-tubules in close 
proximity with the ryanodine receptors sitting across the mem-
brane of the SR.5 CaV1.2 activation constitutes the signal for the 
activation of the RyR2. This latter event can be detected as a 
calcium transient, which is the sum of coordinated local releases 
that occur at specialized structures: the calcium release units 
(CRUs; Figure 53-1). One CRU is formed by clusters of RyR2 
receptors that are in close proximity to L-type Ca2+ channels in 
the T-tubules.6 CRUs also include cardiac calsequestrin (CASQ2), 
triadin (TRDN), and junctin (JTC) that contribute to the control 
of the calcium release process. These peptides form a macromo-
lecular complex that acts in coordination to control Ca2+ release. 
The number of CRUs recruited for release at each cardiac cycle 
is an important modulator of the systolic Ca2+ transient ampli-
tude,7,8 and the loss of integrity of CRU is part of the pathophysi-
ology of CPVT.9

During the relaxation phase, SR Ca2+ release terminates, and 
Ca2+ is taken up in the SR by the SR Ca2+-ATPase (SERCA) or 
extruded from the cell by the Na+/Ca2+ exchanger (NCX).10 NCX 
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however, 14% of CPVT patients harbor RyR2 mutations located 
outside these areas.21 Recent data suggest that there is no signifi-
cant difference of outcome of CPVT according to mutation  
site, including the outcome of the subgroup with mutations 
outside the canonical clusters.22 N, RyR2 mutations have been 
reported also in patients referred for idiopathic ventricular fibril-
lation and in relatives of subjects who died suddenly.23,24 Autoso-
mal recessive CPVT is rarely identified in the clinical setting. 
Combined estimated prevalence of the two recessive variants is 
approximately 5%.

been implicated in its pathogenesis (Table 53-1): ryanodine 
receptor (RyR2 [CPVT1]),17 cardiac calsequestrin (CASQ2 
[CPVT2]),18 and cardiac triadin (TRDN [CPVT3]).19 CPVT1 is 
an autosomal dominant trait, whereas CPVT2 and CPVT3  
are rare autosomal recessive disorders. In 2001, Priori et al17 
identified RyR2 as the gene responsible for the most frequent 
variant of CPVT. The prevalence of RyR2 mutations in patients 
with a clearly diagnostic phenotype is high (≈60% to 70%).20,21 
Mutations concentrate in three specific areas of the RyR2  
protein (amino acids 77-466, 2246-2534, and 3778-4967); 

Figure 53-1.  Schematic representation of CRU and CPVT gene  localization. The figure depicts a schematic representation of a T-tubule with the LTCC sitting across the 
plasmalemma juxtaposed to the RyR2/CASQ2/TRND/JTC macromolecular complex from the SR side. The SR component of CRU is involved in CPVT pathogenesis. CASQ2, 
cardiac  calsequestrin;  CPVT,  catecholaminergic  polymorphic  ventricular  tachycardia;  CRU,  calcium  release  unit;  JTC,  junctin;  LTCC,  L-type  calcium  channel;  RyR2,  cardiac 
ryanodine receptor; SR, sarcoplasmic reticulum; TRDN, triadin. 

Plasma
membrane

CaV 1.2

TRDN

JTC

Sarcoplasmic
reticulum

CASQ2

T-tubule

RyR2

FKBP12.6

CPVT1 – RyR2
CPVT2 – CASQ2
CPVT3 – TRND

Table 53-1. CPVT Variants and Phenotypes

Variant Gene Chromosome Clinical Presentation
Arrhythmogenic 
Mechanism

Proposed Functional Consequence  
of Mutations

CPVT1 RyR2 1q43 Adrenergic-induced bidirectional 
ventricular tachycardia

Supraventricular tachycardia
Idiopathic ventricular fibrillation
Cardiomyopathy

DADs, triggered 
activity

Increased calcium sensitivity
domain unzipping channel instability 
owing to FKBB12.6 dissociation

Altered fractional release (associated with 
structural abnormalities)

CPVT2 CASQ2 1p13.3 Adrenergic-induced bidirectional 
ventricular tachycardia

Adrenergic-induced polymorphic 
ventricular tachycardia

Supraventricular tachycardia

DADs, triggered 
activity

Impaired luminal calcium sensitivity
Increased RYR2 channel open probability
Ultrastructural junctional SR abnormalities
Reduced expression levels of TRDN and JCT

CPVT3 TRDN 6q22.31 Polymorphic VT, unexplained sudden 
death

n/a* Reduced triadin expression and possibly 
CASQ2 expression (based on indirect 
evidence)

DAD, Delayed afterdepolarization; n/a, not available.
*Reduced TRDN expression is likely to result in a CPVT2-like phenotype.
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Clinical Manifestations and Management of CPVT

CPVT is a severe inherited arrhythmogenic disease manifesting 
with adrenergically mediated arrhythmias, often leading to 
syncope or cardiac arrest.17,23,25-27 Although the resting electrocar-
diogram is unremarkable, the reproducible inducibility of ven-
tricular tachycardia (VT) during exercise stress test is the hallmark 
of the disease. Most patients with CPVT show a bidirectional 
VT pattern characterized by beat-to-beat 180-degree rotation of 
the QRS axis (Figure 53-2)17,23,26; however, polymorphic tachy-
cardia or ventricular fibrillation may also be part of the picture.23,27 
This unstable, catecholamine-sensitive, substrate can lead to 
sudden death as the first manifestation of the disease in up to 
30% of cases.23 Symptoms suggesting the presence of arrhyth-
mias tend to manifest early in life (median age, 12 years), although 
later onset is possible. The development of palpitations and syn-
copal events during adrenergic stress is a critical element to 
suspect the diagnosis of CPVT, which is confirmed by the induc-
tion of bidirectional VT on an exercise stress test. In untreated 
patients, the occurrence of severe arrhythmias is approximately 
60% to 70%, and approximately 30% experience a cardiac arrest 
or sudden death upon first manifestation (see Figure 53-2).23,28 
CPVT patients typically present with structurally normal heart. 
However, some RyR2 mutations have been associated anecdotally 
with structural cardiomyopathies. One of the first reports on 
RyR2 gene mutations suggested an association with arrhythmo-
genic right ventricular cardiomyopathy (ARVC).29 More recently, 
other authors have reported preliminary data linking RyR2 with 
hypertrophic cardiomyopathy (HCM).30 Although careful scru-
tiny of these clinical reports does not establish a causal link, 
recent experimental findings suggest a mechanistic explanation 
as to why some RyR2 variants could in principle make the heart 
more prone to develop structural abnormalities (discussed later).

β-Adrenergic receptor block represents the first-choice thera-
peutic approach. The use of β-blockers is based on the evidence 
of the direct link between adrenergic activation and cardiac 
events in CPVT. Clinical data show that β-blockers have an effect 
on the natural history of CPVT by achieving a significant reduc-
tion of cardiac events. In this context, exercise stress testing is 

Figure 53-2.  Kaplan-Maier  curve  showing  the  cumulative  occurrence  of  cardiac 
arrest,  sudden death, or  ICD shocks  in patients with catecholaminergic polymor-
phic ventricular tachycardia (CPVT) in the absence of therapy. An example of bidi-
rectional  ventricular  tachycardia,  the  typical  CPVT  arrhythmia,  is  depicted  in  the 
inset. 
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important for dosage titration because the threshold for arrhyth-
mias in CPVT is reproducible. β-Blockers can prevent the onset 
of arrhythmia in 70% to 80% of cases.23,26 In addition, nonselec-
tive β-blockers (e.g., nadolol, propranolol) confer the highest 
degree of protection against the onset of VT and SCD. However, 
the nontrivial incidence of recurrent cardiac on optimal β-blocker 
dosage (approximately 30%)22 calls for the identification of addi-
tional therapeutic strategies. Implantable cardioverter defibrilla-
tor (ICD) implant, left cardiac sympathetic denervation, and 
other pharmacologic approaches have been proposed, and fle-
cainide appears to be the most promising strategy. Although the 
mechanisms for its effectiveness are debatable (discussed later), 
clinical data and personal experience suggest that flecainide 
affords additional protection when added to β-blockers in 
CPVT.31,32

Pathophysiology

Abnormalities of Calcium Handling in CPVT

From a mechanistic standpoint, similarities and significant differ-
ences exist among CPVT1-3 genetic variants. In all three forms 
of CPVT, arrhythmogenesis is a consequence of the occurrence 
of spontaneous calcium release (SCR; Figure 53-3). This term is 
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The use of cardiac myocytes derived from induced pluripotent 
stem cells (iPS) has been proposed recently as a means to study 
the consequences of mutations in cells derived directly from the 
affected patients and to overcome the limitation of preceding 
experimental models. Fatima et al.45 studied iPS-derived myo-
cytes from a carrier of the F2483I mutation. Calcium imaging 
studies showed that, in agreement with a CPVT phenotype, iPS-
derived myocytes from the patient with CPVT presented abnor-
mal spontaneous calcium transients. Upon administration of 
isoproterenol, the same cells had a negative chronotropic response 
similar to that observed in CPVT mice.46 This finding suggests 
that the myocytes obtained by these authors are indeed similar 
to nodal or embryonic automatic cells. The onset of DADs and 
increased Ca2+ sparks frequency during adrenergic stimulation 
was observed by Jung et al.47 in myocytes from a carrier of the 
S406L mutation. Overall, the data obtained in iPS-myocytes 
from CPVT patients confirm the data observed previously in 
other experimental models, although the limitations of this 
approach currently prevent significant steps in the understanding 
of CPVT pathophysiology.34

Additional functional studies have investigated the effects of 
RyR2 mutation in specific anatomical structures. It is known 
that Purkinje fibers are more susceptible to Ca2+ overload than 
ventricular muscle, possibly because of their greater sodium load 
and longer action potential duration. Recently, two groups 
reported that Purkinje fibers isolated from R4496C mutant mice 
display a greater propensity to develop intracellular Ca2+ han-
dling disorder than do ventricular myocytes, suggesting that 
focally activated arrhythmias might originate in the specialized 
electrical conducting cells of the His-Purkinje system in 
CPVT.48,49 Direct mapping of bidirectional VT using voltage 
sensitive dyes further supports this finding.50

The effect of the R4496C mutation, a typical CPVT muta-
tion, has also been investigated at the level of sinus node.46 The 
rational for this study is the possible presence of lower than 
normal heart rate in patients with CPVT.28 In sinus cells isolated 
from mice harboring the R4496C mutation, the study provided 
initial evidences for a reduced pacemaker activity and impaired 
chronotropic response under β-adrenergic stimulation. This 
decreased automaticity appears to be mediated by a Ca2+-depen-
dent decrease of ICa and sarcoplasmic reticulum Ca2+ depletion 
during diastole upon adrenergic activation.46

RyR2 Mutations and Cardiomyopathy
The possible link between RyR2 mutations and structural abnor-
malities has stimulated a recent experimental study.51 The authors 
compared mutations possibly causing ARVC and HCM and 
focused the attention not only on the threshold for SR Ca2+ 
release activation (affected in CPVT mutations), but also on the 
threshold for Ca2+ release termination. The two thresholds con-
tribute to define the fractional release (i.e., the amount of total 
SR Ca2+ released at each CICR cycle). This study showed that 
ARVC mutations cause reduced threshold for both activation and 
termination, with termination to a greater extent; this increased 
the fractional SR Ca2+ release, which is unaltered in RyR2-CPVT 
mutations.51 On the contrary the HCM-associated mutation 
A1107M induces a significant reduction of fractional release 
because of increased termination threshold. The authors con-
clude that mutations affecting termination threshold and frac-
tional release are associated with structural abnormalities, but 
they could not provide an explanation for why fractional release 
abnormalities should lead to rearrangements of the contractile 
machinery.51

Overall, the available evidence does not allow for a definitive 
conclusion on the suggested link between RyR2 mutations and 
specific cardiomyopathies, but it is possible that some mutants 
are associated with peculiar biophysical consequences that render 
the heart more prone to developing structural abnormalities.

used to refer to SR Ca2+ release events that are not driven by a 
stimulated action potential. Whenever an SCR occurs and the 
levels of Ca2+ in the sarcolemma increase, the NCX activates to 
extrude the excess of ions. As mentioned earlier, NCX activation 
generates the Iti current, which is the cause of the development 
of delayed afterdepolarizations (DADs)33 and transient mem-
brane depolarizations occurring during phase 4 of the action 
potential (see Figure 53-3). When DAD amplitude reaches the 
voltage threshold for sodium channel activation, triggered beats 
occur.

The effects of CPVT mutations have been analyzed in a 
variety of experimental settings, including lipid bilayer, heterolo-
gous expression systems, murine transgenic models, and in myo-
cytes derived from patient-specific induced pluripotent stem 
cells.34 The following sections outline the key concepts about 
arrhythmogenesis in each form of CPVT.

Ryanodine Receptor, Mutations, and CPVT
The RyR2 channel is a homotetramer; each subunit is formed by 
4967 amino acids with a long (≈4300 amino acids) N-terminal 
cytoplasmic domain.35 The last 500 amino acids at the C-terminal 
of RyR2 form the transmembrane segments encircling the 
channel pore. The regulation of RyR2 opening and closing 
(gating) is mainly controlled by Ca2+ levels at cytoplasmic and 
luminal SR sides, and it is facilitated when the Ca2+ concentration 
at either side increases.36,37 Therefore, RyR2 calcium sensitivity 
is an important physiological function that controls CICR. The 
majority of RyR2 mutations identified in CPVT patients cause 
increased calcium sensitivity (defined as “gain-of-function”).

Marks et al. showed that mutant RyR2 exhibits an increased 
sensitivity to cytosolic Ca2+ after protein kinase A phosphoryla-
tion. They also suggested that such change in sensitivity is due to 
an abnormal dissociation of FKBP12.6, a putative RyR2 stabiliz-
ing protein.38 During adrenergic stimulation, phosphorylation of 
RyR2 would promote SCRs by further dissociation of FKBP12.6 
with a consequent excessive increase of open probability.

An alternative (and strongly supported by the experimental 
evidence) hypothesis attributes a central role to the concept of 
SR threshold for calcium release. This mechanism is called store 
overload-induced Ca2+ release to highlight the idea of the tight 
interplay between SR calcium content and release threshold. 
Researchers have demonstrated that several mutations of the 
RyR2 channel cause a reduction of the threshold for Ca2+ release; 
on the contrary only few mutations are associated with a different 
sensitivity to cytosolic Ca2+ (i.e., they reduce the Ca2+ release 
threshold).9,39,40 In the context of a lowered SR threshold (the 
effect of the RyR2 mutation), β-adrenergic activation, which 
physiologically increases SR [Ca2+], greatly enhances the propen-
sity for SCR events because the threshold for release is reached 
more easily.

Yamamoto et al.41 have demonstrated that some mutations 
disrupt the three-dimensional conformation of the channel. They 
initially showed that the closed state of the RyR2 channel is 
stabilized by tight contacts between the central and N-terminal 
regions. The presence of a reduced “stickiness” of these regions 
is defined as “domain unzipping.” The same authors performed 
follow-up studies demonstrating that RyR2 mutations result in 
domain unzipping and enhance Ca2+ sensitivity, thus facilitating 
spontaneous Ca2+ release.42,43 The unzipping mechanism can 
complement the store overload-induced Ca2+ release hypothesis 
to provide a structural explanation of the reduced threshold for 
SR release.

Although there is still debate over the subcellular mechanisms 
of RyR2 mutations, animal models consistently show that DADs 
triggering action potentials12,44 is the cause of the onset of bidi-
rectional or polymorphic VTs. Adrenergic activation exacerbates 
the arrhythmogenic substrate, but the propensity for DAD and 
triggered beats can be observed even at baseline in isolated cells.12
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arrhythmias leading to fatalities is possible. Therefore, several 
investigators have attempted novel strategies to achieve better 
protection.

Remodulation of Abnormal Calcium Dynamics

Experimental evidence has elucidated the possible role of fle-
cainide65 on the basis of the observation that this drug reduces 
the durations of channel openings and disrupts the propagation 
of calcium waves. Thus, a direct effect on the RyR2 channel was 
postulated. Subsequent work challenged this concept by provid-
ing evidence that the most important action of flecainide in coun-
teracting a leaky RyR2 channel occurs through the sodium 
current inhibition and its negative bathmotropic effect.44 Indeed, 
flecainide does not inhibit SCRs, but it reduces the propensity 
for triggered beats.44 Although the mechanism is still debated, 
the clinical effectiveness of flecainide has been confirmed by 
independent investigators in small series.66,67 This approach 
should be considered in addition to β-blockers when insufficient 
protection is demonstrated. Theoretical studies and anecdotal 
clinical cases have also proposed a role for calcium channel block-
ers as a mean to remodulate calcium dynamics in CPVT,68,69 but 
a clear demonstration of effectiveness is lacking.

Calmodulin Kinase Pathway

Another interesting approach is that of inhibiting the effects of 
β-adrenergic stimulation by acting on the downstream targets of 
RyR2 phosphorylation. Calmodulin kinase (CAMKII) phosphor-
ylates the RyR2 at different sites. Moreover, CAMKII inhibition 
reduces ICa, diastolic Ca2+ leakage, and the Iti current.70 There 
is also evidence that a specific CAMKII inhibitor, KN93, could 
prevent arrhythmias both in vitro and in vivo.71

RyR2 Channel Stabilization

An increased FKBP12.6 dissociation could be one of the mecha-
nisms for arrhythmogenesis in the context of a mutant RyR2 
channel. Accordingly, pharmacologic enhancement or restora-
tion of FKBB12.6 binding might represent a way to revert CPVT 
arrhythmias. It has been shown that the FKBP12.6 knockout 
mouse model develops stress-induced arrhythmias mainly because 
of increased RyR2 open probability.38 In this model, the treat-
ment with the benzothiazepine compound K201 was able to 
restore FKBP12.6-RyR2 binding and to prevent arrhythmias.38 
Similar results were also observed directly in a CPVT knock-in 
mouse model harboring the R2474S mutation.72 More recently, 
S107 (a drug similar to K201) was found to inhibit the induc-
ibility of atrial fibrillation in other CPVT mouse models73; 
however, conflicting evidence has challenged these results. 
George et al.74 and Jiang et al.39 showed that mutant RyR2 could 
interact normally with FKBP12.6, and Liu et al.12 observed 
normal FKBP12.6 binding and no significant antiarrhythmic 
effect of K201 both in vivo and in vitro.

Gene Therapy

Restoration of a functionally normal gene function is clearly an 
attractive goal for genetic diseases. This approach has been 
attempted for autosomal recessive CPVT, and it was demon-
strated that infection of an adeno-associated viral (AAV) vector 
harboring wild type calsequestrin achieves long-term (at least  
3 months) reexpression of properly localized CASQ2 peptides.75 
In parallel, there was complete protection from adrenergically 

Calsequestrin and CPVT
CASQ2 is a 399 amino acid protein expressed at the level of the 
CRUs, where it acts as an intra-SR Ca2+ buffer and modulates 
RyR2 activity.52 At low Ca2+ levels (<0.6 mM) CASQ2 is present 
as a monomer. However, at Ca2+ levels between 0.6 and 3.0 mM, 
the protein starts to form dimers by N-terminal interactions. 
Further increase of SR Ca2+ concentration (>3 mM) induces 
CASQ2 polymerization by promoting additional binding through 
C-terminal interactions.

CASQ2 also modulates RyR2 via triadin and junctin.53 A total 
of fourteen CASQ2 CPVT-related mutations have been described. 
Functional characterization has shown multiple effects: reduced 
CASQ expression levels,54,55 impaired polymerization and buffer-
ing capacity,56,57 and reduced CASQ2-RyR2 binding with loss of 
RyR2 modulation.58,59 These mechanisms work in conjunction to 
generate SCRs and DADs and are further exacerbated upon 
adrenergic activation that induces triggered arrhythmias.

Although RyR2 Ca2+ sensitivity is directly proportional to 
SR-free Ca2+ content,3,60,61 the presence of CASQ2 mutations can 
increase RyR2 sensitivity by impairing the polymerization capac-
ity or by reducing the CASQ2 expression levels. Less clear is the 
role of calcium buffering properties, because SR calcium content 
was found to be either reduced or normal in CASQ2-deficient 
mice.55,62

Another interesting and puzzling effect of CASQ2 mutations 
is the presence of ultrastructural abnormalities. Loss of calse-
questrin causes a spectrum of ultrastructural changes at the SR 
level, detectable with electron microscopy. The chainlike polymer 
at the level of junctional SR (representing CASQ2 protein) is 
absent54,62; couplons are shorter or junctional SR is fragmented 
(Figure 53-4).

Whether these ultrastructural abnormalities have conse-
quences for, or are the cause of, Ca2+ releasing abnormalities is 
still a matter of debate; however, this peculiar feature makes 
recessive CPVT a form of ultrastructural cardiomyopathy. It is 
of considerable interest to note that ultrastructural abnormalities 
have also been observed in human cardiac myocytes harboring 
the D307H mutation derived from iPS.63 Electron microscopy 
has shown that CPVT myocytes present an immature morphol-
ogy with less-organized myofibrils, enlarged sarcoplasmic reticu-
lum cisternae, and a reduced number of caveolae.

Triadin and CPVT
Only one study reporting two small human TRND families exists 
in the literature.19 As a consequence, there is only scanty direct 
evidence of the functional consequences of mutations. Data from 
a TRDN null mouse have demonstrated the propensity toward 
adrenergically induced arrhythmias and, interestingly, ultrastruc-
tural abnormalities not dissimilar from that of CASQ2 mice.64 
Heterologous expression of the human TRDN-T59R mutant in 
COS-7 resulted in intracellular retention and degradation of the 
mutant protein.19 No calcium dynamics data are available, but 
given the tight physiological activity coordination among RyR2, 
CASQ2, and TRND, it is conceivable that the lack of triadin 
might produce an abnormal RyR2 open kinetics by altering SR 
calcium sensitivity and reducing the SR releasing threshold, as 
observed for CASQ2 mutants. The evidence of the tight interplay 
between CASQ and TRDN supports this hypothesis. Indeed, it 
is known that a reduction of CASQ2 expression is associated with 
a reduction of TRDN levels and vice versa.54,64

Experimental Therapies for  
Calcium Handling Disorders

The use of β-blockers is accepted as the most effective approach 
for patients with CPVT, although the occurrence of severe 
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release in cardiac muscle is unclear, it has been shown to suppress 
ventricular arrhythmias in the R2474S+/− mouse model of CPVT.77 
Interestingly these data have been confirmed in cardiomyocytes 
derived from iPS of a patient with CPVT.47

Conclusions

Inherited dysfunctions of calcium handling system are associated 
with a progressively growing spectrum of clinical phenotypes. 
The experimental studies addressing the genetic basis and  
pathophysiology of these disorders have clearly shown the  

induced arrhythmias and a regression of ultrastructural abnor-
malities (see Figure 53-4). Because AAV vectors have been used 
in the clinical setting for gene therapy of cardiac disease,76 this 
approach could possibly be transferred to clinical practice.

Dantrolene

It has long been known that dantrolene suppresses spontaneous 
SR Ca2+ release in skeletal muscle. Dantrolene does not seem to 
inhibit the function of normal RyR2 channels; it can bind to and 
inhibit abnormal RyR2 channels with defective domain interac-
tions. Although the action of dantrolene on spontaneous SR Ca2+ 

Figure 53-4.  High-magnification immunofluorescent image of showing colocalization of CASQ2 (red) and RyR2 (blue)  in a wild type cell (A-WT). As expected, no CASQ2 
signal is evident in the CASQ2 knockout cell (B-KO). Conversely knockout cells infected with AAV9-CASQ2 (C-inf ) show restoration of correct RyR2/CASQ2 colocalization at 
the z-line level. The middle panel shows electron micrographs of exemplificative cells from wild type (WT), knockout (KO), and KO 20 weeks after AAV9-CASQ2 infection. 
The electron-dense material inside the junctional sarcoplasmic reticulum (jSR) reappears in the infected cell (INF), whereas the ultrastructural abnormalities (jSR enlargement 
and fragmentation) are completely reversed. When challenged with epinephrine to mimic adrenergic activation, the infected mice (lower panel, INF) show a clear antiar-
rhythmic effect in vivo compared with KO animals (lower panel, KO). 
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than the arrhythmogenic disorders associated to mutations in 
sodium or potassium handling systems, possibly because of  
its critical physiological role. The remarkable knowledge gained  
in the last decade allows for a better understanding of the  
mechanism and the design of novel therapeutic strategies, includ-
ing the proof of principle that a cure is possible through gene 
therapy.

interdependence of the plasmalemmal component (voltage- 
gated calcium channels and associated proteins) and the SR 
component (ryanodine receptor, calsequestrin, and other  
associated peptides). The perturbation of one of these compo-
nents unavoidably reflects on the others’ function to cause the 
development of highly arrhythmogenic substrate. In general,  
the inherited disease of calcium handling appears more severe 
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exacerbation of the treated arrhythmias or generation of entirely 
new ones (proarrhythmia).

The selection of pharmacologic or nonpharmacologic thera-
peutic strategies differs with respect to the origin of the arrhyth-
mia. AADs are used for ventricular tachycardias (VTs) in 
competition with implantable cardioverter defibrillators (ICDs) 
and ablation techniques as additional therapy to reduce the 
number of necessary shocks. Atrial tachyarrhythmias, particularly 
atrial fibrillation (AF), which is the most common arrhythmia, 
are the domain for drug treatment, although AF is particularly 
difficult to treat because of its tendency to become persistent in 
the course of the disease.

Until recently, arrhythmias were primarily considered a purely 
electrophysiological problem, and AADs mainly target cardiac 
Na+, Ca2+, and K+ ion channels (Figure 54-1). They bind to spe-
cific receptor sites within the channel drug affinity being strongly 
modulated by the channel state in a time- and voltage-dependent 
manner.2 In addition, some AADs modulate the autonomic tone, 
primarily by antagonizing β1-adrenoceptors (β-blockers) or mus-
carinic receptors (atropine, disopyramide) or by stimulating 
adenosine A1 receptors (adenosine).

Conventional AADs are most commonly grouped according 
to the Vaughan-Williams classification in four different groups 
(Table 54-1): Na+ channel-blocking drugs (class I), β-blockers 
(class II), K+ channel blockers (class III) that prolong action 
potential (AP) duration (APD) and refractoriness, and L-type 
Ca2+ channel blockers (class IV). However, most AADs are “dirty 
drugs” that in a narrow range of concentrations simultaneously 
block different types of channels and modulate adrenergic and/
or muscarinic receptors (e.g., quinidine, disopyramide, propafe-
none, amiodarone, dronedarone). Moreover, some old (adenos-
ine, digoxin) and new AADs (ivabradine) cannot be listed in any 
of the original four classes. Table 54-2 shows drug selection based 
on the mechanisms underlying cardiac arrhythmias, and Figure 
54-2 shows the main cellular targets for AADs.

Na+ Channel Blockers: Class I AADs

Na+ channel blockers bind and unbind in a strongly time- and 
voltage-dependent manner to a receptor site within the pore-
forming subunit (Nav1.5) of the channel when channels are in 
the activated or inactivated state.2 Na+ channel blockers also slow 
Na+ channel reactivation (transition from the inactivated to the 
resting state) upon repolarization, which prolongs refractoriness 
independently from changes in APD—that is, they increase the 
effective ratio of refractory period (ERP) to APD (postrepolariza-
tion refractoriness). As a consequence, the effects of class I AAD 
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Antiarrhythmic Drugs: Introduction

Cardiac arrhythmias represent a problem in current clinical prac-
tice; they are a major cause of morbidity and mortality and are 
an increasing economic burden for health care systems.1 Treat-
ment of cardiac arrhythmias with antiarrhythmic drugs (AADs) 
has two main objectives: relieve symptoms and complications 
(improve quality of life) and reduce mortality directly related to 
the arrhythmia. A basic principle in pharmacology is that the best 
treatment is targeted specifically to disease mechanisms. However, 
in many patients the ultimate underlying mechanisms of the 
arrhythmia remain incompletely understood. Thus, the choice of 
a given AAD is empiric and based on the characteristics of the 
arrhythmia, the pharmacologic properties of the AAD, and, 
above all, its safety profile. Moreover, triggers and arrhythmo-
genic substrates can vary among patients with the same arrhyth-
mia depending on the underlying structural heart disease (i.e., 
coronary artery disease [CAD], heart failure [HF], left ventricular 
[LV] hypertrophy, hypertension). This variation could explain 
why AADs produce widely divergent effects on different patients 
ranging from termination of the arrhythmia to inefficacy, to 
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would be expected to increase: (1) at faster rates of stimulation 
(use-dependent block), because Na+ channels spend more time in 
activated and inactivated states, and the diastolic time for recov-
ery from drug-induced block is shortened; and (2) in depolarized 
cardiac tissues (voltage-dependent block) because membrane 
depolarization inactivates Na+ channels and slows recovery from 
block.

Clinical and experimental data suggest that block of atrial Na+ 
channels can terminate AF. Indeed, propafenone and flecainide 
are first-choice drugs for AF cardioversion, but only in patients 
without structural heart disease. Conversely, ventricular Na+ 
channel block is associated with proarrhythmic effects. Class I 
AADs decrease excitability and slow ventricular conduction and 
can increase all-cause mortality and, therefore, they have no role 
(or are contraindicated) in the primary prevention of sudden 
cardiac death (SCD) because of life-threatening ventricular 
tachyarrhythmias (VT or ventricular fibrillation [VF]) in high-
risk patients with post–myocardial infarction.3 In secondary pre-
vention, the use of class I AADs is limited because of their low 
efficacy and serious adverse effects that may offset the therapeutic 
benefit, including proarrhythmia, multiorgan toxicity, reduced 
cardiac function, or worsening coexisting diseases.4-6

Class I drugs are subdivided into drugs with intermediate (IA), 
fast (IB), and slow (IC) onset/offset kinetics of Na+ channel block 
(see Table 54-1). Recently, it has been demonstrated experimen-
tally that drugs with fast onset/offset kinetics of Na+ channel 
block, such as vernakalant and ranolazine, could selectively target 
atrial versus ventricular Na+ channels.7,8 This targeting would 
allow them to exhibit a disease-specific component of 

Figure 54-1.  Ionic currents involved in shaping of human atrial (A) and ventricular 
(B) action potentials. The initial upstroke of the action potential is due to the activa-
tion  of  the  peak  inward  Na+  current  (INa).  Repolarization  is  determined  by  the 
balance between  inward-depolarizing L-type Ca2+  (ICaL) and  late Na+  (INaL) currents 
and outward-repolarizing K+ currents, including the rapidly activating and inactivat-
ing  transient current  (Ito1), ultrarapid  (IKur),  rapid  (IKr), and slow  (IKs) components of 
the delayed rectifier, the inward rectifier current (IK1) and the ligand-gated currents 
activated  by  a  decrease  in  the  intracellular  concentration  of  adenosine  triphos-
phate (IKATP) or activated by acetylcholine (IKAch) or adenosine (IKAdo). Some currents 
are exclusive to the atria (IKur) or more important (Ito1,  IKACh) in the atria than in the 
ventricles and vice versa (IKr). Arrows indicate the ion movement direction. 
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Figure 54-2.  Cellular  targets of antiarrhythmic drugs  (AADs). Most available AADs modify  the conductance of Na+  (class  I), Ca2+  (class  IV),  and K+  ion channels  (class  III) 
located in the sarcolemma, leading to a decrease or increase in a given ionic current, or they block β-adrenergic (class II), adenosine-A1, and muscarinic-M2 receptors. Some 
AADs inhibit abnormal persistent Na+ entry and diastolic Ca2+ release via the ryanodine receptor RyR2, with minimal effects on normal channel function. Furthermore, they 
can inhibit  ion exchangers (Na+-Ca2+  [NCX]) or pumps (Na+-K+ ATPase),  increase gap junction conductance, and correct ion channel expression within the membrane by 
modulating trafficking pathways. A1R, adenosine A1 receptor; AC, adenylyl cyclase; ATPase, Na+-K+ ATPase; β1AR, β1-adrenergic receptor; CaMKII, Ca2+/calmodulin kinase II; 
CSQ, calsequestrin; Gs, stimulatory G protein; M2R, muscarinic type-2 receptor; PBL, phospholamban; PKA, protein kinase A; RyR2, ryanodine receptor; SERCA2a, SR Ca2+-ATPase; 
SR, sarcoplasmic reticulum. 
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with minor ventricular effects, also inhibit the rapid component 
of the delayed rectifier current (IKr) and other K+ currents pro-
longing atrial APD. This effect that enhances the use-dependent 
INa block by further reducing the diastolic interval at fast rates.8,9

Late Na+ Current (INaL) Inhibition

Na+ channels open for a few milliseconds after membrane depo-
larization, generating peak INa, and then most of them undergo 
fast inactivation. However, some Na+ channels do not inactivate 
or inactivate but reopen during depolarization generating the late 
Na+ current (INaL), which presents slow inactivation and recovery 
kinetics.10 INaL increases under pathologic conditions, including 
myocardial ischemia, LV hypertrophy, HF, AF, and some variants 
of the long QT syndrome (LQTS).10,11 In the ventricular wall, M 
cells present a larger INaL than do epicardial and endocardial cells, 
and an increase in INaL increases transmural dispersion of repo-
larization (TDR) facilitating reentry.11 During myocardial ische-
mia, enhanced INaL increases Na+ influx and, via the Na+/Ca2+ 
exchanger (NCX), produces a Na+-mediated Ca2+ overload that 
prolongs ventricular APD. APD prolongation enhances triggered 
activity that can occur during phases 2 or 3 of the AP (early 
afterdepolarizations [EADs]), whereas intracellular Ca2+ (Cai

2+) 
increase enhances triggered activity after AP repolarization 
(delayed afterdepolarizations [DADs]).10 Ranolazine is an anti-
anginal drug that, besides its effects on peak INa at fast rates, 
blocks INaL and suppresses atrial and ventricular arrhythmias in a 
variety of conditions (e.g., ischemia, reperfusion, HF, AF, type 3 
LQTS).10,11 During myocardial ischemia, ranolazine reduces 

atrial-selectivity because of the high atrial rate in AF, which 
enhances block of atrial over ventricular Na+ channels. Indeed, it 
has been proposed that the faster the AADs dissociation kinetics 
the more selective the atrial effect during AF and the fewer the 
ventricular proarrhythmic effects, because the fast dissociation 
kinetics allows recovery from block at slower frequencies (e.g., 
those of the ventricles either at sinus rhythm [SR] or during AF). 
Moreover, atrial cells exhibit a slightly more depolarized resting 
membrane potential (RMP) and a more gradual phase 3 of the 
AP, which at rapid atrial rates results in a less negative take-off 
potential.7,8 In addition, atrial cells exhibit a more negative poten-
tial for half-maximum inactivation of Na+ channels than ventricu-
lar myocytes. Because reactivation depends on membrane 
potential, fewer Na+ channels recover from the inactivated state 
during diastole in atria than in ventricles. Therefore, Na+ channel 
blockers that preferentially bind to the inactivated state of the 
channel and have a fast dissociation rate will exhibit atrial selec-
tivity, because steady-state drug binding and consequently 
channel block will be larger in atria than in ventricles.8 However, 
block of K+ channels, particularly those preferentially or exclu-
sively present in the atria, seems to be also required to meet the 
“class I atrial selective” profile. Otherwise lidocaine, which is 
highly selective for the inactivated state and exhibits a fast onset 
and offset kinetics, would be also atrial selective.

Indeed, class IA and IC, like class III AADs, also block several 
K+ channels and prolong ventricular (quinidine) or atrial (propafe-
none and flecainide) APD, depending on the type of K+ channel 
they preferentially block (discussed later). Furthermore, amioda-
rone, dronedarone, ranolazine, and vernakalant, which produce 
an atrial-selective INa block and in animal models suppress AF 

Table 54-1. Antiarrhythmic Drug Classes

Class Main Mechanism of Action Subclass Other Actions and Effects Drugs

I Block Na+ channels
Decrease excitability and slow CV
Prolong ERP (postrepolarization 

refractoriness)

IA. Intermediate offset 
kinetics (τre 1-3 s)

Block K+ channels
Prolong APD
↑ QRS and QT

Disopyramide, procainamide, 
quinidine

IB. Fast offset kinetics  
(τre 300-500 ms)

Shorten APD Lidocaine, mexiletine

IC. Slow offset kinetics  
(τre > 5 s)

Markedly slow conduction
No effects on ventricular APD
↑ RR, PR, and QRS*

Ajmaline, flecainide, 
propafenone

Fast atrial selective Blocks INaL and K+ channels (IKur,IK,Ach)
Antianginal drug

Ranolazine

Blocks K+ channels (IKur, Ito1, IKr, IKACh) Vernakalant

II β-Adrenoceptor antagonists Reduce sinus rate and AV conduction
↑ RR and PR

Atenolol, carvedilol, 
metoprolol, propranolol 
(and others)

III Pure IKr inhibitor Prolong atrial and ventricular APD/
ERP

↑ QT

Dofetilide

IKr inhibitor, INaL agonist Ibutilide

IKr inhibitor and β-blocker D-sotalol

Block Na+, Ca2+, and several K+ channels 
and α-/β-adrenoceptors

↑ RR, PR, QRS, and QT Amiodarone, dronedarone

IV Block L-type Ca2+ channels ↑ RR and PR Verapamil, diltiazem

Other Block IKAdo, inhibit cAMP-induced ICaL ↑ RR and PR Adenosine

Block Na+/K+ ATPase, ↑ vagal activity ↑ RR and PR Digoxin

Specific If inhibitor ↑ RR Ivabradine

CV, Conduction velocity; APD, action potential duration; ERP, effective refractory period; RR, antianginal drug; ↑, increase.
*RR and PR intervals of the electrocardiogram.
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Table 54-2. Drug Selection Based on the Mechanisms Underlying Cardiac Arrhythmias

Arrhyhtmia Mechanism Target or Action Drugs

Enhanced automaticity If If blockers: adenosine, β-blockers, ivabradine

ICaL β-Blockers, diltiazem, verapamil

INCX INCX blockers, amiodarone, dronedarone

INa Class IA and IC drugs

Abnormal automaticity ICaL β-Blockers, diltiazem, verapamil

Early afterdepolarizations ICaL

INaL

INCX

Shorten the APD
INa

Bradicardia-dependent EADs

β-Blockers, ICaL blockers
INaL blockers: amiodarone, flecainide, ranolazine
INCX blockers
IKr, IKs, and IKATP (nicorandil) agonists
Class IA and IC
Isoproterenol

Delayed afterdepolarizations Na+-dependent Ca2+ overload
Ca2+-dependent Ca2+ overload
INCX

Increase threshold potential

INa (class I drugs) and INaL blockers
Verapamil, RyR2 stabilizers
INCX blockers
Class I drugs

Reentry Prolong APD, refractoriness Class I and III drugs

Improve conduction velocity Gap junction enhancers: rotigaptide, PUFAs
Reduce fibrosis

Atrial selective targets IKur IKur blockers: BMS-394136, XEN-D0103

IKACh

IKAChC

Disopyramide, NTC-801
Amiodarone, flecainide

Atrial INa Amiodarone, dronedarone, ranolazine, vernakalant

INaL Amiodarone, ranolazine

Paroxysmal supraventricular tachycardia Adenosine, β-blockers, diltiazem, verapamil (class I 
and III AADs)

Abnormalities of Ca2+ handling RyR2 β-Blockers, rycals, flecainide, propafenone, dantrolene, 
edavarone

CaMKII CaMKII inhibitors

Idiopathic VF Outflow tract arrhythmia due to 
cAMP-mediated DADs

Left ventricular outflow tract due to His 
bundle reentry

Adenosine, β-blockers, ICa,L blockers

Verapamil, β-blockers, ICa,L blockers

Remodeling-induced arrhythmias (upstream 
therapies)

Fibrosis β-Blockers, RAAS inhibitors, PUFAs, statins
TGF-β1 and CTGF inhibitors

Inflammation Corticosteroids, PUFAs, statins

Oxidative stress Carvedilol, PUFAs, RAAS inhibitors, statins

Stretch Stretch-activated channel blockers, PUFAs

Ischemia-induced arrhythmias Antiischemic drugs β-Blockers, diltiazem, ivabradine, ranolazine, statins, 
verapamil

IKATP IKATP blockers

APD, Action potential duration; EAD, early afterdepolarization; PUFA, polyunsaturated fatty acid; AAD, antiarrhythmic drug; DAD, delayed afterdepolarization; 
VF, ventricular fibrillation; RAAS, renin-angiotensin-aldosterone system; CTGF, connective tissue growth factor; TGF, transforming growth factor.

intracellular Na+ and Ca2+ overload and improves mechanical 
dysfunction, but has no effect on INa, excitability or conduction 
velocity.11 In non−ST-elevation acute coronary syndromes12 
ranolazine reduces non-sustained VT and supraventricular tachy-
cardias, and preliminary evidence suggests that it safely converts 
paroxysmal AF and prevents AF recurrences.11 Moreover, rano-
lazine prevents ventricular APD (QT) prolongation, reduces 
TDR, and suppresses EADs produced by IKr inhibitors and in 
patients with type 3 LQTS.

Antiarrhythmic Effects of Class I AADs

Considering their mechanisms of action, class I AADs are able to 
terminate arrhythmias generated by both focal ectopic activity 
and reentry. Class I AADs slow or suppress automatic activity in 
atrial and ventricular ectopic pacemaker cells that generate Na+-
dependent APs, because they slow the spontaneous diastolic 
depolarization and shift the threshold voltage to less negative 
potentials. They can also suppress DADs by decreasing Na+-
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of these arrhythmias. Moreover, β-blockers decrease the inci-
dence of postoperative AF, which is explained by the role of an 
increased adrenergic tone in the genesis of this arrhythmia.

By inhibiting If and ICaL, β-blockers decrease spontaneous 
activity of the sinoatrial node (SAN), inhibit the ectopic activity 
of the His-Purkinje system (Purkinje fibers are particularly prone 
to develop abnormal automaticity during increased sympathetic 
activation), and suppress abnormal automaticity generated in 
cardiac cells depolarized to potentials between −60 and −40 mV 
owing to the activation of ICaL.18 In the atrioventricular node 
(AVN), they decrease conduction velocity and prolong refractori-
ness. β-Blockers are widely used to treat inappropriate sinus 
tachycardia and exercise-induced and supraventricular and ven-
tricular arrhythmias where an increase in sympathetic tone plays 
a role17; they are the most effective drugs for ventricular rate 
control in AF and are first-choice drugs in the treatment of 
supraventricular reentrant tachycardias where the AVN forms 
part of the circuit.1,17 Finally, β-blockers are effective in control-
ling the proarrhythmia induced by class I AADs, probably because 
of their bradycardic effect, which decreases the rate-dependent 
conduction slowing induced by Na+ channel blockers.

β-Blockers decrease all the proarrhythmic actions secondary 
to the increase of extracellular Ca2+ influx through L-type Ca2+ 
channels, sarcoplasmic reticulum Ca2+ release, and intracellular 
Ca2+ overload.17,18 Thus, they suppress EADs and DADs and are 
first-choice drugs in drug-induced torsades de pointes (TdP) and 
in patients with LQTS types 1 and 2 or catecholaminergic poly-
morphic VT (CPVT).19,20 Surprisingly, and even when there are 
marked pharmacologic differences among β-blockers, there are 
few direct comparator data regarding their efficacy.

K+ Channel Blockers: Class III 
Antiarrhythmic Effects

These drugs prolong cardiac APD and refractoriness effects that, 
under theoretical bases, can suppress reentry. Some drugs (e.g., 
dofetilide) are considered pure class III AADs because they selec-
tively block the channels that generate the IKr (named Kv11.1 or 
HERG), thus prolonging both atrial and ventricular APD and 
refractoriness in the absence of effects in conduction velocity.9,21 
Experimental data demonstrated that selective IKr inhibition pro-
duces a greater prolongation of APD and refractoriness in atria 
versus ventricles, at least at normal SR frequencies. Unfortu-
nately, at fast driving frequencies, the relative role of IKr in atrial 
and ventricular repolarization diminishes so much that IKr inhibi-
tion is not able to prolong APD during the arrhythmia episodes. 
This property, known as reverse use-dependence, limits the clinical 
efficacy of these drugs to stop fast arrhythmias, particularly AF. 
Moreover, marked IKr inhibition produces excessive and inhomo-
geneous ventricular APD prolongation, results in TDR, and pre-
disposes to EADs, which in turn can trigger TdP. Inhibition of 
IKr, and hence proarrhythmic risk, increases in the presence of 
bradycardia, hypokalemia, HF, or other IKr-inhibiting drugs. 
Indeed, many other drugs, including antihistamines, antipsychot-
ics, antimicrobials, and diuretics, are able to markedly block Kr 
channels, thus prolonging the QT interval (drug-induced LQTS) 
and increasing the incidence of TdP and SCD. It has been pro-
posed that prolongation of APD produced by pure IKr inhibitors 
is characterized by a set of four disturbances of repolarization 
including triangulation of the AP, reverse use-dependence, insta-
bility, and dispersion of APD whose magnitude would help to 
predict drug-induced proarrhythmia risk.22

HERG channel blockers gain access, from the intracellular 
side of the membrane, to a binding site located within the central 
cavity of the channel. The inner vestibule of HERG channels is 
larger than that of other K+ channels and presents two aromatic 

dependent Cai
2+ overload (INa [class I drugs] and INaL [amioda-

rone, flecainide, ranolazine] inhibitors).
Describing the ultimate mechanisms responsible for the anti-

arrhythmic effects of class I AADs in reentry is a big challenge. 
Indeed, the underlying mechanism responsible for reentry itself 
is a matter of debate. Class I AADs markedly slow conduction 
and prolong refractoriness. The leading-circle theory of reentry 
predicts that because Na+ channel blockers slow conduction they 
should, if anything, favor reentry by decreasing the wavelength 
(product of refractory period and conduction velocity), resulting 
in proarrhythmic effects. The proarrhythmia risk increases with 
drugs that produce marked conduction slowing in depolarized-
ischemic cardiac tissues. Experimental and clinical evidence, 
however, shows that class I AADs can terminate reentrant 
arrhythmias, such as AF, without increasing the wavelength. The 
most characteristic electrophysiological change that they produce 
before AF termination is an increase in the temporal excitable 
gap.13,14 According to the multiple wavelets theory of the origin 
of AF, this widening will lower the chance that reentrant waves 
encounter areas of partially refractory tissue, so that slowing of 
conduction and fractionation of wavelets will occur less fre-
quently. This widening decreases the number of fibrillation waves 
by promoting their fusion, which increases the chance to termi-
nate the arrhythmia.

However, there are clinical and experimental data demonstrat-
ing that reentry is maintained by the periodic activity of one or 
a small number of functional reentrant sources with a wavefront 
rotating around a central core (“rotor”).15,16 The waves emerging 
from the rotors undergo spatially distributed fragmentation and 
give rise to fibrillatory conduction. The size of the spiral wave is 
determined by tissue excitability and refractoriness, so that the 
rotor will turn faster and in a more stable position, resulting in 
higher excitability and shorter refractoriness.15,16 In this context, 
Na+ channel blockers terminate reentry as they (1) enlarge center 
of rotation, so that the rotor cannot any longer be accommodated 
by the substrate; (2) decrease anchoring to functional obstacles, 
increasing meander and extinction at boundaries; and (3) reduce 
the number of daughter waves that could provide new primary 
rotors.15,16

β-BLOCKERS: CLASS II AADs

β-Blockers include a heterogeneous group of drugs that inhibit 
sympathetic effects. Antiarrhythmic effects of β-blockers are the 
result of their electrophysiological effects (β-adrenoceptor stimu-
lation modulates several ion currents, including hyperpolarization-
activated inward current [If], INa, ICaL, IK1, Ito1, IKr, and IKs), 
inhibition of neurohumoral activation (and perhaps of sympa-
thetic hyperinnervation and sprouting), and their antiischemic 
(reduce myocardial oxygen demands, increase subendocardial 
perfusion, and improve cardiac metabolism), antihypertensive, 
and antiproliferative effects.17,18 Indeed, β-blockers exert a benefi-
cial effect on LV remodeling in patients with myocardial infarc-
tion (MI) or HF. Furthermore, in the ischemic myocardium, 
β-blockers decrease dispersion of ventricular repolarization and 
increase the VF threshold.

Sympathetic hyperactivity is the predominant change in the 
autonomic tone preceding malignant ventricular arrhythmias and 
SCD, whereas reduced vagal activity is associated with increased 
mortality in HF. β-Blockers remain among the few AADs that 
are effective for both primary and secondary prevention of SCD 
in different clinical conditions, including acute and chronic myo-
cardial ischemia, congestive HF or LV dysfunction, and hyper-
trophic cardiomyopathy.3,17,18 Thus, most patients who have a 
propensity to develop VT/VF should receive β-blockers because 
they are a rational, mechanism-based therapy for the treatment 
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be used to induce or unmask ST-segment elevation in patients 
with concealed J wave syndromes (BrS and early repolarizing 
syndromes).29 Conversely, quinidine, which is a potent Ito1 inhibi-
tor, reduces the magnitude of the J wave and normalizes 
ST-segment elevation. The efficacy of quinidine in the preven-
tion of BrS-associated arrhythmias is currently under 
evaluation.

IKur is carried by Kv1.5 channels and is detected only in the 
human atria, but not in the ventricle. Therefore, IKur inhibitors 
would be expected to prolong atrial, but not ventricular APD and 
refractoriness.30 In myocytes from patients with SR, selective IKur 
inhibition shifts the plateau phase to more positive potentials at 
which the IKr is rapidly activated, so that mid to late repolariza-
tion is accelerated and APD is slightly shortened.30 This could 
explain why selective IKur inhibitors do not suppress or even 
induce AF in experimental models.8 Indeed, KCNA5 (the gene 
encoding Kv1.5) loss-of-function mutations can cause AF. 
Chronic AF reduces ICaL and markedly shortens atrial APD, so 
that IKur blockers increase the plateau potential over a range 
(below 0 mV) where the activation of IKr and IKs is less pro-
nounced, and prolong atrial APD.30 Furthermore, mathematical 
models predict that IKur or Ito1 inhibition can induce rotor termi-
nation.31 However, chronic AF also reduces IKur, particularly in 
the right atria; this decrease suppresses the endogenous right-to-
left gradient of the current.26 As a result, the relative contribution 
of IKur to repolarization in chronic AF can be small, decreasing 
the atrial sensitivity to IKur inhibitors.30 These findings raise 
serious doubts on the usefulness of “pure” IKur blockers, and in 
fact none of those currently under development have been suc-
cessfully launched for therapeutics.32 Conversely, vernakalant, 
which combined blockade of IKur, Ito1, IKr, and IKACh, together with 
fast blockade of inactivated Na+ channels produces a high conver-
sion rate to SR in patients with recent-onset AF.

IK1 contributes to the final phase of repolarization and stabi-
lizes the RMP of atrial and ventricular myocytes.33 IK1 increase 
hyperpolarizes RMP, shortens APD, reduces spontaneous activ-
ity, and accelerates and stabilizes arrhythmia-maintaining rotors, 
playing a role in the genesis of AF and VF.31,33,34 IK1 exhibits dif-
ferential biophysical properties in atrial and ventricular tissues. 
Moreover, experimental data suggest that the Kir2.1 channel is 
the major isoform underlying ventricular IK1, whereas relative 
contribution of Kir2.2 and 2.3 to atrial IK1 seems to be greater. 
IK1 increases in left and right atrial myocytes from patients with 
chronic AF, an augmentation that is greater in the left than in the 
right atria in patients with paroxysmal AF. Left-to-right ventricu-
lar differences in IK1 have been postulated to represent a mecha-
nism for the preferential stabilization of high-frequency rotors in 
the LV.34 Moreover, patients carrying gain-of-function Kir2.1 
mutations exhibit type 3 short QT syndrome characterized by a 
high incidence of VF and SCD. Furthermore, flecainide and 
propafenone at therapeutically relevant concentrations selec-
tively increase IK1 current generated by Kir2.1 homotetramers, 
an effect that could contribute to their ventricular proarrhythmic 
effects. Overall, it seems that IK1 inhibitors could be an efficacious 
antifibrillatory strategy. Unfortunately, IK1 inhibition also results 
in proarrhythmia. In fact, patients carrying loss-of-function 
Kir2.1 mutations exhibit congenital LQTS type 7 (Andersen-
Tawil syndrome) characterized by APD prolongation, diastolic 
depolarization, and increased propensity for EAD- and DAD-
triggered arrhythmias.35 Moreover, the development of Kir2.1-
based antiarrhythmics is hampered because Kir2.1 channels are 
expressed in many excitable tissues, which could lead to organ 
toxicity. More promising could be selective blockade of Kir2.3 
over Kir2.1 channels for the treatment of AF. Kir2.3 channels are 
indeed preferentially inhibited by several drugs taking advantage 
of the low affinity of Kir2.3 channels for phosphatidylinositol 
4,5-bisphosphate (PIP2), which critically determines the channel 
function.

residues on each of the four subunits assembled to compose the 
conducting pore.23 These topological characteristics explain the 
marked pharmacologic promiscuity of HERG because they allow 
drugs with rather different chemical structures to establish inter-
actions with the aromatic moieties by π electron stacking and 
block K+ efflux through the pore. Finally, it is worth mentioning 
that besides the “pure Kr blockers” many AADs, including amio-
darone, quinidine, propafenone, flecainide, and ranolazine, also 
block HERG channels at therapeutic concentrations, an effect 
that could contribute to their antiarrhythmic properties particu-
larly at the atrial level (i.e., amiodarone, ranolazine). However, 
unfortunately in some cases, HERG blockade can increase their 
ventricular proarrhythmic effects (quinidine).

In healthy human atrial and ventricular myocytes driven at SR 
frequencies, IKs seems to be small, and its pharmacologic inhibi-
tion does not alter APD.24 Importantly, the role of IKs in deter-
mining APD rises in prominence at increasing beating frequencies 
or under β-adrenergic stimulation, which causes channel accu-
mulation in closed states near the open state. In addition, IKs helps 
to terminate the AP when the repolarization reserve is compro-
mised (i.e., IKr decrease).25 Moreover, recent data demonstrated 
that chronic AF increases by 100% IKs density in myocytes from 
both the right and left atria.26 Mathematical models suggest that 
this chronic AF-induced remodeling of IKs density contributes to 
the atrial APD and refractoriness shortening produced by the 
arrhythmia, which in turn further enhances reentry, thus favoring 
AF maintenance. Moreover, there are data indicating that  
stable fast reentry sources (rotors) occur with significantly higher 
rotation frequencies, lower conduction velocities, and shorter AP 
in cells with prominent IKs.27 In addition, the frequency-dependent 
accumulation of IKs promotes post-repolarization refractoriness 
and fibrillatory conduction of waves emanating from rotors. 
Therefore, it seems reasonable to propose that IKs could be an 
interesting target for the treatment of AF. In fact, some AADs, 
such as propafenone, quinidine, and amiodarone, inhibit IKs—an 
effect that probably contributes to their antiarrhythmic effects.21 
Unfortunately, selective inhibition of IKs would be difficult to 
achieve, because molecular determinants for channel block are 
similar to those required for HERG blockade and would not be 
devoid of ventricular proarrhythmic effects. Indeed, patients car-
rying mutations in KCNQ1 or KCNE1 genes, which encoded the 
α (Kv7.1) and β (minK) subunits that form the channels, present 
LQTS types 1 and 5, respectively. This finding suggests that 
excessive inhibition of IKs could also lead to a marked prolonga-
tion of ventricular APD, particularly under conditions of increased 
sympathetic tone that promote EADs and TdP.

Ito1 (4-aminopyridine sensitive component of the transient 
outward current) determines the amplitude of the phase 1 of early 
repolarization, and thus the height of the AP plateau, which in 
turn influences the activation of other currents involved in repo-
larization (mainly ICaL, IKr, and IKs).28 Variations of Ito1 strongly 
influence the shape of cardiac AP, intracellular Ca2+ transients, 
and cardiac contractility. Relative Ito1 density is much higher in 
atrial, Purkinje, epicardial, and midmyocardial cells than in endo-
cardial cells. Ito1 densities are also reported to be higher in right 
than in left ventricular myocytes. Prominent Ito1 leads to the 
“spike and dome” morphology typical of epicardial (particularly 
right) and some atrial AP (Ito1 is also differentially expressed 
among atrial cells). HF and chronic AF reduce Ito1 density, this 
effect being more marked in the left than in the right atria. In 
regions of the myocardium exhibiting a prominent Ito1, marked 
accentuation of the AP notch results in a transmural voltage 
gradient, leading to coved ST-segment elevation diagnostic of 
Brugada syndrome (BrS).29 Because accentuation of the AP notch 
and loss of the dome could be secondary to either a decrease in 
inward currents (INa and ICaL) or an increase in outward potassium 
currents (mainly Ito1), sodium channel blockers such as procain-
amide, propafenone, flecainide, ajmaline, and disopyramide can 
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in SR, or who will undergo cardioversion. Dronedarone is less 
effective than amiodarone in decreasing AF recurrence, but it has 
a better safety profile. However, unlike amiodarone, dronedarone 
is contraindicated in patients with HF.

Calcium Channel Blockers: Class IV AADs

Nondihydropyridine Ca2+-channel blockers (e.g., diltiazem, vera-
pamil) inhibit the ICaL and exhibit antiischemic and antihyperten-
sive properties. These blockers stabilize the channel in its 
inactivated state and prolong its reactivation, so that their effects 
increase at fast rates (use-dependent block) and at depolarized 
membrane potentials (voltage-dependent block).1

In cardiac tissues with RMPs positive to −60 mV (i.e., SAN, 
AVN, and ischemic tissues), ICaL is responsible for AP depolariza-
tion (phase 0) and conduction velocity. Class IV AADs prolong 
the refractory period and slow conduction through the AVN. 
The rate-dependent effect on the AVNs is the basis for their use 
to terminate or prevent reentrant supraventricular tachycardias 
whose circuit involves the AVN, being an alternative to adenos-
ine, and to control the ventricular rate in patients with AF or 
flutter. At therapeutic concentrations, diltiazem and verapamil 
decrease heart rate slightly, because their direct negative chrono-
tropic effect is partly counteracted by their peripheral vasodilator 
effects that produce a sympathetic-mediated reflex response. 
However, in patients treated with β-blockers, reflex sympathetic 
stimulation is inhibited, and diltiazem and verapamil slow heart 
rate and AVN conduction.

Inhibition of ICaL suppresses automaticity generated in depo-
larized ventricular cells (abnormal automatism) and EADs occur-
ring at the plateau phase of AP because of ICaL reactivation (as 
marked delay in repolarization allows Ca2+ channels to recover 
from inactivation). Thus, class IV AADs and magnesium sulfate 
are effective for the treatment EAD-triggered arrhythmias. On 
the other hand, abnormal Cai

2+ overload activates forward mode 
of the NCX (Ca2+ extrusion) generating a transient inward 
current (Iti) that underlies phase 3 EADs and DADs. Class IV 
AADs and AADs that block Ca2+ channels at therapeutic concen-
trations (e.g., amiodarone, dronedarone, propafenone) suppress 
DADs by preventing Cai

2+ overload.
Verapamil is a drug of choice in idiopathic outflow tract and 

fascicular VT and drug-induced TdP; it can be an alternative to 
β-blockers in CPVT and prevents VTs related to ischemia. 
However, class IV drugs have no effect on all-cause mortality in 
patients with prior MI and are contraindicated in congestive HF.3

Gap-Junction Coupling Enhancers

Connexins (Cx) are membrane proteins that assemble into hexa-
meric hemichannels, also known as connexons. At the gap junc-
tions, connexons allow electrical flow between cardiomyocytes 
and thus regulate intercellular coupling. Changes in Cx expres-
sion, location (lateralization), and function occur in many forms 
of heart disease (i.e., ischemia, hypertrophy, HF, AF) and con-
tribute to arrhythmogenesis as they slow conduction velocity, 
cause heterogeneities in repolarization, and modulate automatic-
ity. Cx40 has a critical role in mediating atrial conduction, 
whereas Cx43 seems to be the major ventricular form. Cellular 
uncoupling owing to dephosphorylation and redistribution of 
Cx43, together with increased fibrosis40 and decreased expression 
of Na+ channels, are implicated in conduction slowing during 
ischemia, increasing the risk of fatal ventricular arrhythmias. 
Rotigaptide increases gap junction conductance and prevents 
acute ischemic arrhythmias. However, it partially reverses the loss 

Acetylcholine released from vagal nerve terminals activates 
IKACh. Because IKACh is exclusively present in the atria, it has been 
proposed as a target for development of atrial selective AADs. 
IKACh activation slows SAN pacemaker activity, produces a het-
erogeneous APD and ERP shortening, and hyperpolarizes RMP, 
increasing Na+ channel availability. These effects create a sub-
strate for reentry, accelerate and stabilize high frequency rotors, 
and contribute to initiation and maintenance of AF.34 Some AADs 
inhibit IKACh via the blockade of muscarinic receptors (disopyra-
mide) and may be useful in vagally mediated AF. Others inhibit 
IKACh via GTP binding proteins or the KACh channel itself 
(propafenone, dofetilide, and amiodarone). The new multichan-
nel blocker dronedarone is 100-fold more potent in blocking 
IKACh than amiodarone, an effect that could contribute to its 
antiarrhythmic properties. Importantly, it has been demonstrated 
that chronic AF also reduces IKACh, reducing its relative role in 
atrial repolarization while increasing an IKACh component (IKAChC) 
with constitutive activity (active in the absence of muscarinic 
ligands).36 Ideally, an AAD should selectively block IKAChC (an 
atrial- and disease-specific therapeutic target) without affecting 
the IKACh that modulates SAN and AVN. IKAChC is inhibited by 
flecainide, AVE0118, and investigational AADs, but highly selec-
tive IKAChC blockers are not currently available.

In up to 80% of cases, VT/VF occurs in the setting of CAD 
and HF. Attempts to prevent arrhythmic events and SCD with 
class I and III AADs in the setting of myocardial ischemia have 
failed. Activation of IKATP during acute myocardial ischemia 
results in shortening of the APD, accumulation of extracellular 
K+, membrane depolarization, and slow conduction velocity. 
These effects render the ischemic heart vulnerable to reentrant 
arrhythmias. It has been hypothesized that specific IKATP inhibi-
tors prolong ventricular refractoriness in ischemic tissues with 
little or no effect on normal tissue, being truly ischemia-selective 
AADs.37 Conversely, the KATP opener nicorandil shortens the 
APD, reduces TDR, and suppresses EADs in patients with 
LQT1.38

Amiodarone and Dronedarone

Amiodarone is considered the epitome of class III AADs because, 
in chronic treatment, it prolongs APD and refractoriness in all 
cardiac tissues, an effect that is attributable to the blockade of 
several K+ channels (Ito1, IKur, IKr, IKs, IK1, and IKACh). However, 
as was mentioned before, amiodarone also inhibits peak INa 
(inhibits inactivated Na+ channels with fast kinetics [class I]), INaL, 
and ICaL (class IV), and antagonizes α-/β-adrenergic receptors 
(class II).1

Amiodarone presents a low proarrhythmic risk and is effective 
against supraventricular and ventricular arrhythmias caused by 
focal activity or reentry. It is the most effective AAD for prevent-
ing recurrences of AF, being the last-choice drug in patients with 
structural heart disease, and in the prophylaxis and treatment of 
life-threatening ventricular arrhythmias in patients with MI or 
congestive HF or after cardiac surgery, although it is being 
replaced by ICDs. Amiodarone decreases the incidence of SCD 
and is an alternative for patients who are not eligible for, or who 
do not have access to, ICD therapy for the prevention of SCD 
and to inhibit unpleasant ICD shocks.3,39 However, in patients 
with HF and LV ejection fraction of 35% or less, amiodarone has 
no favorable effect on survival.3

Because amiodarone has complex pharmacokinetics, a long 
half-life, and a high incidence of organ toxicity, new amiodarone-
like agents with a better pharmacologic profile have been devel-
oped. Dronedarone is an amiodarone-like drug without the 
iodine moieties that exhibit class I, II, III, and IV effects, a short 
half-life, and less lipophilicity compared with amiodarone. It is 
indicated in patients with paroxysmal or persistent AF, who are 
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could contribute to the empirically observed antiarrhythmic 
actions produced by flecainide in some patients with Andersen-
Tawil syndrome.44

Targeting Intracellular Calcium Handling

Abnormal intracellular Ca2+ handling can promote both atrial and 
ventricular arrhythmias; it also has a key role in cardiac electrical 
and structural remodeling in patients with AF, HF, LV hypertro-
phy, and CAD.14,46-48 Moreover, CPVT associated with mutations 
in the sarcoplasmic reticulum Ca2+ release channel/ryanodine 
receptor (RyR2) and calsequestrin (CASQ2) genes destabilize the 
RyR2 channel complex and increase spontaneous Ca2+ release, 
which under certain conditions (e.g., during exercise or 
β-adrenergic stimulation) facilitates the development of DADs 
and triggered arrhythmias.20,46 Thus, intracellular Ca2+-handling 
proteins (Ca2+-ATPase [SERCA2a], phospholamban, RyR2, and 
its accessory protein calstabin 2, NCX, and CSQ), provide targets 
for developing new AADs.

Dysregulation of RyR2, characterized by improper SR Ca2+ 
release and increased diastolic Ca2+ leak is related to: (1) RyR2 
hyperphosphorylation by protein kinase A (PKA) and Ca2+/
calmodulin-dependent kinase II (CaMKII), which transiently dis-
sociates calstabin 2 from the RyR2 complex increasing open 
channel probability; (2) increased sensitivity of RyR2 to activa-
tion by luminal Ca2+; and (3) reactive oxygen species generated 
in the diseased heart, which make the channel leaky.14,46-48 
β-Adrenergic stimulation and renin-angiotensin-aldosterone 
system (RAAS) can promote triggered arrhythmias via PKA- and 
CaMKII-induced RyR2 hyperphosphorylation.46,47 β-Blockers 
prevent PKA- and CaMKII-mediated hyperphosphorylation of 
RyR2, depletion of calstabin 2, and SR Ca2+ leak being the only 
effective drugs in improving survival in CPVT.20 β-Blockers and 
verapamil act synergistically to prevent stress-induced increase in 
sarcoplasmic reticulum Ca2+ content by reducing heart rate, Ca2+ 
influx into the cell, and Ca2+ uptake into the sarcoplasmic reticu-
lum.20 However, in patients with CPVT, cardiac events remain 
considerable even in this combination, so that alternative thera-
pies are needed.

Carvedilol, a nonselective β- and α1-adrenergic antagonist, 
blocks several ion channels (IKur, IKr, ICaL, Ito1, and IKs) and exerts 
antioxidant and antiproliferative effects. It is the only β-blocker 
that suppresses sarcoplasmic reticulum Ca2+ release by directly 
reducing RyR2 mean open time, independently of its β- or α1-
antagonism or antioxidant activities, which likely contributes to 
its antiarrhythmic effects in HF patients.20,46 Carvedilol analogues 
with minimal β-blocking activity retain the ability to suppress 
Ca2+ release and prevent CPVT without causing bradycardia. 
Interestingly, the combination of these analogues with selective 
β-blockers (metoprolol or bisoprolol) is more effective than each 
agent alone for preventing CPVT.

Stabilizers of the calstabin 2–RyR2 complex (Rycals) represent 
a new antiarrhythmic approach. Rycals (such as JTV519 and 
S44121) increase the affinity of calstabin-2 for PKA-
hyperphosphorylated RyR2, reduce channel open probability and 
prevent arrhythmogenic diastolic Ca2+ leak without affecting 
normal RyR2.14,20,46,48 As a consequence, JTV519 prevents APD 
alternans and triggered ventricular arrhythmias and reduces Ca2+ 
waves in arrhythmogenic Purkinje fibers following MI. It also 
reduces ectopic activity and DADs in pulmonary vein cardiomyo-
cytes, decreasing AF inducibility.47 Its putative efficacy in the 
treatment of AF and ventricular arrhythmias associated with HF 
and CPVT is currently being tested.

Flecainide and propafenone block the open state of RyR2, 
inhibit arrhythmogenic diastolic Ca2+ waves, and suppress DADs 
and triggered arrhythmias in experimental models and in patients 

of Cx43 but does not restore normal conduction or prevent 
arrhythmias in the healing infarct border zone, such as after a 
prolonged period of gap junction remodeling.41 Thus, it seems 
that interventions that are effective in restoring cell-to-cell cou-
pling under conditions of acute ischemia might not be effective 
in a substrate that has already undergone a prolonged period of 
gap junction remodeling. Gap junction–enhancing drugs can also 
reduce AF vulnerability in some models of AF (chronic mitral 
regurgitation and acute ischemia), but not in others (HF or  
atrial tachypacing).41 These findings suggest that the role of Cx 
in AF is disease specific and that gap junction enhancers may be 
effective only when conduction slowing is due to alterations in 
gap junctions.

Stretch-Activated Ion Channels

Chronic stretch causes heterogeneous conduction, prolongs 
refractoriness, and induces structural remodeling (dilatation, 
hypertrophy, fibrosis), which contributes to both atrial and ven-
tricular arrhythmias. Recent evidence suggests that these electro-
physiological effects can be explained via the activation of the 
nonselective cationic transient receptor potential TRPC6 chan-
nels.42 In experimental models, nonselective stretch-activated 
channel blockers (gadolinium and the tarantula peptide GsMtx-
4) suppress AF inducibility.14 Nowadays, modulation of stretch-
activated channels as an antiarrhythmic strategy is limited by the 
lack of effective drugs.

Modulation of Ion Channel Trafficking

Structural heart diseases and many mutations associated with 
channelopathies affect biogenesis, forward trafficking to the 
surface membrane subdomains, and degradation of cardiac  
ion channels.43 Recent evidence demonstrates that AADs 
inhibit ion conduction and modulate ion channel trafficking or 
surface density and that channel blockade and trafficking can be 
targeted independently.43,44 Some HERG channel blockers 
(cisapride, E4031, quinidine) can rescue defective HERG  
surface trafficking, whereas others (ketoconazole and fluoxetine) 
can decrease HERG surface density. Furthermore, there  
are drugs that do not block HERG channel conductance,  
but either decrease (pentamidine, probucol) or increase (fexofe-
nadine) HERG surface density.45 Moreover, type 2 LQTS-
associated mutant channels can be rescued to the plasma 
membrane with drugs (E4031, terfenadine, fexofenadine) that 
likely stabilize misfolded protein in the endoplasmic reticulum, 
although the drug effectiveness depends on the particular muta-
tion present.45

Quinidine induces a stereospecific dose-, time- and subunit-
dependent internalization of Kv1.5, concomitant with the classi-
cal pore block.43 The specific expression of Kv1.5 channels in 
human atria raises the possibility of designing drugs to specifi-
cally modulate Kv1.5 channel trafficking.43 Such drugs, in theory, 
can cause a rapid and reversible decrease in IKur and a prolonga-
tion of atrial APD terminating AF, with minimal risk of ventricu-
lar proarrhythmia. However, there is a need for a better 
understanding of trafficking mechanisms and how chronic 
decrease of channel expression contributes to arrhythmia-induced 
remodeling.

Some drugs such as pentamidine and flecainide decrease and 
increase Kir2.1 channel expression in the membrane, respec-
tively. Flecainide is also able to promote trafficking of some 
Kir2.1 loss-of-function mutants increasing the amplitude of the 
outward K+ current generated by the channels, if any. This effect 
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possibility for antiarrhythmic therapies based on genotype and 
clinical presentation. However, randomized trials have not been 
conducted because of the rarity of these conditions. Nevertheless, 
therapy alleviating the mutation consequences depends on the 
mutation class, although most AADs lack the desired selectivity 
for a given channel.

Target Cardiac Remodeling:  
Upstream Therapies

Cardiac arrhythmias produce changes (remodeling) in the  
electrophysiological (ion channel and gap junction function  
or expression, abnormal Ca2+ handling) and structural (hypertro-
phy, fibrosis, dilatation) properties of the myocardium often  
associated with stretch, oxidative stress, inflammation, or isch-
emia, creating a substrate for reentry and focal activity.13,14 
Furthermore, aging and structural heart diseases also produce 
electrophysiological and structural remodeling that increases  
susceptibility to arrhythmias and makes arrhythmias more drug 
resistant.14,49 However, remodeling is a disease-specific process 
presenting important differences in signaling pathways and phar-
macologic responses among comorbidities. Upstream therapies to 
prevent or delay myocardial remodeling are an attractive approach 
in the prophylaxis and treatment of arrhythmias associated with 
HF, hypertension, or MI.13,14,48,50,51 Potential drugs in this category 
include antiinflammatory agents, RAAS inhibitors (angiotensin-
converting enzyme inhibitors [ACEIs], angiotensin II receptor 
antagonists [ARAs], aldosterone antagonists), omega-3 polyun-
saturated fatty acids (PUFAs), statins, and antifibrotic agents.

Antiinflammatory Agents

Raised inflammatory markers (interleukin 6 and high-sensitivity 
C-reactive protein) are associated with a higher risk of atrial and 
ventricular arrhythmias in patients with HF or CAD.13,14,48 It has 
been hypothesized that inflammation contributes to the structural 

with CPVT.20,47 In addition, their Na+ channel–blocking proper-
ties prevent DADs from reaching threshold potential and from 
triggering premature beats. Furthermore, β-blocking activity of 
propafenone can also contribute to its clinical efficacy in CPVT. 
As a result, class IC AADs can be an alternative to β-blockers for 
some patients with CPVT.20,47

Some RyR2 mutations can lead to an abnormally tight 
domain-domain interaction that results in an erroneous activa-
tion of the channel and diastolic Ca2+ leak.46 In experimental 
models, dantrolene stabilizes domain interactions within the 
RyR2 and prevents aberrant Ca2+ release and CPVT.20 The anti-
oxidant edaravone also ameliorates the defective interdomain 
interaction of the RyR2 and prevents Ca2+ leak and LV remodel-
ing during the development of HF.48

Even when strong evidence suggests that CaMKII control 
over Ca2+ handling might be more potent than that of PKA, 
CaMKII inhibitors might not represent a feasible target, because 
the ubiquitous role of CaMKII in cellular physiology can result 
in deleterious off-target side effects.48 In addition, some CaMKII 
inhibitors (KN-93) cannot discriminate between CaMKII  
and CaMKIV and inhibit voltage-gated K+ and Ca2+ channels. 
Therefore, to achieve an effective and safe cardiac effect, drugs 
with tissue and isoform-specific action (CaMKIIδ) are probably 
required. An alternative strategy is small peptides like autocam-
tide-2-related inhibitory peptide (AIP) that inhibit CaMKII  
activation by blocking calmodulin binding to CaMKII.

Pharmacologic Treatment of Inherited 
Cardiac Arrhythmia Syndromes

During the past decade, there was an explosion of information 
linking mutations in genes encoding ion channel α- and accessory-
subunits and cytoskeletal molecules to inherited cardiac arrhyth-
mia syndromes, including short QT syndrome, LQTS, BrS, AF, 
idiopathic VF, and CPVT (Table 54-3).19,29,35,38,45 Identification of 
disease-associated genes provides important information on the 
molecular mechanisms of cardiac arrhythmias and opens the 

Table 54-3. Pharmacologic Treatment for Inherited Arrhythmia Syndromes

Syndrome Genetic Disorder Alteration Specific Drug Therapy

Long QT syndrome LQTS1, LQTS5, JLN1/2 ↓ IKs β-Blockers, K+ channel openers (nicorandil, L-364,373)

LQTS2/LQTS6 ↓ IKr β-Blockers, K-sparing agents, K+ channel openers

LQTS3, LQTS9, LQTS10, LQTS12 ↑ INa Flecainide, mexiletine
INaL inhibitors: ranolazine
Prevention of bradycardia

LQTS7 ↓ IK1 Flecainide

LQTS8 ↑ ICaL β-Blockers, diltiazem, ranolazine, verapamil

Short QT syndrome ↑ IKr, IKs, IK1, IKATP

↓ INa, ICaL

Quinidine, disopyramide, amiodarone
Blockers of affected K+ channels

CPVT CPVT1, CPVT2 ↑ SR Ca2+ leak β-blockers, verapamil, RyR2 stabilizers (rycals), dantrolene, 
flecainide, propafenone

J wave syndromes Brugada syndrome ↓ INa, ↓ ICaL

↑ Ito, IKATP

Ito blockers, quinidine
Increase ICaL: cilostazol, denopamine, isoproterenol

Early repolarization syndromes ↑ IKAch, IKATP

↓ INa, ICaL

Atrial fibrillation ↑ IKs, IKr, IKur, Ito, IK1, IKATP, INa

↓ ICaL, ↓ Cx40

Blockers of affected K+ channels

CPVT, Catecholaminergic polymorphic ventricular tachycardia; SR, sarcoplasmic reticulum; ↑, inerease; ↓, decrease.



538 PHARMACOLOGIC, GENETIC, AND CELL THERAPY OF ION CHANNEL DYSFUNCTION

substrate in fibrotic hearts. Cardiac fibrosis is the final result of 
multiple signaling pathways that can vary in different cardiac dis-
eases, and many potential therapeutic antifibrotic targets have 
been identified, although its clinical relevance remains uncertain.

Conclusions

Most positive data with upstream therapies came from experi-
mental models, observational studies, and retrospective analyses 
of clinical data, whereas prospective randomized trials failed to 
demonstrate a beneficial effect on secondary prevention of AF 
burden or cardiovascular outcomes. This can be explained because 
upstream therapies are effective at the beginning of the remodel-
ing process, but ineffective at later stages, when structural remod-
eling is irreversible, or because drugs are only effective in patients 
with certain comorbidities. Therefore, prospective studies are 
needed to confirm this hypothesis and to define the populations 
of patients that most likely benefit from upstream therapies.

Other AADs

Adenosine acting on cardiac A1 receptors activates an outward 
K+ current (IKAdo) present in the atria, SAN, and AVN and inhibits 
If and adenylyl cyclase, which indirectly results in a decrease in 
catecholamine-stimulated ICaL and ITI. As a result, adenosine 
suppresses the pacemaker activity of SAN and depresses  
AVN conduction, being the first-line agent for terminating par-
oxysmal paroxysmal supraventricular tachycardias in which the 
AV node is part of the reentry pathway. In addition, adenosine 
suppresses catecholamine-stimulated EADs and DADs and 
catecholamine-mediated atrial and ventricular arrhythmias.

Digoxin inhibits Na+-K+–ATPase and decreases intracellular 
Na+ concentration, which in turn, increases via the NCX both 
Cai

2+ and contractile force. In addition, digoxin enhances vagal 
tone and reduces sympathetic and RAAS tone. At therapeutic 
concentrations, digoxin decreases the automaticity of the SAN 
(vagal stimulation inhibits If) and slows conduction and prolongs 
refractoriness in the AVN. This latter effect is the basis for heart 
rate control in patients with AF and systolic HF, particularly in 
unstabilized HF patients in whom β-blockers and calcium antag-
onists are contraindicated. In permanent AF, the combination of 
digoxin with these drugs provides a satisfactory rate control both 
at rest and during exercise. Digoxin has no role in ventricular 
arrhythmias, does not modify cardiac mortality in patients with 
congestive HF in SR, and can increase the rate of SCD.

Raised resting heart rate is a strong independent risk factor 
for cardiovascular events. The antianginal drug ivabradine, a 
selective If inhibitor, added on background therapy reduces the 
risk of cardiovascular death or hospitalization for worsening HF 
in patients with symptomatic HF and an LV ejection fraction of 
35% or less with heart rate 70 beats/minute or greater.60 In addi-
tion, ivabradine reverses LV remodeling, suggesting that it pre-
vents disease progression in these patients. Preliminary data 
suggest that ivabradine is a promising option in patients with 
inappropriate sinus tachycardia.

Unresolved Questions and Future Strategies

There are many unresolved questions concerning the pharmaco-
logic treatment of arrhythmias. For example, it is still unclear 
whether targeting an individual ion channel is better than target-
ing multiple ion channels. By blocking both inward and outward 
currents, multichannel blockers can create steady-state 

remodeling and might be a target for antiarrhythmic therapies. 
However, whether inflammation is an initiating event or a conse-
quence in the development of arrhythmias remains controversial. 
Corticosteroids reduce the risk of postoperative AF, probably 
because inflammation has an important role in its pathogenesis,51 
but their potential toxicity restricts their therapeutic value.

RAAS Inhibitors

ACEIs and ARAs inhibit angiotensin II AT1 receptor–mediated 
proarrhythmic effects including APD shortening, enhanced auto-
maticity, hypokalemia, reduced cell coupling, pressure overload, 
abnormal Ca2+ handling, oxidative stress, neurohumoral activa-
tion, and structural remodeling (hypertrophy, fibrosis, 
inflammation).5,14,52

In primary prevention, ACEIs and ARAs reduce the risk of 
AF in patients with HF, hypertension, and LV hypertrophy, but 
not in patients with post–myocardial infarction.53 In secondary 
prevention, they exert a beneficial effect after cardioversion of 
persistent AF and in the prevention of paroxysmal AF, particu-
larly in patients with significant underlying heart disease (e.g., LV 
dysfunction or hypertrophy) and when patients also received 
amiodarone.50,53 However, prospective randomized clinical trials 
question the value of ARAs in secondary prevention of AF.50 
ACEIs decrease the risk of death following a recent MI by reduc-
ing cardiovascular mortality. In patients with congestive HF, 
ACEIs reduce all-cause mortality but not SCD.3

Aldosterone antagonists inhibit cardiac fibrosis, exert direct 
antiarrhythmic actions, and reduce the risk of hypokalemia; 
therefore, they represent a therapeutic option for patients with 
HF, LV hypertrophy, and AF. Indeed, preliminary data suggest 
that aldosterone inhibitors reduce the incidence of recent-onset 
AF, VT/VF, and SCD in patients with congestive HF.50

Statins

They exert multiple antiarrhythmic effects, including direct 
effects on cardiac ion channels, plaque stabilization, and  
antifibrotic, antiinflammatory, and antioxidant actions.54,55 In 
addition, they suppress triggered activity in canine pulmonary  
vein preparations. Studies of statins for primary or secondary 
prevention of AF do not support specific recommendations, 
except perhaps for primary prevention of postoperative AF.51 
Statins do not reduce the risk of ventricular arrhythmias or of 
cardiac arrest and produce a modest benefit on SCD in patients 
with CAD treated with an ICD and in patients with nonischemic 
cardiomyopathy.3,56

Omega-3 Polyunsaturated Fatty Acids

They modulate ion channels and connexins, reduce fluctuations 
in Ca2+

i, and exert antiinflammatory and antioxidant actions.57 
However, there is no robust evidence to support their efficacy for 
primary or secondary prevention of AF or VT/VF.3,51,57

Antifibrotic Agents

A variety of stimuli (i.e., fast heart rates, pressure/volume overload, 
oxidative stress, inflammation, ischemia, cytokines, growth factors, 
neurohumoral activation) induce the proliferation of cardiac fibro-
blasts and its differentiation into myofibroblasts.58,59 Myofibro-
blasts when electrotonically coupled to cardiomyocytes cause slow 
conduction, ectopic activity, and electric remodeling based on 
paracrine interactions, which generate an arrhythmogenic 
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therapeutic target, including two-pore–domain K+ channels, 
Ca2+-activated nonselective cation channels, small-conductance 
Ca2+-activated K+ channels (SK1-3 channels are expressed in the 
atria), and transient receptor potential channels of the canonical 
(TRPC1/3/6) and melastin-related (TRPM3/4/6/7) subfami-
lies.9,14 However, because drugs used to target these currents lack 
specificity, the functional role of these channels in humans 
remains uncertain. In the same line, abnormal Ca2+ handling 
plays a major role in arrhythmogenesis, but the developed drugs 
do not have sufficient specificity.

Conclusions

AADs remain the mainstay of therapy for the majority of patients 
with cardiac arrhythmias, but there is an unmet need for new 
drugs that achieve effective suppression and prevention of life-
threatening arrhythmias without the risk of proarrhythmia. The 
rational development of these new AADs should be the final 
result of a better understanding of the molecular and cellular 
mechanisms involved in the genesis and maintenance of cardiac 
arrhythmias in different pathologic substrates and the mecha-
nisms of action of AADs.
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conditions that avoid large variations in AP repolarization, 
thereby preventing the development of electrical instability, 
although the risk of proarrhythmia may increase.

As mentioned, VT/VF associated with SCD preferentially 
occurs in the setting of myocardial ischemia, and it would be 
optimal to develop ischemia-selective AADs. Because class I  
and III AADs have failed to prevent ischemia-induced arrhyth-
mias, antiarrhythmic strategy has been shifted to drugs com-
monly prescribed in patients with MI or HF that prevent plaque 
rupture and reduce myocardial ischemia, such as antianginal 
drugs (β-blockers, ivabradine, ranolazine), statins, RAAS inhibi-
tors, and platelet antiaggregants, in an attempt to eliminate 
potential triggers for ventricular arrhythmias and, in the long-
term, prevent the formation of myocardial scars and SCD. RAAS 
inhibitors and β-blockers might also limit the substrate for ven-
tricular arrhythmias because they prevent LV remodeling after 
MI.3

Another unresolved question is the duration and timing of 
AAD therapy. Chronic antiarrhythmic therapy increases the risk 
of proarrhythmia, and a suitable timing of antiarrhythmic drug 
therapy might enhance safety without reducing efficacy. It is 
unlikely that patients with infrequent, brief, and mild symptom-
atic arrhythmic episodes should receive long-term AAD therapy. 
As an alternative strategy, a single oral bolus dose of propafenone 
or flecainide (“pill in the pocket”) can be administered in selected 
patients to terminate recent-onset AF outside the hospital once 
treatment has proved safe in the hospital. However, few prospec-
tive data are available on the relative safety of this approach, and 
the decision to initiate therapy outside the hospital should be 
carefully individualized.

Because AF is the most common arrhythmia, there are strate-
gies for the development of atrial-selective AADs devoid of ven-
tricular proarrhythmic effects based on the identification of 
atrial-specific targets. There are preliminary experimental data 
suggesting that several channels represent a possible atrial 
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absorption, distribution, and renal and biliary excretion reflect 
cellular drug uptake and efflux by specific transporter3 molecules. 
It is variability in function and expression of metabolizing and 
transport molecules, regulated by a host of genetic and environ-
mental factors, that determines pharmacokinetic variability. Sim-
ilarly, variability in the biological milieu in which drugs act can 
be conceptualized as variability in the function of multiple mol-
ecules, including the target molecules with which drugs interact 
to produce their beneficial and adverse effects, whose integrated 
behavior determines normal and abnormal cellular and whole-
organ function.

Some DNA variants are rare, cause specific “monogenic” dis-
eases, and have conventionally been termed mutations. More 
common variants are termed polymorphisms and might or might 
not alter function or expression of the encoded protein. As we 
begin to understand that each human harbors thousands of DNA 
variants4,5—some common and some extremely rare—the dis-
tinction between “mutation” and “rare variant” becomes increas-
ingly unclear, and more generic language like rare and common 
polymorphisms is being adopted. One critical aspect of modern 
genomics is that DNA tends to be highly ancestry specific. Vari-
ants implicated in traits like variable drug responses in one ethnic 
group may be absent in another, or different variants in the same 
gene may contribute.

A change in a single nucleotide, a single-nucleotide polymorphism 
(SNP), is the most common type of DNA variant. Others include 
nucleotide insertions or deletions (indels) and duplication or dele-
tion of large stretches of DNA, termed copy number variations 
(CNVs). Only about 1% of the genome is protein-coding (this 
subset of DNA is termed the exome), and protein function can be 
altered if a polymorphism results in a change in primary amino 
acid sequence (a nonsynonymous polymorphism). In addition, non-
coding variants can alter protein abundance through multiple 
mechanisms (e.g., by changing mRNA stability, by regulating the 
rate of mRNA transcription). Such regulation can arise because 
of polymorphisms in the promoter (the region that directly con-
trols gene transcription, usually directly upstream of exon 1) or 
in more distant genomic regions. One emerging view is that 
polymorphisms may be physiologically silent until an environ-
mental stressor is superimposed: Examples of environmental 
stressors important for arrhythmia pathophysiology include 
adrenergic stress, acute myocardial ischemia, and administration 
of a drug.

Approaches to Identifying  
Pharmacogenetic Variants

Drugs display variability in both efficacy and toxicity, and phar-
macogenomic experiments to date have addressed both types of 
drug responses. Drug efficacy often reflects the combined effects 
of multiple pharmacokinetic and pharmacodynamic determi-
nants; thus, identifying polymorphisms with large effect sizes 
contributing to efficacy has been challenging. Similarly, some 
drug toxicities reflect an extension of the biology of efficacy (e.g., 
excessive ventricular rate slowing with atrioventricular [AV] 
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Individuals vary widely in their responses to therapy with most 
drugs. Indeed, response to cardiovascular drug therapy and anti-
arrhythmics in particular is so highly variable that study of the 
underlying mechanisms has elucidated important lessons for 
understanding variable responses to drug therapy in general.1,2

Single nucleotide changes can, by disrupting gene product 
function, produce dramatic changes in physiology: The long QT 
syndromes and inherited errors of metabolism such as alkapton-
uria are examples. Indeed, recognition that inborn errors of 
metabolism arose from defective biotransformation of endoge-
nous substrates led to the suggestion more than a century ago 
that exogenous substrates (drugs) might similarly be aberrantly 
metabolized and might produce unusual actions in affected 
patients. This pharmacogenetic paradigm has been validated by the 
identification of individual patients and families with defects in 
the genes encoding specific drug-metabolizing enzymes. The 
term pharmacogenomics encompasses the idea that variability in 
drug responses across individuals or populations reflects the com-
bined influences of many DNA variants across individual 
genomes.

Principles of Pharmacogenomics

Definitions

Two key steps are included in the series of events that take place 
between administration of a drug and manifestation of its benefi-
cial or adverse effects (Figure 55-1). First, drug must be delivered 
to its molecular site of action (e.g., receptor, ion channel). The 
magnitude of the effect at the target is determined by drug con-
centration, and the study of the time dependence of the concen-
tration of drug (and metabolites) achieved in plasma, tissue, or 
other sites such as urine or bile is termed pharmacokinetics. The 
second major process that determines drug action has been 
termed pharmacodynamics and broadly includes the processes that 
must occur between the interaction of a drug with a specific 
molecular target and the manifestation of drug action at the 
molecular, cellular, whole-organ, and whole-patient levels. 
Because drugs act in a complex (and often abnormal) biological 
milieu, considerable intersubject variability in drug effects can 
arise from pharmacodynamic mechanisms.

These principles of pharmacokinetics and pharmacodynamics 
have been recognized for decades, and it is now apparent that 
they are manifestations of the highly regulated function of indi-
vidual molecules. Thus, metabolism of a drug occurs by interac-
tion of the drug with specific drug-metabolizing molecules, and 
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pharmacogenomics.8 Here, single variants that alter the function 
of drug-metabolizing or transport molecules may confer a very 
high likelihood of developing aberrantly high (or low) plasma 
drug concentrations—and thus highly variable drug responses—
during treatment. In addition, genetically determined variations 
in drug targets (molecules with which drugs interact to achieve 
their therapeutic or adverse effects) may strongly modulate the 
outcomes of drug therapy. Specific examples are discussed in the 
following sections.

Unbiased Approaches: The Genome-Wide Association  
Study Paradigm
In arrhythmia science, GWASs have been used to identify new 
genes and pathways involved in physiological traits (like electro-
cardiographic [ECG] intervals) and susceptibility to common 
arrhythmias like atrial fibrillation (AF) or sudden cardiac death.9,10 
These results, in turn, are being used to explore the role of vari-
ants in these genes in variable drug response. In addition, GWASs 
have been used to directly analyze drug responses, as described 
later.11

A fundamental enabling discovery for the GWAS paradigm is 
the concept of linkage disequilibrium. Although each human 
harbors millions of common SNPs, many are “linked” in the 
sense that knowing the specific genotype at one locus allows an 
investigator to infer the genotype at a second locus. If an SNP at 
one genetic locus always informs the genotype at the second SNP 
site, the two are said to be in complete linkage disequilibrium. 
Thus, a platform that interrogates large numbers of SNPs need 
only include a few such “tag” SNPs to identify genotypes across 
an entire linkage disequilibrium block or haplotype.

The GWAS experiment starts by identifying cases and con-
trols for a specific phenotype. These can be categorical (e.g., 
premature heart disease, breast cancer, drug-induced adverse 
effect, AF, restless leg syndrome) or continuous (e.g., PR dura-
tion, warfarin steady state dose).6 High-throughput platforms are 
then used to determine genotypes at hundreds of thousands or 
millions of SNP sites in cases and controls, and tests of associa-
tion are performed at each SNP to identify those associated with 
the phenotype under study (Figure 55-2). Evidence that the 
experiment has yielded a positive result may include very low P 
values (after correction for multiple comparisons), replication, 
and ultimately biological plausibility. SNPs are chosen because 
they tag blocks of linkage disequilibrium; therefore, there is little 
expectation that those associated with low P values are functional 
themselves. Rather, they act as sign posts within the genome, 
identifying specific loci at which functional variants may reside.

GWAS analyses of the distribution of normal ECG intervals 
(e.g., PR, QRS, QT) have been conducted in tens of thousands 
of patients and have identified genomic loci that contribute to 
variability in these traits.12-18 Some of these are, in retrospect, 
obvious from an understanding of underlying physiology. Thus, 
for example, strong signals are present in the KCNQ1 and KCNH2 
loci (encoding potassium channels important for cardiac repolar-
ization) in GWAS analyses of variability in the QT interval. 
Mutations in these genes are the most common causes of the 
congenital long QT syndrome; the GWAS result demonstrates 
that common variants in these genes contribute to physiological 
variability of QT intervals in a normal population.

Other signals identified by GWAS identify genes whose role 
in the phenotype under study is completely unsuspected. In the 
QT analyses, the strongest signal has consistently been noted 
near NOS1AP, which encodes an ancillary protein for the neuro-
nal isoform of nitric oxide synthase. Initial studies suggest that 
NOS1AP encodes a regulator of cardiac potassium and calcium 
function.19 Follow-up studies have now implicated NOS1AP vari-
ants in phenotypes beyond normal QT variability: These include 
risk for sudden cardiac death in populations,20 risk for events in 
patients with congenital long QT syndrome,21,22 and risk of 

nodal blocking drugs), and thus the experimental challenges are 
similar. However, other toxicities are not predicted by what is 
known about the efficacy of a drug and seem to occur in a rela-
tively unpredictable fashion; examples include skin rashes, statin-
related myopathy, and drug-induced arrhythmias. In some of 
these apparently idiosyncratic cases, single variants with relatively 
large effect sizes have been identified.

Proving that a DNA variant contributes to a specific clinical 
phenotype (such as an unusual drug response) requires compel-
ling statistical arguments and replication in multiple datasets; 
demonstration that a variant produces altered biological proper-
ties in vitro can also serve as a supporting argument. The rapid 
proliferation of polymorphism databases has led to a very large 
number of false-positive associations between polymorphisms 
and variable human phenotypes—associations that are subse-
quently not reproduced.

Associating genetic variants with clinical phenotypes, includ-
ing drug response, in humans has taken one of two broad 
approaches. The first is predicated on a perceived understanding 
of the fundamental physiology, pathophysiology, or pharmacol-
ogy of the phenotype under study; this is termed a candidate gene 
approach (see Figure 55-1). The second takes advantage of 
emerging high-throughput technologies by genotyping or by 
direct sequencing of large regions of DNA (up to whole exomes 
and genomes) to then determine whether there is an association 
between any locus interrogated and the phenotype under study. 
To date, the most widely used method in this unbiased or 
hypothesis-free approach is the genome-wide association study 
(GWAS) paradigm.6 One clear emerging lesson of these genetic 
association studies is that any result requires further validation 
both by replication and by further experiments testing the under-
lying biology.

Candidate Gene Approaches
Although the candidate gene approach is intuitively very appeal-
ing, repeated experience over the past decade has demonstrated 
that initially identified associations frequently failed to replicate.7 
The reasons for this failure of replication are multiple: (1) The 
candidate variant may not, in fact, explain a large proportion of 
the variance in the phenotype under study; (2) the studies gener-
ally involve small numbers and so are underpowered; and (3) a 
publication bias is associated with positive results, so attempts to 
replicate generally regress to the mean.

A major exception to the general “rule” that candidate gene 
studies fail to replicate in a robust fashion is seen in 

Figure 55-1.  Mechanisms modulating drug actions The left side illustrates 
pharmacokinetic  variables  that  determine  absorption,  distribution,  metabolism, 
and  elimination  (often  abbreviated  ADME).  Variability  in  interactions  between 
drugs and their molecular targets, along with variability in underlying pathophysi-
ologies  including  disease  processes,  modulates  pharmacodynamic  mechanisms 
(right) that contribute to net drug responses. Understanding the molecular deter-
minants of pharmacokinetics and pharmacodynamics is the first step toward iden-
tifying genetic variants that contribute to drug responses. 
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susceptibility. However, the actual size of these effects can be 
modest, and their contribution to overall heritability of the traits 
under study is often small, with odds ratios rarely exceeding 2.0. 
The fact that strong GWAS signals identify common variants 
with only very modest effect sizes has been a major criticism of 
the approach. Nevertheless, identification of new physiological 
pathways to human phenotypes represents the major triumph of 
the approach and, as has been outlined earlier, can be a starting 
point for new risk stratifiers in disease settings and with drug 
exposure.

Other Experimental Approaches
A design intermediate between a single candidate gene interroga-
tion and an unbiased GWAS approach is a multiplexed candidate 
gene study. In this approach, hundreds of SNPs, chosen because 
they tag major haplotype blocks within logically chosen candidate 
genes, are interrogated to identify specific loci that may associate 
with the phenotype of choice.35 This approach offers the advan-
tage of shifting the focus away from single variants, along with 
the disadvantage that it remains a candidate gene approach albeit 
using candidates chosen often through unbiased approaches. The 
hypothesis that combinations of genetic variants contribute to a 
trait can be addressed using this method.36 Another emerging 
approach is to combine the results of genomic studies with those 
of other studies yielding complementary datasets. Examples 
include expression profiling in cell lines or specific tissues, infor-
matics approaches,37 and evaluation of drug response in model 
organisms with known genetic backgrounds, such as mice or 
zebrafish.9,38

An emerging approach in modern genomics is direct sequenc-
ing of candidate genes, of loci implicated as modulators of a 
phenotype by GWAS, of large candidate gene sets, and ultimately 
of the whole genome. New technologies have enabled the devel-
opment of very high throughput and reasonably accurate geno-
typing for such experiments. The challenge is that the larger the 
region of the genome interrogated, the larger the number of 
genetic variants identified, and the ability to relate specific vari-
ants to phenotypes under study remains a major challenge in  
this area. Nevertheless, these approaches are being explored  
in genomics and have been applied to electrophysiological 
phenotypes.39,40

Pharmacokinetic Mechanisms

Each drug is a substrate for one or more specific drug-metabolizing 
enzymes and is transported into and out of cells by specific drug 
uptake and efflux molecules. When variable drug effects arise 
because of variability in plasma or tissue drug concentrations, 
polymorphisms in the genes encoding drug-metabolizing 
enzymes or transporters are high-priority candidates for explain-
ing variability in drug effects.

Most drug metabolism occurs in the hepatocyte, where drugs 
are biotransformed to one or more metabolites, usually by oxida-
tion. Drug metabolites are generally more polar than the parent 
drug and are themselves excreted or conjugated (most commonly 
as glucuronides) before renal or biliary excretion. Oxidation is 
usually accomplished by members of the cytochrome P-450 
(CYP) superfamily, the most important members of which for 
drug metabolism are the CYP3A family (CYP3A4 and CYP3A5), 
CYP2D6, CYP2C9, and CYP2C19. Conjugation is accomplished 
by uridine glucuronyl transferase, N-acetyltransferase, or a group 
of methyltransferases.8

High-Risk Pharmacokinetics
The term high-risk pharmacokinetics has been used to describe 
specific clinical settings in which variation in normal metabolism 
or excretory pathways can confer especially important clinical 

sudden death during treatment with some drugs.23 The strongest 
GWAS signal for variability in PR and QRS is seen in SCN10A, 
which encodes a sodium channel previously implicated only in 
pain perception and not known to play a role in the heart. Pre-
liminary studies have suggested multiple roles for the gene in the 
heart: A contribution to late sodium current,24 regulation of the 
canonical cardiac sodium channel SCN5A,25,26 and a role in neural 
regulation of conduction27 have been suggested.

GWASs of patients with and without AF have consistently 
implicated SNPs at chromosome 4q25.28-30 The nearest gene 
encodes the transcription factor PITX2; initial studies suggest 
that PITX2c, a cardiac-specific isoform, regulates both develop-
ment of the pulmonary myocardium31 and expression of other 
genes (e.g., NPPA, KCNQ1) that have been implicated in AF 
susceptibility.32 These data are also being used to inform addi-
tional studies of variable response to AF therapy. Thus, for 
example, reports have suggested that SNPs at Chr4q25 predict 
response to drug33 or ablation34 therapy in AF.

In addition to analysis of phenotypes such as ECG intervals 
or disease susceptibility, the GWAS paradigm has been used to 
directly study variability in drug response. Here, the problem is 
that precise definitions of drug response phenotypes are needed, 
and the numbers of patients that can be accrued is by nature of 
the experiment much smaller than analyses of ECG intervals or 
of arrhythmias themselves.11 Nevertheless, as is described further 
later, initial attempts have been made to analyze phenotypes such 
as warfarin steady state dose requirement or susceptibility to 
drug-induced torsades de pointes.

Large GWAS analyses have identified incontrovertible statis-
tically significant associations such as those between variants in 
NOS1AP and QT duration or between variants at 4q25 and AF 

Figure 55-2.  The genome-wide association study paradigm  The  first 
step  (top panel)  is  to  assign  each  subject  in  a  large  cohort  to  case  (orange)  or 
control  (white)  status. The entire cohort  is  then genotyped at hundreds of  thou-
sands to millions of common polymorphic sites. The figure illustrates how a hypo-
thetical polymorphism predicting the phenotype in question might segregate: In 
this case, variant B is associated with the phenotype. A statistical test of association 
is then performed for each polymorphism and the results displayed on a Manhat-
tan plot (bottom): The x-axis is the chromosomal location of the polymorphism, and 
the  y-axis  is  the exponent of  the  P  value  for  the  individual  statistical  test  (higher 
values denote lower P values). In the example shown, a cluster of polymorphisms 
in chromosome 1  (arrow)  achieves  P  values  less  than 10−8. The  red horizontal line 
denotes  an  arbitrary  level  of  statistical  significance  after  correction  for  multiple 
testing. 
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(erythromycin, itraconazole, cyclosporine) in elevating digoxin 
concentrations likely reflect interference with this P-glycoprotein 
elimination pathway. Similarly, sotalol and dofetilide are elimi-
nated largely by renal excretion of unchanged drug, so marked 
QT prolongation is a real risk in patients with renal dysfunction 
given usual drug dosages; the specific transporter is unknown. 
Patients with entirely defective P-glycoprotein have not been 
described, although mice in which the gene is disrupted have no 
manifest baseline phenotype. However, because of the very 
prominent role of P-glycoprotein in maintenance of an effective 
blood-brain barrier, these mice display striking accumulation in 
the central nervous system and resulting toxicity when exposed 
to certain drugs, including digoxin. Polymorphisms have been 
described that modulate the function of drug transport molecules 
in vitro; these have been linked to variability in plasma and tissue 
concentrations and effects of digoxin, simvastatin, and many 
other drugs.

Patients homozygous for loss-of-function alleles in CYP2D6 
(5% to 10% of European and African populations) display mark-
edly enhanced β-blocking action, including bronchospasm and 
bradyarrhythmia, during propafenone therapy as the result of 
accumulation of the parent drug. Similar effects of the poor 
metabolizer genotype have been reported for metoprolol. Fle-
cainide is also a CYP2D6 substrate, but because it also undergoes 
renal excretion, loss of CYP2D6 activity (on a genetic basis or 
through drug interactions) is not usually a problem. However, 
CYP2D6 becomes the major determinant of flecainide elimina-
tion in patients with renal failure, and this is one setting in which 
flecainide toxicity can occur if CYP2D6 activity is reduced on the 
basis of genomic variation or drug interactions.

Pharmacodynamic Mechanisms

DNA polymorphisms can result in important functional changes 
in drug target molecules.1,2 One example is the common R389G 
(substitution of glycine for arginine at position 389) variant in 
ADR1 encoding the β1-adrenergic receptor. The R389 variant 
demonstrated a twofold to fourfold greater increase in myocyte 
contractility during exposure to β-agonists and predicted a ben-
eficial response of patients with heart failure receiving bucindo-
lol; in fact, clinical response in G389 carriers was no different 
from response to placebo. Recent studies implicate this polymor-
phism as a modulator of rate control in atrial fibrillation.45 
Another example may be polymorphisms in the KCNE2 gene. 
Some, but not all, studies suggest that KCNE2 can partner with 
and modify the function of HERG, the protein whose expression 
results in IKr. A KCNE2 polymorphism resulting in T8A increases 
sensitivity to IKr blockers approximately threefold and has been 
linked to susceptibility to drug-induced torsades de pointes. A 
variant in the SCN5A promoter has been described that reduces 
promoter activity and is associated with longer QRS duration 
(slower conduction) at baseline,46 and, as has been discussed, 
SCN10A variants also modulate QRS. The SCN5A variant pre-
dicted greater QRS prolongation with sodium channel-blocking 
drug challenge in Asian patients with Brugada syndrome46 and 
thus becomes a candidate for modulating risk of sudden death 
seen when conduction is slowed by drugs, disease, or genetic 
syndromes.

Variable responses to warfarin reveal that this is an example 
of a drug in which two genes play an important role.1,47 One is 
CYP2C9, which is responsible for the bioinactivation of 
S-warfarin, the active enantiomer of the drug. Patients with 
CYP2C9 variants that result in loss of function have higher plasma 
drug levels, increased drug effect, excessive risk of bleeding at 
ordinary doses, and decreased steady state dose requirements. 
The specific variants and their frequencies vary by ancestry. The 
second gene is VKORC1, which encodes an important component 

effects.41 Such variation most often arises because of genetic poly-
morphisms in the pathway or because of coadministration of 
drugs that inhibit the pathway. One high-risk setting involves use 
of a drug that has a narrow margin between effective dose and 
toxic dose, and that has a single predominant route of elimina-
tion. A second setting involves administration of a prodrug, a drug 
that requires a specific metabolic pathway for its bioactivation. 
Examples of prodrugs whose bioactivation depends on drug 
metabolism pathways with known polymorphisms include clopi-
dogrel and codeine. Table 55-1 presents examples of antiarrhyth-
mic drugs for which variants in single genes produce large effects.

A spectacular example of high-risk pharmacokinetics has been 
drug interactions involving substrates of CYP3A4, notably the 
antihistamine terfenadine and the pro-motility agent cisapride.42 
These compounds are high-potency QT-prolonging agents 
(resulting from block of the potassium current IKr) and ordinarily 
undergo very extensive presystemic metabolism by CYP3A (and 
no other major pathway) to non–IKr-blocking metabolites. When 
drugs that inhibit CYP3A are coadministered, presystemic 
metabolism is inhibited, concentrations of terfenadine or cis-
apride entering the systemic circulation can increase by several 
orders of magnitude, and torsades de pointes due to IKr block 
becomes a real risk. These risks led to withdrawal of these drugs 
from the market. Although the activity of CYP3A4 varies among 
individual patients, the reasons for this are not completely under-
stood. No common nonsynonymous SNPs are present in the 
gene, although noncoding SNPs regulating function have been 
described.43,44 Functionally important polymorphisms in the 
coding region of the very closely related gene for CYP3A5 are 
expressed in enterocytes and hepatocytes. Loss-of-function 
alleles are more common in white or Asian patients than in 
African American patients.

Another widely used drug that is eliminated largely by a single 
molecular mechanism is digoxin, whose hepatic and renal excre-
tion is mediated by the drug efflux transporter P-glycoprotein 
encoded by ABCB1.3 The well-recognized effects of quinidine, 
amiodarone, verapamil, and numerous other drugs 

Table 55-1. Pharmacogenetics of Antiarrhythmic Drugs

Drug

Genes With 
Polymorphisms Possibly 
Affecting Response Inhibitor of

Quinidine CYP2D6, ABCB1

Procainamide NAT2

Amiodarone CYP3A4, ABCB1, 
CYP2C9

Flecainide CYP2D6

Propafenone CYP2D6

Sotalol

Dofetilide

Dronedarone ABCB1

Metoprolol, timolol CYP2D6, ADR1

β-Blockers ADR1

Verapamil CYP3A4, ABCB1

Diltiazem CYP3A4, ABCB1

Warfarin CYP2C9, VKORC1

Adenosine

Digoxin ABCB1
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autonomic function, potassium homeostasis, or PI3 kinase signal-
ing are examples. A fourth set of candidate genes are those 
responsible for metabolism and elimination of the QT-prolonging 
drug; in this case, genetic variants will be specific to individual 
culprit drugs. For example, the antipsychotic thioridazine is 
metabolized by CYP2D6, and evidence suggests that poor metab-
olizers are at increased risk for diTdP with this drug.53

Individual case reports and series have provided evidence that 
some patients with previously unrecognized congenital long QT 
syndrome may present with torsades de pointes when challenged 
with a QT-prolonging drug. In addition, common variants in 
these genes could contribute: One example is a common nonsyn-
onymous SNP in the cardiac sodium channel gene resulting in 
S1103Y, detected only in African Americans and reported to 
modulate the risk of a range of arrhythmias, including diTdP and 
sudden infant death syndrome.54,55 Systematic evaluations of 
patients with diTdP, surveying increasingly large sets of congeni-
tal long QT syndrome and other congenital arrhythmia syn-
drome genes, have identified potentially contributory variants in 
patients with diTdP in up to 65% of cases.39,56 Another set of 
candidate variants that might modulate risk are those in the β1-
adrenergic receptor gene, but systematic surveys have not sup-
ported this contention.

A large candidate gene survey studied 1424 SNPs in 18 high-
priority candidate genes (including congenital long syndrome 
disease genes and NOS1AP) in a set of 176 European ancestry 
patients with diTdP and two sets of controls: 837 population 
controls and 207 patients exposed to QT-prolonging drugs and 
not developing marked QT interval changes.35 This study identi-
fied a single nonsynonymous SNP in KCNE1 that predicted 
diTdP with a relatively high odds ratio, 9.0. KCNE1 encodes a 
key subunit necessary for physiological IKs function, and the 
variant, D85N, has been implicated as a modulator of normal QT 
interval and as a risk factor in modulating the phenotype in both 
congenital and drug-induced TdP. A preliminary report of a 
GWAS using a very similar set did not identify common genetic 
variants with large effect sizes.57

The Future: Using Pharmacogenetic 
Information in Patient Management

One goal of pharmacogenetic studies is to identify mechanisms 
leading to large variability with existing drug therapies. These 
results, in turn, could be used to tailor therapy with existing drugs 
and to evaluate new drugs to ensure that high-risk situations are 
avoided.1,2 Another possible outcome of pharmacogenomic 
studies is the development of readily measurable biomarkers to 
predict individual patient responses. In addition, identification of 
new pathways to variable physiological and drug responses may 
be the first clue to the development of new drug targets.

A rapidly increasing knowledge base is relating common and 
rare polymorphisms to variable drug response and other pheno-
types such as susceptibility to disease. The ultimate hope is that 
such studies will usher in a new era of personalized medicine, in 
which an individual patient’s polymorphism set will be used to 
efficiently diagnose disease, determine disease susceptibility, and 
select optimal therapies. Despite an increasingly compelling body 
of knowledge linking variable drug effects with genetic variation, 
adoption in clinical practice has been slow. Many reasons have 
been proposed to explain this apparent paradox. One is that large 
randomized clinical trials, with very few exceptions, have not 
been conducted to demonstrate the value of adding pharmaco-
genetic information to routine clinical care. A second is that the 
effects of drug administration are so variable that even factoring 
out pharmacogenetic contributors still leaves variability in drug 
responses. A third possible explanation is a logistic one: It is 

of the warfarin drug target (the vitamin K complex). Very rare 
patients have VKORC1 coding region mutations, resulting in 
warfarin resistance. In addition, however, common variation in 
the promoter clearly modulates VKORC1 hepatic mRNA abun-
dance and can be related to warfarin sensitivity. In fact, the initial 
warfarin dose requirement appears more dependent on VKORC1 
variants than on those in CYP2C9. Steady state warfarin dose 
requirements vary strikingly across ethnicities, and higher dose 
requirements in African subjects and lower ones in Asian subjects 
have been associated with VKORC1 variation. GWASs of warfa-
rin steady state dose have confirmed a prominent contribution 
by common variants in CYP2C9 and VKORC1 and have suggested 
a role for at least one other gene, CYP4F2, which is thought to 
be involved in vitamin K oxidation.48,49

The Example of Drug-Induced Long QT Syndrome
A range of genetic approaches have been used to study the poten-
tial contributions of DNA variants to risk for drug-induced tor-
sades de pointes (diTdP). This serious adverse drug event occurs 
in 1% to 5% of patients treated with QT-prolonging antiar-
rhythmics, such as sotalol, dofetilide, or quinidine, and to a much 
lesser extent in patients exposed to noncardiovascular drugs such 
as terfenadine, cisapride, erythromycin, haloperidol, methadone, 
and many others. The mechanism whereby patients receiving 
antiarrhythmic drugs are at so much higher risk than those 
receiving the noncardiovascular drugs remains unexplained and 
may reflect a contribution by concomitant disease, notably atrial 
fibrillation, which is frequently the indication for prescribing 
QT-prolonging antiarrhythmics; data suggest that the period of 
conversion from atrial fibrillation to sinus rhythm is one of high 
risk for QT interval dysregulation because of mechanisms that 
are not well understood.42

An understanding of normal and abnormal cardiac repolariza-
tion informs a set of candidate genes that may modulate QT and 
diTdP risk. Virtually all drugs that cause torsades de pointes are 
IKr blockers. The biological context in which IKr blockers act 
includes other elements of the action potential (e.g., IKr, INa, ICa), 
as well as mechanisms that control normal autonomic function 
and serum potassium. One recent study suggested that PI3 kinase 
inhibition (a property of some anticancer drugs that have been 
linked to diTdP) affects multiple ionic currents, suppressing IKr 
and IKs and increasing late sodium current—effects that may 
prolong QT.50 This complexity is consistent with the notion that 
the mechanisms that maintain a short QT interval vary among 
individual patients, and patients with reduced repolarization 
reserve as the result of genetic or environmental factors are at 
increased risk for developing torsades de pointes on challenge 
with an IKr blocker. Several studies have implicated variable IKs as 
playing an important role in maintaining this reserve.51 One 
report indicated that in vitro exposure to an IKr-blocking drug 
paradoxically shortened action potentials. The proposed explana-
tion was decreased expression of a microRNA (miRNA), whose 
ordinary role is to inhibit translation of KCNQ1, a key gene in 
the IKs complex; the decrease in miRNA thus resulted in increased 
IKs expression and unexpectedly shortened action potentials.52 
This experiment highlights the way in which complex regula-
tion of multiple ion currents control cardiac repolarization, as 
well as a potential role for miRNAs as modulators of these 
processes.

Because two common clinical situations in which marked QT 
prolongation and torsades de pointes are observed are diTdP and 
the congenital long QT syndromes, one obvious set of candidate 
genes for mediating diTdP risk consists of the congenital long 
QT syndrome disease genes. A second set of candidates are those, 
such as NOS1AP, that have been implicated in variability in 
normal QT intervals by GWASs. A third set includes genes 
implicated by physiological studies,38 informatics approaches,37 or 
in silico modeling as modulators of the QT: Genes involved in 
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information related to drug response and perhaps to other impor-
tant pathophysiological phenotypes such as susceptibility to 
disease can be embedded in patients’ electronic medical records, 
to be accessed when a culprit drug is prescribed. Electronic 
systems would then advise the physician at the point of care 
whether the choice of drug or the drug dosage needs to be 
altered. This potential approach to incorporating genomic variant 
data into the flow of health care is now being explored at various 
academic medical centers.58

cumbersome to not only prescribe a drug but at the same time 
obtain a genetic test whose result (often appearing days later) may 
require a second patient encounter to adjust medication dose or 
to change medications. In busy clinical practice environments, it 
may be simpler to choose different drugs or to ignore pharma-
cogenomic influences altogether.

Rapid advances in genotyping technology are now raising  
the possibility that testing for pharmacogenomic variation  
can be accomplished in a “preemptive” fashion, that is, genetic 
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potential components for bioelectronics and a new generation of 
optical memory because of their ultra-fine spatiotemporal control 
by light (i.e., their ability to address single molecules by focused 
light at very fast rates). The latter is of equal interest in control 
of eukaryotic cells. Structurally and functionally, BR provides 
good insight for optogenetics as it shares high homology with all 
(class I) opsins currently in use.

The New Generation of Single-Unit  
Optical Actuators

Current-day optogenetics began with the characterization and 
cloning of ChR1 and the higher-conductance light-sensitive  
ion channel ChR2 from green algae by Nagel, Hegemann, 
Bamberg, and colleagues1,2 in 2002 and 2003. This was followed 
in 2005 by the first robust demonstrations of the use of ChR2  
to stimulate mammalian cells.3,4 Upon heterologous expression, 
these microbial ion channels provide excitatory (cation- 
mediated) current with relatively fast kinetics9 and can effectively 
trigger electrical impulses (action potentials) in excitable cells 
upon light stimulation at relevant physiological rates. This  
demonstrated usefulness in neuroscience revived interest in  
other types of microbial opsins, discovered earlier and extensively 
studied within the microbial photobiology field. These include 
the chloride pump halorhodopsin (HR)10 and the BR-like 
proton pump archaerhodopsin (AR).11 Both have proved capable 
of providing outward/hyperpolarizing current in mammalian 
cells.12,13

Distinct Advantages of Optogenetics

What makes recent optogenetic tools (several types of microbial 
opsins) more practical compared with earlier systems and com-
pared with classic (electrical and chemical) ways of stimulation 
are the following distinguishing characteristics: (1) simplicity of 
expression and operation without exogenous cofactors, offering 
the attraction of a single-component system, in contrast to 
prior multi-component optical actuators, such as using G-protein–
coupled signaling and ligand-requiring opsins (chARGe)14; (2) 
apparent minimal interference with endogenous function15 
(much less than genetically encoded voltage and calcium sensors) 
and remarkable reliability of use on a large scale in vitro and in 
vivo; (3) high specificity compared with electrical stimulation 
(i.e., selective cell type targeting due to the genetic means of 
manipulation); (4) very high spatiotemporal precision of 
manipulation (i.e., fast addressing of single molecules or cells by 
the combination of focused light and genetically defined cell 
targets; (5) robustness and range of action within the same 
paradigm (i.e., excitatory and inhibitory effects can be encoded); 
(6) lower light energy required for activation compared with 
prior attempts to stimulate by infrared light alone16; and (7) 
noncontact stimulation with precise localization, allowing highly 
parallel/high-throughput operations.
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Defining Optogenetics

Optogenetics is an emerging technology for optical interrogation 
and control of biological function with high specificity and spa-
tiotemporal resolution. Mammalian cells and tissues can be sen-
sitized to respond to light by a simple and well-tolerated genetic 
modification using microbial opsins (light-gated ion channels and 
pumps). Fast and specific excitatory or inhibitory responses can 
be achieved, with distinct advantages over traditional pharmaco-
logic or electrical perturbation. The breakthrough came with the 
discovery of fast microbial opsins that behave like gated ion chan-
nels,1,2 and the subsequent demonstration that these microbial 
opsins (channelrhodopsin2, ChR2, in particular) can generate 
sufficient photocurrent to optically stimulate and control  
mammalian neurons with very high temporal resolution.3,4 
Optogenetics has already been widely used to elucidate brain 
circuitry and function in health and disease,5-7 yet expansion of 
this emerging technology in cardiovascular research has surpris-
ingly remained largely unexplored.

Nature-Derived Optical Actuators

Genetically encoded reporters of gene expression and cell func-
tion—green fluorescent proteins (GFPs) and their derivatives—
have found widespread use. Similarly, optogenetics necessitates 
genetic modification of the cells and tissues of interest by heter-
ologous expression of microbial opsins. Unlike GFP-based 
observational/imaging tools, optogenetics also offers actuation 
possibilities—active perturbation of cell function (e.g., mem-
brane potential or cell signaling) with high cellular specificity and 
spatiotemporal resolution, not attainable by pharmacologic or 
electrical means.

Bacteriorhodopsin
Bacteriorhodopsin (BR) is one of the simplest and best studied 
optoelectrical transducers from the microbial (class I) opsins, 
found in archae, eubacteria, fungi, and algae. It is a protein with 
seven transmembrane domains that acts like a light-gated active 
ion pump—it captures photon energy via its covalently bound 
chromophore, retinal—and moves protons against their electro-
chemical gradient from the cytoplasm to the extracellular space. 
Since their discovery,8 the microbial opsins have been viewed as 
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chromophore (light-sensing element). Unlike BR, ChR2 is an ion 
channel (not a pump), and upon opening it conducts cations 
down their electrochemical gradient.

The chromophore, all-trans-retinal, is covalently bound to the 
ion channel, and the complex does not undergo the dissociation 
seen for class II mammalian rhodopsins, where the retinal/opsin 
complex is reassembled/disassembled upon each stimulus. Upon 
interaction with a photon, all-trans-retinal undergoes isomeriza-
tion to 13-cis-retinal, triggering channel opening. All-trans-
retinal, derived from intake of vitamin A–containing nutrients, is 
present only in small amounts in nonretinal and nonembryonic 
tissues (<0.5 nmol/g).30 It was a serendipitous finding that in most 
vertebrate cells, enough all-trans-retinal is present naturally to 
form functional ChR2 complexes. This is even more surprising 
in cell culture, where the source of vitamin A must be serum/cell 
culture impurities. To date, no systematic studies have demon-
strated if and how retinal availability varies between cell and 
tissue types, and whether it can be a limiting factor in the light 
responsiveness of different cell types modified with ChR2.

Similar to BR, ChR2 has seven transmembrane (TM) domains. 
It has a molecular weight of 77 kDa and a total of 737 amino 
acids, approximately 300 of which are located at the amino-
terminus and fully define its photocurrent generation.31 The 
crystal structure of ChR2 was recently solved,31 and this revealed 
that the conductive pore is defined by TM1, -2, -3, and -7, and 
that TM7 is critical for the interaction with retinal, while TM2 
determines channel selectivity and conductance. ChR2 has a 
higher energy barrier for excitation than BR (energy is inversely 
proportional to the wavelength)—its spectral response peaks at 
around 470 nm (570 nm for BR).

ChR2 conducts cations with differential selectivity in the fol-
lowing order (H+ > Na+ > K+ > Ca2+, …9; Figure 56-1). More 
specifically, PH/PNa = 1.062 × 106; PK/PNa = 0.427; PCa/PNa = 0.117. 
Thus, for physiological concentrations and membrane potentials, 
ChR2 provides predominantly Na+-mediated inward current. It 

Brief Overview of Neuroscience Applications

Neuroscience applications have successfully used the specificity 
offered by optogenetics to dissect neural circuits and connectiv-
ity, linking specific neuron populations to normal behaviors and 
to disease. These studies include applications to better under-
stand learning,17 olfactory processing in vivo,18 depression,19 sleep 
disorders,20 fear,21 and addiction.22 More translational studies 
tackled questions related to epilepsy and terminating seizures 
using inhibitory opsins,23 controlling Parkinson’s disease with 
deep brain stimulation (DBS),24,25 countering visual degeneration 
in retinitis pigmentosa,26 restoring respiratory control,27 optimiz-
ing nerve stimulation of skeletal muscle,28 and optimizing stem 
cell differentiation while taking advantage of the inherently par-
allel nature of optical stimulation.29 This is a small subset of the 
wide spectrum of studies conducted thus far; more recent and 
comprehensive reviews provide further information.6,7

The Optogenetics Toolbox

The set of microbial opsins, adopted for use in mammalian cells, 
make up the “optogenetics toolbox.” These include both proteins 
that generate depolarizing/excitatory currents and proteins that 
produce inhibitory/hyperpolarizing currents.

Excitatory/Depolarizing 
Opsins—Channelrhodopsin2

ChR2 from Chlamydomonas reinhardtii, cloned by Nagel et al. in 
2003,2 is the prototypical and most widely used optogenetic tool. 
Like BR, it belongs to class I microbial opsins, all of which 
require the cytosolic presence of retinal, which acts as a 

Figure 56-1.  Biophysical Properties of ChR2 A, ChR2 is a light- and voltage-dependent ion channel; all-trans-retinal, intracellularly available and covalently bound 
to ChR2, acts  like a chromophore (sensing photons) to facilitate ChR2 opening and the transport of cations with differential preference from H+ to Ca2+. B, The resultant 
current is predominantly inward/excitatory with a fast peak and a sustained component; ChR2 exhibits strong inward rectification with a reversal potential around 0 mV; 
shown are also selected traces for ChR2 current under different voltage clamps (inset) and irradiance levels (bottom); scale bars are 10 pA/pF and 100 ms. 

(Data for the sustained component shown from Jia Z, Valiunas V, Lu Z, et al: Stimulating cardiac muscle by light: Cardiac optogenetics by cell delivery. Circ Arrhythm Electrophysiol 
4:753-760, 2011.)
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recently developed.41 Genetic engineering is currently used to 
expand and optimize available opsins in three important aspects: 
light sensitivity, speed, and spectral response. These efforts, 
carried out mainly in the laboratories of Deisseroth, Bamberg, 
Hegemann, Tsien, Boyden, and others, have resulted in ChR2 
mutants with single-amino-acid substitutions, including the 
higher-conductance H134R,3 T159C,42 and ET/TC42; the Ca2+ 
permeable CatCh43 and the speed-optimized ChETA44; hybrids 
of ChR1 and ChR2 (ChIEF)9; and hybrids of ChR1 and VChR1 
(C1V1) for red-shifted variants,45 among others. In most cases, 
optimization in one aspect (e.g., conductance) comes with a  
tradeoff in another aspect (e.g., speed). Extensive quantitative 
comparisons of genetically engineered opsins can be found in 
several excellent reviews.5,6,42 Other efforts to improve the opto-
genetics toolbox include reduction of toxicity seen with early use 
of these opsins, better membrane targeting, better cell specificity, 
and optimization of expression.46

Optical Control of Cardiac Function

Overview of Early Work in Cardiac Optogenetics

Since 2010, publications have begun to appear that extend opto-
genetics to cardiac muscle. Arrenberg et al.47 used a zebra fish 
model to express both excitatory (ChR2) and inhibitory (HR) 
opsins. Using structured illumination, they demonstrated the use 
of optogenetics to spatially map the pacemaking region in zebra 
fish during development. They also presented a range of rhythm 
disorders that were triggered optically. Bruegmann et al.48 pub-
lished the first cardiac mammalian application. They combined 
viral expression of a ChR2 variant with a CAG promoter in 
mouse embryonic stem cells (mESCs), with targeted differentia-
tion and purification of ESC-derived cardiomyocytes for in vitro 
demonstration of optical pacing. Furthermore, they generated 
transgenic mice with cardiac ChR2 expression, in which normal 
rhythm was perturbed in vivo by light pulses, and focal arrhyth-
mias were induced by long pulses.

Simultaneously and independently, our group demonstrated a 
nonviral optogenetic approach.34 Given the heart’s dense and 
well-coupled environment, we used cell delivery to demonstrate 
optical pacing in vitro. We called this strategy a tandem-cell-unit 
(TCU) approach, where dedicated (nonexcitable) donor cells 
expressing light-sensitive ion channels (ChR2) couple with car-
diomyocytes, providing light sensitivity to individual myocytes or 
a cardiac syncytium. Our study also demonstrated the first inte-
gration of high-speed/high-resolution optical imaging with 
optogenetics-based actuation for a fully optical interrogation of 
excitable tissue and quantitative comparison of wave propagation 
upon optical versus electrical stimulation. Two more in vitro 
studies were published approximately at the same time—one 
using a cardiac cell line (HL-1), in which ChR2 was expressed by 
electroporation,49 and the second using lentiviral delivery of 
ChR2 into human embryonic stem cells (hESCs), followed by 
cardiomyocyte differentiation.50 Both studies applied microelec-
trode arrays (MEAs) to confirm electrical response upon optical 
stimulation. Abilez et al.50 combined their experiments with com-
putational modeling of the function of ChR2 into cardiac tissue.

Cardiac Electrophysiology and Optogenetics

Compared with neuronal electrophysiology, cardiac action 
potentials are longer and more complex, reflecting the close inte-
gration of electrical and mechanical function with a prominent 
role for Ca2+ as intermediary. Physiologically relevant frequencies 
of electrical response are one to two orders of magnitude lower 

has a reversal potential close to 0 mV, showing inward rectifica-
tion (i.e., minimal outward current3,9,32-35). Several competing 
theories have been put forward for the mechanism of rectifica-
tion, including that it is a single-channel property defined by an 
asymmetrical barrier33 or a macroscopic property resulting from 
the kinetics of multiple ion species interacting with the channel.35

Upon a light pulse with the proper wavelength (470 nm) and 
sufficient irradiance (in mW/mm2) for excitation, ChR2 gener-
ates current that peaks rapidly and then relaxes to a smaller steady 
state level (see Figure 56-1). Higher irradiance and more negative 
voltages speed the kinetics of both activation and relaxation. Even 
at room temperature, all time constants are <20 ms.32,34 The 
single-channel conductance for the wild-type ChR2 is relatively 
small, and the few reported values vary widely from 40 to 90 fS33,36 
to 0.25 to 2.42 pS,9 depending on the method of estimation. For 
comparison, the Na+ channel conductance in muscle cells is as 
large as 18 pS.37 Zimmermann et al. used freeze-fracture electron 
microscopy (EM) and particle counting as well as whole cell 
conductance and capacitance measurements to estimate ChR2 
density of expression (typical case) and found about 2000 
channels/µm.2,36 If all the channels were opened simultaneously, 
the generated whole cell current would be between 400 pA/pF 
and 25 nA/pF. As is discussed later, one of the first ChR2 single-
amino-acid mutants (H134R) was designed to increase conduc-
tance by two- to threefold compared with wild type, with minimal 
slowing of kinetics.3

Conceptual and quantitative understanding of the function of 
ChR2 is aided by recent mathematical models, as proposed by 
Hegemann and colleagues38 and modified by others.39 A four-
state model is currently favored, with two open states (a high-
conductance state and a low-conductance, light-adapted one) and 
two closed states. Photon absorption and isomerization of retinal 
constitutes a near-instantaneous process, so that ChR2 confor-
mational changes, after light sensing, determine its photocurrent 
kinetics. Current models capture light dependence well but over-
simplify voltage dependence.

Inhibitory/Hyperpolarizing Opsins

Opsins that produce inhibitory/hyperpolarizing current include 
the chloride pump HR from Natronomonas pharaonis adopted for 
mammalian use, eNpHR,12 and some BR-like proton pumps (e.g., 
Archaerhodopsin-3 [AR] from Halorubrum sodomense13) and the 
lower-wavelength-activated pump from the fungus Leptosphaeria 
maculans (Mac).13 AR is the most potent inhibitory opsin to date; 
compared with HR and Mac, it offers larger photocurrent and 
faster recovery from inactivation. Similar to HR and Mac, AR 
provides an outward current with an extremely negative reversal 
potential and only about a 20% drop in current when going from 
0 to −120 mV. By its action, despite being an efficient proton 
pump, AR changes the H+ concentration (pH) minimally (i.e., the 
intracellular pH can increase by about 0.15 after 1 minute of 
continuous illumination).13 The turnover rate of AR is unknown 
but by whole cell current (1 nA induced by strong illumination 
in neurons13) is comparable in amplitude with the ChR2 current, 
most likely because of high density of expression, as is the case 
for most active pumps usually with an order of magnitude of 
higher density than ion channels.40

Optimization of Optical Actuators

Having both excitatory and inhibitory optogenetics tools of com-
parable performance opens the possibility for optical control of 
membrane potential (i.e., “shaping” the action potentials and/or 
the frequency response of the system). A method for optimized 
tandem expression of excitatory and inhibitory opsins has been 
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computer simulations (unpublished data) with the ten Tusscher 
ventricular cell model,52 including a version of ChR2 modified 
from earlier papers.39

Genetic Modification of Cardiac Tissue

Common techniques for genetic modification (including optoge-
netics) are shown schematically in Figure 56-3, A. Transgenic 
mice present an attractive experimental model and can be gener-
ated with specifically targeted cell types. Various strains of trans-
genic ChR2-expressing mice were developed by Feng and 
colleagues for in vivo neuroscience research,53 and many of these 
are currently available through the Jackson Laboratory. To date, 
no commercially available mice with cardiac expression of opto-
genetic tools have been produced. Witten et al.54 have developed 
a more elegant general strategy for cell type–specific expression 
of opsins in rats. They used recombinase-driver rat cell lines that 
can drive the gene expression in specific cell types with Cre 
recombinase under control of relatively large regulatory regions 
(>200 kb). This approach permits faster generation of experi-
mental rat models than other classical transgenic approaches and 
will likely be used in cardiac applications as well. Such Cre driver 
lines confer another level of selectivity, in addition to promoter-
determined selectivity, when combined with viral delivery. For 
cardiac applications, one can envision targeting the conduction 
system as a whole or regions of it (e.g., the sinoatrial node, Pur-
kinje fibers). Although specific gene expression (HCN4, Cx40) 
or locally enriched transcription factors, such as Contactin-255 
have been investigated for the conduction system, more work is 
needed to make relevant promoters available for cell-specific 
targeting, similar to the arsenal available for neuroscience.

In addition to transgenic animals, gene targeting in vitro or 
in vivo can be achieved by direct DNA delivery (by electropora-
tion or other transfection methods), viral delivery, or cell delivery. 
Through concerted efforts to optimize the optogenetics toolbox, 
multiple laboratories use repositories like Addgene and make 
their constructs publicly available. Of the shown delivery methods 
(see Figure 56-3, A), viral delivery using lentivirus (LV) or adeno-
associated virus (AAV) is the most common in optogenetics appli-
cations6 because of the high efficiency and potential specificity 
noted if a cell/tissue-specific promoter is used. Successful long-
term expression with LV and AAV has been demonstrated not 
only in mice56 and rats24 but also in primates.15 For cardiac use, 
optimization of viral delivery will involve a search for the most 
suitable AAV serotype and small promoters for cell-specific 
expression (small payload for AAV of <4.7 kb limits promoter 
size). The cell delivery approach (Figure 56-3, B) is based on the 
TCU strategy and relies on coupling of donor cells with native 
myocytes with a coupling conductance > 2nS.34 This approach is 
particularly relevant to cardiac applications involving stem cell 
delivery. It does not address cell-specific labeling of native myo-
cytes, but it allows for optimization of donor cells for better opsin 
performance in vivo.

When optogenetics were applied to cardiac tissue, it was 
unknown a priori whether the required chromophore for ChR2 
operation can be found in sufficient amounts. For example, bulk 
tissue measurements obtained with chromatography and ultra-
violet (UV) techniques (high-performance liquid chromatogra-
phy [HLPC]/UV)30 indicate that cardiac muscle may contain 
smaller quantities of endogenous retinoids than are seen in liver, 
kidney, adipose tissue, and brain. Yet the few cardiac applications 
previously discussed did not use exogenous retinol, thus suggest-
ing that some (possibly sufficient) quantities of retinal were avail-
able. It is interesting to note that the human embryonic kidney 
cells (HEK293) used in our TCU experiments34 and in other 
optogenetics studies are known for their optimized retinoid 
machinery, but myocytes most likely are not.

than for neurons. Myocytes are big and well coupled via gap 
junctions, forming a syncytium. Excitation waves, under normal 
conditions, follow well-known paths, as reflected in the highly 
regular electrocardiogram (ECG).

Given these characteristics, it is likely that optimization of 
optogenetics tools and their specific application will follow dif-
ferent routes compared with neuroscience. For example, higher-
speed opsins are not as relevant for the heart; higher-conductance 
opsins are quite relevant in light of the higher electrotonic load. 
Although in neuroscience the ideal excitatory pulses are very brief 
and information is encoded mostly by the frequency of the pulses, 
for cardiac applications, it is possible to explore longer, lower-
intensity pulses. In the cardiac literature, energy minimization 
has been pursued via waveform optimization,51 and it is known 
that a typical rectangular monophasic pulse, for example, does 
not provide the most efficient stimulus. It can be speculated that 
the conceptually different optogenetic mode of stimulation, 
where the stimulus (the actual photocurrent induced) is shaped 
via rapid real-time feedback about the membrane voltage (Figure 
56-2, B) may be inherently optimal for stimulation and perhaps 
more energy efficient, especially at longer low-irradiance pulses. 
It is more difficult to speculate about the performance of opto-
genetic pulses for cardioversion and defibrillation; it is hoped that 
computer modeling and in vitro experiments will provide addi-
tional insight into how the pre-stimulus state may affect the 
outcome. Figure 56-2 illustrates the response of a ventricular 
myocyte to comparable electrical and optical stimulation using 

Figure 56-2.  Optogenetic Stimulation of Cardiac Cells Human ventricu-
lar  myocytes,  stimulated  electrically  (5 ms,  10  pA/pF)  and  optically  (10 ms,  
5 mW/mm2), produce very similar action potentials;  the underlying ChR2 current 
during a cardiac action potential  is  fast  inward current  that gets  reversed by  the 
change  in  voltage  and  becomes  briefly  outward  for  positive  voltages. The  inset 
illustrates  that  optogenetic  stimulation  is  inherently  waveform-optimized  (com-
pared with electrical rectangular pulses) because of the built-in feedback control 
by voltage  (i.e.,  the  inward current  injection self-terminates once  the membrane 
has been depolarized). 

(Modified from Entcheva E: Cardiac optogenetics. Am J Physiol Heart Circ 304:H1179-
H1191, 2013; the results were taken from computer simulations with the ten Tusscher 
myocyte model, integrated with a ChR2 model; modified from Nikolic K, Grossman N, 
Grubb MS, et al: Photocycles of channelrhodopsin-2. Photochem Photobiol 85:400-
411, 2009.)
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cardiac muscle). Alternatively, catheter accessibility to the endo-
cardial conduction system may provide immediate opportunities 
for optogenetic applications.

Energy for Optical Stimulation

The optical stimulus strength needed to trigger a response is 
typically measured in units of irradiance (mW/mm2). Strength-
duration curves link minimum irradiance and pulse duration and 
capture the overall energy required for optogenetic stimulation 
(Figure 56-4, A). The energy is influenced by a multitude of 
factors, including expression levels and functionality of the 
opsins, the host cell electrophysiological milieu (balance of depo-
larizing and repolarizing currents), the cable properties of the 
tissue and electrotonic load for activation, the efficiency of light 
delivery/penetration, and so on. In Figure 56-4, A, strength-
duration curves are assembled from published data for cardiac 
cell monolayers with the TCU approach34 and for ventricular and 
atrial tissue in transgenic mice48; these are compared with the 
much higher values reported for stimulation in neural applica-
tions in vitro and in vivo.4,53,61 The results are surprising if we 
consider only cable properties. In such cases, it is not obvious 
that neural applications would require higher energies than those 
needed for cardiac use. Furthermore, atrial myocytes were found 
to express ChR2 at higher levels and to produce larger functional 
currents than ventricular myocytes.48 Yet when tested at the tissue 
level, a puzzling result was the greater energy needed to excite 
atrial muscle than ventricular tissue, which theoretically should 

Challenges for Light Access in the Heart

In neuroscience applications, precise injections for optogenetic 
targeting of desired brain locations and implantation of stimulat-
ing or recording devices are performed by widely available ste-
reotactic systems. Furthermore, implantable optogenetic devices 
evolved rapidly in brain research since 200724 to the current fully 
integrated systems in freely moving animals, in some cases with 
wireless powering.57

An analogous approach to the stereotactic system is not in 
place for cardiac gene or cell delivery. The challenge is to achieve 
this goal in a beating heart without the firm support and point 
of reference naturally offered by the skull for the brain. Optical 
fiber conduits for imaging purposes have been developed before 
for cardiac applications58; possibly this intramural optrode 
approach could be adopted for localized gene or cell delivery, as 
well as for optical stimulation and recording. Alternatively, for 
optical stimulation, surface-conforming solutions, whereby the 
device is moving with the contracting heart, may come from 
recent new developments in stretchable electronics and optoelec-
tronics59 (e.g., light-emitting diode [LED] matrices can be orga-
nized to conform and follow accessible surfaces—epicardial or 
endocardial—with minimally invasive procedures similar to the 
use of inflatable balloons). As a dense and highly scattering 
medium, the heart may require the development of red-shifted 
optogenetics tools, similar to VChR1 and C1V1.45 Two-photon 
excitation of ChR2 offers an alternative way of increasing wave-
length60 (i.e., it may be possible to stimulate deeper tissue 
[>0.5 mm] by surface illumination even in the denseness of 

Figure 56-3.  Inscribing Light Sensitivity in Cardiac Tissue A, The most common approaches to optogenetic transduction include the generation of a transgenic 
animal or different ways of gene delivery: direct plasmid transfection, virally mediated or cell mediated; the relative efficacy and safety of these approaches is depicted.  
B, The cell delivery approach works for well-coupled cells, as in the myocardium, where a tandem cell unit (TCU) can be formed between a nontransduced myocyte and 
a nonexcitable donor cell. Shown are a canine adult ventricular cell and a donor ChR2 HEK cell, in which optical stimuli drive action potentials in the myocyte. 

(From Entcheva E: Cardiac optogenetics. Am J Physiol Heart Circ 304:H1179-H1191, 2013, with permission; also from Jia Z, Valiunas V, Lu Z, et al: Stimulating cardiac muscle by 
light: Cardiac optogenetics by cell delivery. Circ Arrhythm Electrophysiol 4:753-760, 2011.)
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by ChR2 current with electrical current injected in a rectangular 
pulse, the waveform in the two cases (see Figure 56-2) suggests 
that optical stimulation may yield benefit for longer pulses, but 
the instant-upstroke electrical pulses are more efficient at short 
durations. Without a doubt, stimulus delivery to the site of inter-
est will profoundly affect the overall energy requirements.

Potential Future Cardiac Applications

Optical Pacing and Basic Studies of Arrhythmias

It has to be emphasized that the power of optogenetics lies in the 
possibility of offering new ways to better address basic science 
questions. Whether it can progress into more translational/
therapeutic uses remains to be seen, for neuroscience and for 
cardiac applications.

As a basic science tool in cardiac research, optical pacing can 
offer contact-less stimulation with higher spatiotemporal resolu-
tion and cell selectivity and a new ability for parallelization com-
pared with electrical stimulation. The possibility of combining 
optical stimulation with optical readout is particularly attractive 
for all-optical interrogation of cardiac electrophysiology (voltage 
or calcium; Figure 56-5, A). We demonstrated the combined use 
of high-speed ultra-high-resolution optical mapping with optical 
stimulation34 (see Figure 56-5, B). Because of its contact-less 
nature, optical pacing naturally lends itself to parallelization and 
scalability, as well as closed-loop feedback control.

These features can be useful for numerous research questions. 
One set of problems deals with probing and confirming cell-to-
cell coupling (e.g., cardiomyocyte–fibroblast coupling, coupling 
between donor [stem] cells and host cardiomyocytes) in regenera-
tive cardiomyoplasty. Currently, no direct and specific method is 
available to address these questions in vivo. Optogenetics may 
offer solutions via selective cell type–specific expression and 
optical stimulation, if light access problems are resolved. A 
second related set of problems deals with initiation of focal 
arrhythmias. Suspected common sites (e.g., automaticity at endo-
cardial Purkinje network locations)63 can be systematically studied 
by cell-specific expression and perturbation by light to induce or 
suppress such activity. Critical contributions of different parts of 
the pacemaking and conduction system can be probed, as was 
demonstrated in the zebra fish study.47 Such approaches may 
facilitate understanding of arrhythmia induction and may offer 
new antiarrhythmic strategies. A third set of problems suitable 
for in vitro investigation is related to mechanisms of reentrant 
arrhythmias and their termination. Precise dynamic optical 
probing can be used to address the exact nature of reentrant 
activation and the state of the reentrant core—spiral wave versus 
leading circle. The search for mechanisms of atrial fibrillation or 
ventricular fibrillation—mother rotor, wandering wavelets, or 
other—can be better tackled by fine stimulation tools to establish 
vulnerability and may have real impact on the development of 
better defibrillation strategies.

Cardioversion

Classical defibrillation works by synchronous depolarization of a 
critical mass of the myocardium (>95%) using strong electrical 
shocks; lower-energy alternatives are pursued by the proper 
timing of multiple electrical shocks to interact with and extin-
guish reentrant waves underlying an arrhythmic episode.64 For 
optogenetic termination of arrhythmias (cardioversion and defi-
brillation), both excitatory and inhibitory approaches will be of 
interest. Global hyperpolarization (or forced repolarization) is 
difficult to achieve by electrical fields; thus optical suppression 

have presented the bigger electrotonic load. Clearly, multiple 
factors are at play. Given that gene targeting will rarely result in 
perfectly uniform expression, we also explored computationally 
how the energy of stimulation will depend on the spatial distribu-
tion of gene (viral) or cell delivery (see Figure 56-4, B). The 
results show that less energy is needed for (viral) gene delivery 
in myocytes if a localized area is transduced, but for more sparsely 
distributed expression, cell delivery may be more efficient.62

A key question for cardiac pacing is whether optogenetic acti-
vation can be more energy efficient than electrical stimulation, 
potentially providing longer battery life. Our in vitro experiments 
hinted at such a possibility.34 If one compares the charge delivered 
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Figure 56-4.  Energy for Optical Stimulation of Cardiac Tissue 
A,  Strength-duration  curves  (irradiance  and  pulse  duration  needed  to  pass 
the threshold for stimulation) are assembled from published data  for cardiac cell 
monolayers  with  the TCU  approach  and  for  ventricular  and  atrial  tissue  in  trans-
genic mice; these are compared with the much higher values reported for stimula-
tion in neural applications in vitro and in vivo. B, Energy to stimulate depends on 
the spatial distribution of gene or cell delivery of ChR2: Computational data show 
that lower energy is needed for direct gene delivery in myocytes if a localized area 
is transduced; for a more sparsely distributed expression, inert cell delivery may be 
more efficient.
 

(B, From Boyle PM, Williams JC, Entcheva E, Trayanova NA: Spatial distribution of 
channelrhodopsin-2 affects optical stimulation efficiency in cardiac tissue. Heart 
Rhythm 9:S254, 2012.)

(A, Data from multiple papers, including Boyden ES, Zhang F, Bamberg E, et al: 
Millisecond-timescale, genetically targeted optical control of neural activity. Nat Neu-
rosci 8:1263-1268, 2005; Bruegmann T, Malan D, Hesse M, et al: Optogenetic control 
of heart muscle in vitro and in vivo. Nat Methods 7:897-900, 2010; and Jia Z, Valiunas 
V, Lu Z, et al: Stimulating cardiac muscle by light: Cardiac optogenetics by cell deliv-
ery. Circ Arrhythm Electrophysiol 4:753-760, 2011.)
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However, efforts have been made to extend optogenetics to 
include broader control of physiological parameters, especially 
protein-protein interactions and cellular signaling. An example 
of a cardiac application used flavin-binding opsins to create light-
induced fusion of calcium ion channels (Cav1.2) to show how 
oligomerization and channel clustering may affect the current 
produced by these channels in cardiomyocytes.65 Furthermore, 
in addition to the microbial class I opsins used for direct control 
of voltage (see Figure 56-2), the optogenetics toolkit has been 
expanded to include derivatives of the vertebrate class II  
opsins, commonly referred to as OptoXR.66 These are G-
protein–coupled proteins that can interact with intracellular  
messengers, including cyclic adenosine monophosphate  
(cAMP), phosphoinositide-3-kinase (PI3K), and inositol-1,4,5-
triphosphate (IP3), and can provide precise optical interrogation 
of biochemical signaling. Even though such uses may exhibit 
lower temporal resolution, the selectivity and the spatial preci-
sion of manipulation offered by optogenetics tools are still 
desirable.

offers a new tool. It is interesting to point out successful termina-
tion of epileptic seizure activity by light (using inhibitory HR) in 
hippocampal tissue slices in vitro,23 as epilepsy and cardiac 
arrhythmias share some mechanistic similarities. Concerns 
regarding in vivo optical cardioversion and defibrillation do not 
involve the magnitude of achievable photocurrents, but instead 
pertain to the need for spatially distributed light delivery.

It is unclear if optogenetics can prove a “disruptive technol-
ogy” for in vivo pacing and defibrillation, considering the success 
of the current devices. However, if potential safety concerns are 
resolved and if critical benefits are demonstrated (e.g. substantial 
battery life extension or pain reduction for defibrillation), then 
perhaps optical devices will be a viable alternative.

Beyond Optical Control of Voltage

The common use of microbial opsins, as discussed here, involves 
control of electrical activity (i.e., transmembrane voltage). 

Figure 56-5.  All-Optical Actuation, Sensing and Control of Cardiac Function A, Shown  is a system for all-optical contact-less cardiac electrophysiology, 
built around a microscope. Optical actuation is achieved through collimated LED-produced light; optical sensing of voltage (Vm) and calcium (Ca2+)  is done by voltage-
sensitive dye (di-8-ANEPPS) and calcium-sensitive dye (Rhod-4), respectively; shown are actual records (light pulse was 50 ms, 0.2 mW/mm2). Computer controls the LED 
driver and the acquisition by photodetectors (PD1, PD2), thus allowing for a closed-loop feedback control. Other components include L—objective lens; LS—light source 
for imaging; Ex F, Em F—excitation and emission filters; and M, DM1, DM2—full and dichroic mirrors. B, All-optical interrogation of cardiac function over time and space 
by combining high-resolution optical mapping with optogenetic actuation  (from Jia et al., 2011). Waves of excitation  in cardiac monolayers,  triggered by electrical and 
optical pacing at 0.5 Hz and captured by activation maps. Color represents time of activation; isochrones are shown in black at 0.15 s. Calcium transients (Rhod-4) in response 
to electrical or optical stimulation are shown from two locations, with normalized fluorescence. Blue marks indicate time of stimulation (electrical pulses were 10 ms; optical 
were 20 ms each). In panels A and B, the cell delivery approach of ChR2 was used. 

(From Entcheva E: Cardiac optogenetics. Am J Physiol Heart Circ 304:H1179-H1191, 2013, with permission.)

B

A

DM1

DM2

0.4 s0 s

STIM

Electrical stimulation Optical stimulation

A

B B

A

B

A

1s

STIM

A

B
2 mm 1s

PD2

Em FEx F

LS

Sample

Vm

Light

Acquisition
Visualization
Control

Ca2+

LED/
driver

PD1

M

O
pt

ic
al

 s
en

si
ng

O
pt

ic
al

 a
ct

ua
tio

n
L



556 PHARMACOLOGIC, GENETIC, AND CELL THERAPY OF ION CHANNEL DYSFUNCTION

Acknowledgments

We would like to acknowledge current and past researchers 
working on this project in our labs (Z. Jia, PhD; H. Bien, MD, 
PhD; C. Ambrosi, PhD; J. Xu, BS; J.C. Williams; A. Klimas,  
MS; J. Yu, BS; J. Kalra; X. Chen, BS; Z. Lu, MD, PhD; B.  
Rosati, PhD; H. Liu, MS; J. Zuckerman, MS; C. Gordon, MS), 
as well as collaborators at Stony Brook (P.R. Brink, PhD; V.  
Valiunas, PhD; C. Gordon, MS) and at Johns Hopkins University 
(P.M. Boyle, PhD; N.A. Trayanova, PhD). Our work on  
cardiac optogenetics is supported by NIH-NHLBI grant 
R01HL111649.

Conclusions

Optogenetics has already proved to be an indispensable research 
approach in neuroscience. A vast number of useful light-sensitive 
actuation tools have been produced and made publicly available. 
Cardiac applications are in their infancy, although it is already 
clear that optogenetics tools will allow difficult questions to be 
investigated that heretofore were unapproachable with current 
tools.67 However, new developments are needed to accelerate 
cardiac use of optogenetics, especially in vivo, and to help cardiac 
electrophysiologists realize the full potential of this unique 
approach.
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Cell Sources for Cardiac Repair

A wide variety of different cell sources have been investigated for 
their ability to repair the heart in animal models and some in 
clinical trials. Advances in stem cell research over the past two 
decades have also contributed to the variety of cells types under 
consideration. Cells from the recipient of the graft (autologous) 
and isolated from donors (allogeneic) have been tested (Box 
57-1). Autologous cell sources hold the advantage of not being 
recognized by the immune system as foreign, but they have the 
disadvantage of potentially costly individualized cell processing 
and the possibility that the disease phenotype will make the 
transplanted cells dysfunctional. Alternatively, allogeneic cells 
may be at risk for immune rejection, but the ability to optimize 
and manufacture large batches of quality-controlled cells for use 
in multiple patients could be advantageous. The cell sources vary 
dramatically in their properties, including proliferative capacity, 
potency, ability to differentiate into different cell types, ability to 
survive ischemic and inflammatory insults, and secretion of sig-
naling molecules. Furthermore, it is likely that the different cell 
sources can differentially affect the electrophysiological proper-
ties either acutely or over time.

Initial investigations in cell therapy for the heart sought the 
goal of remuscularizing the tissue by providing differentiated 
myocytes. The first cell source studied in detail was skeletal 
myoblasts derived from skeletal muscle satellite cells.7,8 Satellite 
cells can be isolated from a muscle biopsy and differentiated into 
myoblasts that can be expanded greatly in culture. Transplanted 
myoblasts formed viable grafts in animal hearts and improved 
functional properties of the hearts9,10; however, the transplanted 
cells formed skeletal muscle grafts, not cardiac muscle. This 
result had consequences because skeletal muscle lacks connexin 
expression and gap junctions; therefore, the cells did not electri-
cally integrate into the myocardium.10,11 Alternatively, trans-
planted fetal mouse ventricular myocytes were demonstrated to 
integrate into a recipient mouse heart forming intercalated discs 
between donor cells and the recipient myocardium.12 Treatment 
of infarcted or cryoinjured myocardium with fetal cardiomyo-
cytes in several animal studies resulted in improved left ventricu-
lar function and limited adverse myocardial remodeling compared 
with sham control animals.13,14 However, fetal cardiomyocytes are 
poorly tolerant of acute ischemia, with the vast majority not 
surviving the transplant. Fetal cardiomyocytes are also terminally 
differentiated, and they do not exhibit significant cell division at 
the site of engraftment. Therefore, it is difficult to obtain ade-
quate cell numbers for larger areas of damage. Finally, the major 
limitation of applying this strategy to clinical medicine is the 
ethical objection to the use of human fetal tissue as well as the 
limited supply of such tissue.

In 2001, Orlic et al.15 demonstrated that bone marrow–derived 
lineage-negative (lin−) and c-kit+ stem cells injected after myocar-
dial infarction in a mouse model resulted in remarkable repair of 
the heart accompanied by functional improvement.15 The 
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Introduction to Cardioregenerative Medicine

The human heart has a limited ability for repair after myocardial 
infarction and other major insults. The remodeling process that 
occurs in response to major cell loss includes hypertrophy of 
remaining cardiomyocytes and fibrosis of the myocardium, which 
provide both triggers and substrate for arrhythmias. Continued 
stress on the myocardium can lead to progressive remodeling and 
heart failure. Although pharmacologic therapies have greatly 
advanced and can blunt or in some cases partially reverse the 
remodeling of the failing heart, typically these therapies are only 
partially effective with substantial morbidity and mortality 
remaining in part because of arrhythmias.

In the past decade, insights regarding the regenerative capa-
bilities of the heart have offered new hope for the treatment of 
heart disease. Although the adult human heart has been described 
as a postmitotic, terminally differentiated organ, new studies have 
provided evidence that the heart is a dynamic organ with turnover 
of cells throughout life, including cardiomyocytes.1,2 Like many 
other organ systems, tissue-specific stem and progenitor cells 
have been identified recently; they provide a source for generat-
ing new cardiomyocytes and other essential cell types in the 
heart.3-5 However, endogenous cardiac stem cells are unable to 
generate adequate numbers of cardiomyocytes to repair the heart 
after large insults, such as myocardial infarction. Furthermore, 
the capacity of intrinsic repair by cardiac stem cells declines with 
age.6 Thus, the concept of delivering new, viable cells to the heart 
for repair and regeneration has been investigated aggressively 
over the past decade for treatment after myocardial infarction and 
in heart failure. Ideally, such cell-based therapy will lead to regen-
erated myocardium that exhibits normal functional properties 
and consequently reduces the risk of arrhythmias as the abnormal 
substrate is replaced, and the conditions that trigger arrhythmias 
are eliminated. However, the delivery of cells to the myocardium 
can also potentially introduce conditions that increase the risk for 
arrhythmias. The purpose of this chapter is to examine the elec-
trophysiological consequences of cell therapy for heart disease 
based on existing experimental data and early clinical 
experience.



560 PHARMACOLOGIC, GENETIC, AND CELL THERAPY OF ION CHANNEL DYSFUNCTION

The establishment of technologies to produce human pluripo-
tent stem cells created additional considerations for cardiac cell 
therapy. The successful isolation of human embryonic stem cells 
(ESCs) from surplus in vitro fertilization embryos by Thomson 
et al.30 created new avenues for cardiac therapeutic applications.30 
Subsequent demonstration that human ESCs cells could differ-
entiate into functional cardiomyocytes confirmed the potential 
utility of this cell source for cardiac repair.31,32 Studies in animal 
models with mouse ESCs showed that the cells could have ben-
eficial effects after myocardial infarction and generate different 
cell lineages following transplantation of undifferentiated 
ESCs.33-35 However, transplanting the ESCs without differentia-
tion carries the risk of teratoma tumor formation36; therefore, 
subsequent studies have evaluated differentiated derivatives for 
repair.37,38 Even more recently, the remarkable reprogramming of 
somatic cells, such as dermal fibroblasts, to induced pluripotent 
stem cells has provided a pluripotent stem cell source that can 
potentially be genetically identical to the patient.39,40 Initial 
studies using this cell source have shown early promise,41 but 
many questions remain regarding the stability of the phenotype 
and the long-term effects of reprogramming.

As investigators more critically examined cell survival and 
engraftment after cell delivery, it became progressively clear that 
many of the functional benefits observed in animal models were 
likely not due to simple remuscularization. The majority of trans-
planted cells, regardless of source, did not survive let alone gener-
ate new myocardium. Nevertheless, clear beneficial effects of the 
therapies were observed based on the functional and structural 
properties of treated hearts, and a number of additional mecha-
nisms of benefit have been proposed (Figure 57-1). Perhaps most 
prominent among the potential mechanisms of benefit is the 
reported paracrine effects of certain cell populations, such as 
MSCs, to secrete molecules to promote survival of existing heart 
tissue and blunt adverse remodeling.19,42 Other potential benefi-
cial effects include activating endogenous stem cells, cell fusion, 
induction of angiogenesis, antiinflammatory effects, and resyn-
chronizing the myocardium. The exact mechanistic effect likely 
varies with different cell sources, and these details are far from 
completely defined in animal studies. Nevertheless, these early 
animal studies have generated sufficient interest and data to 
proceed quickly to clinical trials.

Basic Mechanisms by Which Cell Therapy  
Can Affect Cardiac Electrophysiology

Cellular grafts need to undergo electrical and mechanical inte-
gration into the myocardium for optimal benefit. Furthermore, 
the functional properties of the cells ideally must match those of 
normal myocardium. To investigate and optimize these features 
of cell therapies, studies have been performed using in vitro and 
animal models. Depending on the precise details of the grafts and 
their integration, the transplanted cells can be either proarrhyth-
mic or antiarrhythmic (Figure 57-2). Cell therapy can contribute 
to the genesis of arrhythmias by affecting all three basic mecha-
nisms of arrhythmias: reentry, abnormal automaticity, and trig-
gered activity. Alternatively, cell therapy can blunt arrhythmias 
by improving the underlying substrate and removing triggers. 
Careful examination of the integration and functional properties 
of the cellular grafts is essential for optimizing safe and effective 
cell therapy approaches.

Cell Coupling and Integration

Successful regeneration of myocardium with cell therapy requires 
electromechanical integration of the new cells into the functional 

appealing concept that delivering stem cells to the injured heart 
could lead to robust regeneration of functional myocardium was 
put forward, but soon these results were challenged by others 
arguing against the ability of a hematopoietic stem cell to form 
cardiac tissue.16,17 Nevertheless, investigators considered other 
cells sources, such as mesenchymal stem cells (MSCs) derived 
from bone marrow to treat the injured heart, likewise suggesting 
the generation of new myocardium; however, this conclusion has 
also been challenged.18,19

The relatively recent demonstration of rare endogenous 
cardiac stem and progenitor cells in the heart provides additional 
possible cell sources for cardiac repair. Investigators have used a 
number of different techniques and cell surface markers to isolate 
endogenous cardiac progenitors. In the earliest study, progenitors 
were suggested based on the ability to expel Hoechst 33342 dye 
which was used with fluorescence-activated cell sorting (FACS) 
to identify a rare “side population” of cells in a similar fashion as 
had previously been done in hematopoietic cells.20 The side pop-
ulation cells have cardiac potential based on in vitro studies. The 
cell surface marker c-kit was subsequently used to identify mul-
tipotent cardiac stem cells in mouse and human hearts.21, 22 Like-
wise Sca-1 was identified as a cell surface marker for cardiac 
progenitors, but this protein is not expressed in the humans.4 The 
transcription factor Isl-1 has also been used to define a cardiac 
progenitor cell population in transgenic mouse models and in the 
human heart.5, 23 Explanted cardiac tissue can be cultured under 
conditions promoting the migration of cells that can be isolated 
and cultured and expanded under nonadherent conditions to 
form cardiospheres.24,25 These cardiospheres contain a mixed 
population of progenitors with the ability to form multiple lin-
eages including cardiomyocytes. Finally, the epicardium has been 
reported to contain multipotent epicardial progenitors identified 
by WT-1 or Tbx-18, which can give rise to multiple cell types in 
the myocardium.26,27 The differences between the various pro-
genitor populations is still the subject of intense investigation, 
and it is possible that different strategies identify some related 
populations at different stages of maturation.28 Nevertheless, 
transplanting such progenitor cells holds appeal for cardiac 
repair, and initial animal studies have shown functional benefit 
after myocardial infarction.3, 15, 29

Box 57-1 Cell Sources for Cardiac Therapy

AUTOLOGOUS ALLOGENEIC

Skeletal myoblasts Fetal cardiomyocytes

Hematopoietic stem cells
• C-kit+ lin−

• Bone marrow mononuclear cells

Embryonic stem cells 
and derivatives

Endothelial progenitor cells
• CD34+

• CD133+

Mesenchymal stem 
cell*,†

Cardiac stem/progenitor cells
• Side population
• C-kit+

• Cardiosphere-derived
• Epicardial progenitors

Induced pluripotent stem cells 
and derivatives*

* Can be both autologous and allogeneic.
†Can be derived from multiple tissues including bone marrow, adipose.
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then the delivery of cells could produce wavefront breaks and 
reentry.

As an initial test of the ability of donor cells to couple with 
native cardiomyocytes, a number of in vitro coculture experi-
ments have been performed. These cocultures of donor cells with 
ventricular cardiomyocytes have highlighted different forms of 
electromechanical coupling. In the case of cocultured human 
ESC-derived cardiomyocytes, clear coupling with rat neonatal 
ventricular myocytes has been demonstrated with the formation 
of connexin43 (Cx43) gap junctions.43 Synchronized contractions 
were observed in the cocultures, suggesting clear functional cou-
pling. In studies coculturing MSCs with rat ventricular myocytes, 
formation of Cx43 gap junctions was also observed, but in this 
case electrotonic conduction occurred via MSCs because these 
cells are not electrically excitable.44,45 In contrast, coculture of 

myocardium. However, significant barriers must be overcome in 
the diseased heart in order for integration to be successful. The 
presence of scarring and fibrosis in the heart requires significant 
remodeling in order for integration of transplanted cells with the 
functional myocardium. Delivering or homing the transplanted 
cells to the site in the heart in need of repair is also a major chal-
lenge. Not only must the graft integrate and couple to  
native myocardium; ideally, it regenerates tissue with matched 
anisotropic conduction properties of heart. The success of  
graft integration will in part determine the effect on arrhythmia 
risk. For example, replacing or reducing nonexcitable or slowly 
conducting tissue at the site of infarction would reduce the sub-
strate for reentrant arrhythmias. Alternatively, if cell therapy 
produces areas of uncoupled tissue, poorly coupled tissue, or 
coupled inexcitable tissue that produces source-sink mismatches, 

Figure 57-1.  Possible mechanisms of benefit from cell therapy for 
injured myocardium. Transplanted cells

Cell fusion

Neovascularization

Reduced apoptosis

ParacrineRegeneration/repair
CMs, ECs, VSM

Stabilization
of scar

Endogenous
stem cells

Ischemic
post-conditioning

Immune
modulation

Reactivation of
cell cycle in CMs

Matrix remodeling
reduce fibrosis

Figure 57-2.  Potential effects of cardiac cell therapy on arrhythmia risk. 

• Poor coupling, condution blocks
• Electrical heterogeneities
• Abnormal automaticity
• Inexcitable tissue resulting in source-sink mismatch
• Abnormal autonomic innervation
• Abnormal ion channel expression pattern
• Tissue inflammation/edema

• Improved coupling in areas of damage
• Reduce electrical heterogeneities
• Resynchronization
• Blunt adverse remodeling
• Normalization of ion channel expression pattern
• Neovascularization with reduced ischemia

Proarrhythmic effects

Antiarrhythmic effects
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have reached conflicting results regarding the arrhythmia risk, 
but species and model differences might help to explain the dif-
ferent results.

Overall, the studies to date emphasize the importance of 
donor cells being able to couple electrically to the native ven-
tricular myocardium via Cx43-containing gap junctions. In the 
absence of such coupling, examples of increased incidence of 
arrhythmias in animal models have been observed. However, in 
grafts that exhibit robust coupling via Cx43, some animal studies 
have demonstrated a reduction in the risk of ventricular arrhyth-
mias in the heart after injury.

Intrinsic Properties of the Transplanted Cells

The effect of cell therapies to the injured heart will depend on 
the integration of the donor cells and the functional properties 
of the transplanted cells. Given the array of different cell types 
tested, there is a tremendous range of possible functional proper-
ties for engrafted cells. Transplantation of stem or progenitor 
cells can lead to the generation of diverse cellular progeny in the 
graft (e.g., cardiomyocytes, endothelial cells, fibroblasts), which 
can differentially affect the electrophysiological status of the 
treated heart. Some of the resulting cell types are excitable, 
whereas others are not. Unexcitable cells such as fibroblasts  
or mesenchymal stem cells can still exert potent electrophysio-
logical effects by acting to bridge nonconducting areas of  
myocardium (antiarrhythmic) or to produce current sinks increas-
ing heterogenous conduction patterns (proarrhythmic). Trans-
plantation of terminally differentiated cardiomyocytes will lead 
to cardiomyocyte-dominated grafts. However, a wide range of 
functional properties of the transplanted cardiomyocyte is pos-
sible given differences in the type and maturity of the engrafted 
cardiomyocytes. To complicate the analysis further, the func-
tional properties of the transplanted cells can change over time 
as they adapt and respond to the native cardiac environment. 
Thus, consideration of the donor cells’ functional phenotype 
requires not only consideration of the cell preparation used for 
transplantation, but also the resulting cellular phenotype in the 
cardiac graft. In addition to the presence of new cardiomyocytes 
in the grafts, cell fusion of donor cells with native heart cells 
could alter the properties of the native myocardium, which could 
have important functional consequences.

For transplanted cardiomyocytes or cardiomyocytes that dif-
ferentiate from transplanted progenitor cells, the functional 
properties can be put into perspective with well-known electro-
physiological properties seen in healthy and diseased myocar-
dium. ESC-derived cardiomyocytes in culture exhibit features 
typical of the embryonic heart with cardiomyocytes showing 
spontaneous automaticity, a more depolarized maximum diastolic 
potential, and a reduced upstroke velocity.32 These features all 
have the potential to be proarrhythmic in the transplanted heart 
by leading to areas of abnormal automaticity, depolarizing tissue, 
and slowing conduction, respectively.53 However, there is evi-
dence that the functional properties of transplanted cardiomyo-
cytes can mature in situ and exhibit more hyperpolarized resting 
membrane potentials and more rapid upstroke velocities.52 In 
addition to manifesting an embryonic phenotype, it is possible 
that transplanted cardiomyocytes will exhibit differences in repo-
larization from the native myocardium, creating areas of disper-
sion of refractoriness and substrate for reentry. Because 
repolarization is finely regulated by multiple ion channels 
expressed in the cardiomyocytes, altering this delicate balance is 
possible. Furthermore, if transplanted cardiomyocytes are injured 
in the transplantation process or respond adversely to the dis-
eased myocardium, they can develop pathologic responses includ-
ing calcium overload and the propensity to exhibit delayed 
afterdepolarizations and resulting triggered arrhythmias. Despite 

skeletal myoblasts with neonatal rat ventricular cardiomyocytes 
failed to couple because myotubes do not express Cx43 or form 
gap junctions.46 Thus, islands of electrically isolated myotubes 
provided substrate for reentry involving the surrounding cardio-
myocytes. However, genetically engineered expression of Cx43 
in myoblasts can lead to functional coupling with neonatal car-
diomyocytes.46 These simple coculture studies highlight key dif-
ferences in coupling that can occur after cell therapy to the 
myocardium, but understanding the full complexity of electro-
mechanical coupling resulting from cell therapy requires study in 
intact hearts.

A wide range of different cell sources have been tested in 
various animal models of cardiac injury; however, only a small 
minority of the studies has rigorously investigated the electro-
physiologic consequences of cell therapy. Transplanted skeletal 
myoblasts were first examined for their ability to couple to native 
myocardium. Despite being transplanted into the heart, myo-
blasts differentiate into skeletal myotubes lacking Cx43 and do 
not couple to the post–myocardial infarction rat heart,47,48 which 
is consistent with the in vitro studies. However, genetically engi-
neered expression Cx43 in skeletal myotubes can result in cou-
pling to the native heart and reduce risks for ventricular 
arrhythmias in a mouse infarct model.49 In the case of bone 
marrow derived MSCs, transplantation into a rat myocardial 
infarction model resulted in improved electrical conduction 
properties around the borderzone of the infarct based on voltage 
optical mapping studies with the MSCs expressing multiple con-
nexins including Cx43.50 This finding with MSCs parallels the in 
vitro studies suggesting that MSCs can provide electronic cou-
pling of cardiomyocytes.

Transplanted mouse fetal cardiomyocytes into the adult mouse 
heart have been shown to electrically couple to the native myo-
cardium using a number of different approaches. Using GFP-
labeled fetal cardiomyocytes transplanted to a native mouse 
heart, multiphoton microscopy was used to demonstrate syn-
chronized intracellular calcium transients comparing native adult 
cardiomyocytes and transplanted fetal cardiomyocytes.51 Using 
an alternative imaging approach in which genetically engineered 
mouse cardiomyocytes expressing a fluorescent calcium indicator 
protein (GCaMP2) were transplanted to the post–myocardial 
infarction mouse heart, intracellular Ca2+ transients in the trans-
planted cells entrained with the native cardiac electrical rhythm, 
indicating coupling of transplanted cells and native heart.49 Fur-
thermore, there was an improvement in conduction in the infarct 
region and a significant decrease in inducible ventricular tachy-
cardia in the fetal cardiomyocyte-treated hearts compared with 
sham or myoblast-treated hearts.49 In a myocardial cryoinjury 
mouse model, GFP-labeled fetal cardiomyocytes transplanted to 
the borderzone were able to couple with native myocardium as 
determined by sharp microelectrode recordings of labeled cells, 
although transplanted cells remote from border zone in the area 
of cryoinjury showed spontaneous activity and were not coupled 
in most cases.52

The electrophysiological consequences of transplantation of 
ESC-derived cardiomyocytes have also been examined. In one 
study, transplantation of mouse ESC-derived cardiomyocytes 
into the post–myocardial infarction mouse heart resulted in an 
increase in inducible ventricular tachycardia and increased mor-
tality.38 Another study transplanting human ESC-derived cardio-
myocytes into the cryoinjured guinea pig heart suggested a strong 
antiarrhythmic effect with a reduction in spontaneous ventricular 
arrhythmias and decreased inducible ventricular tachycardia.37 In 
this later study, the human ESC-derived cardiomyocytes formed 
Cx43-positive gap junctions with native myocardium and using 
the genetically engineered Ca reporter construct (GCaMP3) 
functional coupling of the grafted hESC-cardiomyocytes and 
native heart was demonstrated.37 As a result, the few studies 
exploring ESC-derived cardiomyocytes for cardiac cell therapy 



CELL THERAPY AND REGENERATIvE ELECTROPHYSIOLOGY 563

57 
all these potential problems, it is encouraging that the slow turn-
over and replacement of cardiomyocytes in the normal heart 
results in functionally matched cardiomyocytes based on the 
similar properties of isolated cardiomyocytes from the adult heart 
and lack of arrhythmias in normal hearts. Nevertheless, defining 
the functional properties of engrafted cells remains a critical and 
rarely investigated feature of cardiac cell therapy.

Other Cardiac Tissue Effects of Cell Therapy  
With Arrhythmia Relevance

Cells delivered to the diseased myocardium can exert a number 
of additional effects that can more generally affect the electro-
physiological status of the heart. These effects can be related to 
the effect of cell therapy on the underlying heart disease patho-
physiology, which secondarily affects arrhythmia risk. Secreted 
molecules by the transplanted cells can have powerful paracrine 
effects on the heart. Likewise, cell therapy can affect the status 
of autonomic innervation heart, the burden of ischemia, and 
cardiac synchronization.

In the setting of the post–myocardial infarction heart, perhaps 
the most critical effect of cell therapy is the ability to blunt 
further adverse remodeling of the myocardium, which can prog-
ress to advancing LV dysfunction and heart failure with ever-
increasing risk of life-threatening ventricular arrhythmias. For 
many of the cell sources tested to date, the inhibition of adverse 
remodeling has been proposed to be due to paracrine effects of 
the transplanted cells. Potential mechanisms for this beneficial 
effect include the ability of some stem cell sources to modulate 
the inflammation present after myocardial infarction, thus 
improving the remodeling process. Others have suggested that 
some stem cells can activate endogenous cardiac stem cells and 
enhance intrinsic cardiac repair.54 Regardless, if the net result of 
paracrine signaling is to blunt remodeling and prevent progres-
sion to heart failure, then this will have a long-term antiarrhyth-
mic effect on treated hearts relative to untreated.

Cell therapies that successfully lead to neovascularization and 
repair of the heart will reduce the ischemia experienced by the 
myocardium. Eliminating or reducing ischemia as a trigger for 
arrhythmias can be of obvious benefit. Alternatively, if cell deliv-
ery by the intracoronary route exacerbates ischemia, this could 
have an adverse effect on arrhythmia risk.

Delivery of MSCs to the injured heart has been associated 
with areas of cardiac nerve sprouting.55 The generation of 
areas of nerve sprouting has previously been associated with an 
increased risk of sudden cardiac death56; therefore, investigators 
have speculated that MSC cell therapy might generate this  
risk.

Cardiac resynchronization has become a common therapy to 
treat heart failure, especially in the presence of impaired conduc-
tion (QRS duration > 120 ms). The clinically applied form of 
resynchronization involves a biventricular pacemaker, but cell 
therapy may be even more effective in its resynchronization, 
depending on the proper integration and function of the grafts. 
Potential benefits from this effect might not be evident immedi-
ately, but they could manifest in longer-term studies.

Clinical Experience With Cell Therapy for 
Ischemic Heart Disease and Arrhythmias

Starting in 2001, clinical trials evaluating the effects of cell 
therapy for various forms of heart disease have been performed. 
The initial phase 1 trials have tested a wide range of primarily 
autologous cell products. Cell delivery methods have varied, 
including catheter-based intracoronary, intravenous, and 

intramyocardial via both epicardial injection at the time of cardiac 
surgery and via catheter-based endocardial injection. An early 
trial delivering skeletal muscle–derived myoblasts at the time of 
coronary artery bypass surgery provided an initial note of caution. 
In this trial, 4 of 10 patients treated with myoblasts experienced 
ventricular tachycardia.57 However, there was not a comparable 
control group, and the patient population had substantial risk for 
ventricular arrhythmias. Subsequently, more than 100 phase 1 
trials have been completed around the world using a wide variety 
of cell sources; they have failed to find major adverse effects, 
including arrhythmias. Different patient populations have been 
studied manifesting a range of heart diseases; however, the major-
ity of effort has focused on ischemic heart disease, given the 
prevalence and burden of this disease.

The current best understanding of the clinical risk of arrhyth-
mias comes from the handful of phase 2 clinical trials shown in 
Table 57-1. These trials have primarily involved two patient 
populations with ischemic heart disease: post–myocardial infarc-
tion patients following percutaneous revascularization of the 
infarct-related artery and patients with chronic ischemic heart 
disease not in the peri-infarct period. Although both patient 
populations reflect pathology secondary to coronary artery 
disease, the state of the myocardium receiving the cells is rather 
different, and the delivery approaches required are distinct. 
Therefore, the effects of the cell therapy on arrhythmia risk could 
be quite different.

Post–Myocardial Infarction Clinical Trials  
of Cell Therapy

Cell therapy to treat patients after myocardial infarction is based 
on the premise that the acutely infarcted myocardium is uniquely 
amenable to repair and to interventions that can blunt or block 
chronic adverse remodeling and the progression to heart failure. 
Following a myocardial infarction, the myocardium undergoes 
dynamic remodeling in multiple phases consisting of an acute 
inflammatory stage, followed by gradual replacement fibrosis. 
The guiding concept for these cell therapy trials is that it will be 
more productive and feasible to intervene in the actively remod-
eling heart after myocardial infarction than treating myocardium 
with chronic fibrotic scars; however, the post–myocardial infarc-
tion heart provides fertile substrate for ventricular arrhythmias. 
In these trials, primary angioplasty for acute revascularization of 
the myocardium was performed, and the patients subsequently 
were randomized to undergo bone marrow harvest of cells with 
either bone marrow mononuclear cells or placebo delivered to 
the myocardium. Cell delivery follows the straightforward 
approach of intracoronary catheter–based delivery via the infarct-
related artery. Thus, the cells are delivered to the infarct bed, 
although depending on the extent of reperfusion, how broadly 
these cells are deposited and how they distribute in the infarct is 
not currently well described, nor is the retention and survival of 
these cells in the myocardium well understood. The clinical out-
comes of this approach have varied among the trials. One promi-
nent trial, REPAIR-AMI, showed an improvement in ejection 
fraction, a reduction in the combined clinical endpoint of death, 
and recurrence of myocardial infarction or revascularization; 
however, a significant effect on ejection fraction was not observed 
in other trials (see Table 57-1). Questions have arisen regarding 
differences in efficacy that have focused on cell preparation pro-
cedures including the use of heparin, which has been proposed 
to blunt the beneficial effects. In addition, the timing of cell 
delivery after myocardial infarction has been suggested to be a 
critical variable. In all these trials, the incidence of arrhythmias 
has been relatively low, and no significant difference was observed 
between the placebo and cell-treated patients. A metaanalysis of 
these trials also failed to detect any difference in arrhythmias 



Table 57-1. Phase 2 Randomized Placebo-controlled Cell Therapy Trials for Ischemic Heart Disease

Trial Patients Randomized
Cell Preparation 
and Dose Delivery Route Arrhythmic Events Primary Outcome

Post Acute MI Revascularization Trials

ASTAMI 
2006

100 patients with 
acute anterior STEMI 
and PCI

Autologous BMCs, 
mean 68 × 106

Median 6 days 
post-MI by IC

ventricular arrhythmias occurred 
in 2 BMC patients and 1 control 
patient. No deaths due to 
arrhythmia

No effect on Lv 
function (EF) or infarct 
size measured at 6 mo 
measured by echo, 
SPECT, and MRI

REPAIR-
AMI* 2006

204 patients with 
acute STEMI and PCI 
with EF < 45%

Autologous BMCs, 
mean dose not 
stated

3-7 days post-MI 
by IC

Documented ventricular 
arrhythmia or syncope in 5 
BMC-treated and 5 in control at 
4 months. 6 deaths in placebo 
and 2 in BMC

Improvement in EF at  
4 months, reduction in 
combined end point of 
death, recurrence of MI 
or any revascularization 
procedures at 1 and  
2 year

Janssens 
2006

67 patients 
randomized with 
STEMI and PCI

Autologous BMCs, 
mean 172 × 106 cells

7 days post-MI  
by IC

No differences in treatment-
related tachyarrhythmia
on Holter monitoring 
(supraventricular
arrhythmia, n = 6 control and n = 
5 BMSC; non-sustained
ventricular tachycardia,  
n = 3 control, n = 0 BMCs)

No improvement in EF 
at 4 months by MRI but 
reduction in infarct size 
and better regional 
systolic function

BONAMI* 
2010

101 patients with 
STEMI and PCI with EF 
< 45%, decrease 
viability on SPECT

Autologous BMCs, 
mean 98 × 106 cells

7-10 days 
post-MI by IC

2 arrhythmias for each group 
but not described.
1 sudden death in BMC and 
none in control

Improvement in 
myocardial viability in 
multivariate analysis at 
3 months but no 
change in EF

Late TIME* 
2011

87 patients, post 1st 
STEMI and PCI with EF 
< 45%

Autologous BMCs,  
150 × 106 cells

2-3 week post MI 
by IC

2 ICD placements in placebo 
none in BMC

No significant change 
in EF, Lv volumes, or 
infarct size at 6 months

Chronic Ischemic Heart Disease

MAGIC* 
2008

120 patients,  
EF < 35%, CABG 
candidate, MI > 4wk 
prior

Autologous skeletal 
myoblasts, low dose 
400 × 106 or high 
dose 800 × 106

At time of CABG 
27 g needle IM at 
30 epicardial 
sites around 
akinetic area

All patients had ICD in place, 
trend for more arrhythmias 
post-op for cell group but levels 
out over 24 mo so no difference 
in incidence, no death from 
arrhythmia, no difference in use 
of amiodarone

At 6 mo, no 
improvement in 
echocardiographic EF, 
but was decrease in Lv 
volumes in high dose

ACT34-
CMI* 2011

167 patients with 
refractory angina not 
amenable to 
revascularization

C-GSF mobilization 
and apheresis for 
CD34+ cells, low 
dose 1 × 105/kg or 
high dose 5 × 105/kg

Electroanatomic 
mapping with IM 
catheter-based 
delivery

No sudden cardiac death, no 
arrhythmias noted

At 6 months lower 
angina frequency and 
increased exercise 
tolerance in low dose 
but not high dose 
group

FOCUS-
CCTRN*
2012

92 patients with 
chronic ischemic 
disease not amenable 
to revascularization 
with symptoms,  
EF < 45%

Autologous BMCs 
delivered IM
100 × 106 cells

Electroanatomic 
mapping with IM 
catheter-based 
delivery

No sudden cardiac death, no 
arrhythmia events noted

No improvement in 
LvESv index, maximal 
O2 consumption or 
SPECT reversibility

BMCs, Bone marrow mononuclear cells; CABG, coronary artery bypass grafting surgery; EF, ejection fraction; IC, intracoronary; IM, intramuscular; LVESV, left ventricular end 
systolic volume; PCI, percutaneous coronary intervention; STEMI, ST elevation myocardial infarction.
1. Lunde K, Solheim S, Aakhus S, et al: Intracoronary injection of mononuclear bone marrow cells in acute myocardial infarction. N Engl J Med 355:1199–1209, 2006.
2. Schachinger v, Erbs S, Elsasser A, et al: Intracoronary bone marrow-derived progenitor cells in acute myocardial infarction. N Engl J Med 355:1210–1221, 2006.
3. Janssens S, Theunissen K, Boogaerts M, et al: Bone marrow cell transfer in acute myocardial infarction. Nat Clin Pract Cardiovasc Med 3 Suppl 1:S69–72, 2006.
4. Roncalli J, Mouquet F, Piot C, et al: Intracoronary autologous mononucleated bone marrow cell infusion for acute myocardial infarction: Results of the randomized 

multicenter bonami trial. European Heart Journal 32:1748–1757, 2011.
5. Traverse JH, Henry TD, Ellis SG, et al: Effect of intracoronary delivery of autologous bone marrow mononuclear cells 2 to 3 weeks following acute myocardial infarction 

on left ventricular function: The latetime randomized trial. Jama 306:2110–2119, 2011.
6. Menasche P, Alfieri O, Janssens S, et al: The myoblast autologous grafting in ischemic cardiomyopathy (magic) trial: First randomized placebo-controlled study of 

myoblast transplantation. Circulation 117:1189–1200, 2008.
7. Losordo DW, Henry TD, Davidson C, et al: Intramyocardial, autologous cd34+ cell therapy for refractory angina. Circ Res 109:428–436, 2011.
8. Perin EC, Willerson JT, Pepine CJ, et al: Effect of transendocardial delivery of autologous bone marrow mononuclear cells on functional capacity, left ventricular 

function, and perfusion in chronic heart failure: The focus-cctrn trial. Jama 307:1717–1726, 2012.

*Multicenter trial.
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Conclusions

Cell therapy is of growing interest in the treatment of various 
forms of heart disease, including post–myocardial infarction and 
heart failure. It is part of a larger advancing field of regenerative 
medicine. Basic research and studies in animal models have sug-
gested that the effect of cell therapies on the heart is complex 
and dependent on the details of cell delivery methodology, donor 
cell types, and underlying cardiac disease. Multiple mechanisms 
of benefit have been identified, including a range of paracrine 
effects, mechanical effects, and rarely generating new cardiomyo-
cytes. The experimental studies have also identified multiple 
potentials ways in which cell therapy can be proarrhythmic or 
antiarrhythmic. Regardless, the appealing concept of repairing or 
regenerating myocardium with stem cells has led to the rapid 
translation from the research laboratory to clinical trials. Several 
different primarily autologous cell preparations have been deliv-
ered via the intracoronary or intramyocardial route in patients 
with coronary artery disease in phase 1 and 2 trials. The initial 
results from the trials have been variable and show either an 
improvement primarily in ejection fraction or no effect. The 
trials have not identified safety concerns, including a lack of 
proarrhythmia by the cell therapy. Phase 3 trials are underway; 
therefore, more definitive clinical data will be available in the next 
few years.

Future approaches for cardiac repair will undoubtedly evolve. 
The patient populations most amenable to this therapy are not 
known, nor is the optimal cell type for each disease known. It is 
likely that different cell preparations will show differences in 
utility depending on the underlying cardiac disease. Will geneti-
cally engineered cells be preferable for expressing proteins that 
help to couple, promote targeting to the area of need, or optimize 
paracrine signaling? Tissue engineering applications currently 
under investigation could enable new delivery strategies using 
viable patches of tissue.

Understanding the risk of arrhythmias with the ongoing cell 
therapy approaches will continue to be of utmost importance to 
ensure that these therapies are safe and effective. Arrhythmia risk 
can be dynamic, such as an increase in risk early following cell 
delivery and potentially a decrease later. In some cases, it is useful 
to at least transiently treat the patient with antiarrhythmic drugs 
to lower the risk of arrhythmias. More detailed monitoring for 
arrhythmias during the trials is needed to clarify risk and poten-
tially to define one form of benefit—reduction in arrhythmias. 
Routine surveillance for arrhythmias is reasonable using Holter 
monitors or implantable event recorders. For patients with ICDs, 
regular interrogations and data analysis before and after therapy 
may be useful. The optimal duration for monitoring is unknown. 
Consideration of the electrophysiologic effects of cell therapy to 
the diseased myocardium will continue to be essential to advance 
this revolutionary new form of treatment.

between placebo and cell-treated groups.58 These results are 
encouraging but do not exclude rare, potentially lethal ventricu-
lar arrhythmias when larger patient populations are treated. 
Phase 3 trials are underway in post–myocardial infarction patients 
and will advance current understanding.

Chronic Ischemic Heart Disease Clinical Trials  
of Cell Therapy

In trials testing the effect of cell therapy on patients with chronic 
ischemic heart disease, the patient populations, cell preparations, 
and approaches are more heterogenous than the post–myocardial 
infarction trials. Because patients with chronic ischemic heart 
disease do not have robust coronary perfusion to the area of dis-
eased myocardium, targeted intramyocardial injections typically 
have been the delivery method of choice. Targeting the delivery 
of cells has focused on areas of viable but at-risk myocardium. The 
MAGIC trial studied patients undergoing coronary artery bypass 
grafting surgery with an ejection fraction less than 35% who had 
a previous but remote myocardial infarction. Autologous skeletal 
myoblasts were injected epicardially around the echocardiograph-
ically determined area of akinesis, and there was no improvement 
in the primary outcome of ejection fraction. There was substantial 
concern about arrhythmias based on the earlier phase 1 trial; 
therefore, all patients received an implantable cardiodefibrillator 
(ICD) for protection. However, after 24 months there was no 
significant difference in the incidence of arrhythmias between the 
two groups, although there was a nonsignificant trend of more 
arrhythmias after surgery in the myoblast group. The two other 
phase 2 multicenter trials intervening on patients with chronic 
ischemic heart disease have focused on patients who have no pos-
sible revascularization options left, but have persistent symptoms 
of angina or heart failure. These trials have used electroanatomic 
mapping of the myocardium to determine areas of viable (electri-
cal signal) but noncontracting (lack mechanical signal) referred to 
as hibernating myocardium, to which the cell delivery is targeted by 
catheter-based endocardial injection. The cell sources have dif-
fered with the ACT34-CMI trial using peripheral blood mobi-
lized CD34-positive cells for therapy while the FOCUS-CCTRN 
trial used bone marrow mononuclear cells. The ACT34-CMI 
trial showed significant improvements in anginal symptoms and 
exercise capacity, but the FOCUS-CCTRN trial did not find any 
significant effect on end points such as maximal oxygen consump-
tion. Regarding arrhythmias in these no-options patients, there 
were no differences reported between cell-treated patients and 
placebo, and no sudden cardiac deaths were reported in either 
study. Thus, the efficacy of cellular therapy in this patient popula-
tion remains unclear, but the interventions appear safe without 
any evidence for a proarrhythmic effect. Differences in cell types, 
delivery methods, and patient populations raise many questions 
requiring future study.
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Many patients are acutely aware of any cardiac irregularity, 
whereas others are oblivious even to long runs of a rapid ven-
tricular tachycardia or atrial fibrillation with rapid ventricular 
rate. Often the asymptomatic patients are those referred for 
evaluation of an arrhythmia noted incidentally during assessment 
for another reason, such as a preathletic physical examination in 
a child or adolescent, a preinsurance physical examination in an 
adult, or a routine preoperative assessment. Patients describe 
these symptoms in various ways. Most frequently, they use terms 
such as a thumping or flip-flopping sensation in the chest; a fullness 
in the throat, neck, or chest; or a pause in the heart beat, “as if 
my heart stopped or skipped a beat.” The last is most likely 
caused by the compensatory pause after a premature ventricular 
complex (PVC) or the resetting of sinus rhythm after a premature 
atrial complex. Presumably, the premature beat, particularly if it 
is a ventricular extrasystole, occurs too early to permit sufficient 
ventricular filling to cause a sensation when the ventricle con-
tracts. The ventricular systole that ends the compensatory pause 
may be responsible for the actual palpitation and is caused by a 
more forceful contraction from prolonged ventricular filling or 
increased motion of the heart in the chest. Anxiety over such 
symptoms is commonly the complaint that brings the patient to 
the physician’s office.

Skipped Beats Versus Sustained Palpitation
Premature atrial or ventricular complexes probably constitute the 
most common cause of palpitations, and patients often use the 
term skipped beat or dropped beat to describe them. If the prema-
ture complexes are frequent or particularly if a sustained tachy-
cardia is present, patients are more likely to complain of 
lightheadedness, syncope or near-syncope, chest pain, fatigue, or 
shortness of breath. The presence of associated cardiovascular 
problems influences the nature of the symptoms. For example, a 
supraventricular tachycardia at a rate of 180 beats/min can 
provoke chest pain in a patient with coronary artery disease or 
syncope in a patient with aortic stenosis, but result in only a 
breathless feeling in an otherwise healthy young person.

An important point is that patients with ventricular tachycar-
dia (VT), particularly young, otherwise healthy persons, can be 
completely asymptomatic or experience minimal symptoms 
during the arrhythmic episode. The lack of significant symptoms 
should not exclude the diagnosis of VT. Bradyarrhythmias have 
their own constellation of symptoms that usually includes 
syncope, near-syncope, and fatigue.

In this fashion, the clinician can obtain information about the 
nature of the beginning and end of the tachycardia, whether  
the ventricular rhythm is regular or irregular, and the rate of the 
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The evaluation of a patient with a suspected cardiac rhythm 
disturbance is fundamental to the role of the clinical cardiac 
electrophysiologist. The approach followed for this evaluation 
varies from patient to patient and is influenced by the patient’s 
clinical status and symptoms, but a general outline can be estab-
lished, as presented in this chapter. As always, the initial evalua-
tion begins with a careful history and physical examination.

History Taking

Significant overlap exists among the clinical features of various 
rhythm disturbances, imparting a degree of imprecision to the 
interpretation of the patient’s history. Despite this drawback,  
the history often can provide direction and diagnostic clues as the 
first step in assessing the patient with, or suspected of having, a 
cardiac arrhythmia. It often is the most important source of 
information about the arrhythmia.

Symptoms and Signs

Major symptoms and signs of cardiac arrhythmias are palpita-
tions, presyncope, syncope, and sudden cardiac death (SCD). In 
this setting, nonspecific symptoms such as shortness of breath, 
weakness, and fatigue can be due to compromise in cardiac output 
and prolonged duration of the arrhythmia or its rate, either very 
fast or very slow. Older patients with bradycardia owing to sinus 
node dysfunction or atrioventricular (AV) nodal block can present 
with altered mental status and dementia.

Palpitations
Awareness of an irregular heartbeat varies greatly from patient to 
patient. Patients who complain of symptoms most commonly 
note palpitations, defined as sensations experienced as an unpleas-
ant awareness of forceful, irregular, or rapid beating of the heart. 
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tachycardia. Knowledge about the typical onset and termination 
of the tachycardia is helpful. Abrupt, paroxysmal onset is consis-
tent with a tachycardia such as AV nodal reentrant tachycardia 
(AVNRT; see Chapter 77), whereas gradual speeding and slowing 
are more in keeping with a sinus tachycardia (see Chapter 72). 
Termination by Valsalva maneuver or carotid sinus massage sug-
gests a tachycardia incorporating nodal tissue in the reentrant 
pathway, such as sinus node reentry, AVNRT, or AV reentrant 
tachycardia (AVRT; see Chapters 77 and 76), and idiopathic right 
ventricular outflow tract tachycardia. It often is helpful to have 
the patient tap out the cadence of the perceived palpitations, from 
onset to termination.

The rate of the untreated tachycardia often narrows diagnos-
tic possibilities, and patients should be taught to count their 
radial or carotid pulse rate. Ventricular rates of 150 beats/
minute (bpm) should always suggest the potential diagnosis of 
atrial flutter with 2 : 1 AV block (see Chapter 74), whereas most 
supraventricular tachycardias, such as those caused by AVNRT 
or AVRT, usually occur at rates exceeding 150 bpm. The rates of 
VTs overlap those of the supraventricular tachycardias. Palpita-
tions, hot flashes, and sweating in middle-aged women suggest 
perimenopausal syndrome. Palpitations, dizziness, and shortness 
of breath on mild exertion, typically in young women with struc-
turally normal hearts, suggest the syndrome of inappropriate 
sinus tachycardia. Palpitations owing to sinus tachycardia on 
standing should point toward postural hypotension. Palpitations 
and presyncope on standing can be symptoms of postural ortho-
static tachycardia syndrome. Various possible causes of palpita-
tions are listed in Box 58-1.

Associated Cardiac or Systemic Diseases
It also is important to establish whether the patient has structural 
heart disease and, if so, the diagnosis and extent of disease. 
Certain clinical diagnoses are linked to the presence of specific 
arrhythmias. For example, the occurrence of mitral stenosis 
should suggest the possibility of atrial fibrillation, whereas a 
history of a myocardial infarction or tetralogy of Fallot repair 
invokes VT as a distinct prospect. Thyrotoxicosis should suggest 
atrial arrhythmias, including sinus tachycardia. At times it is 
useful to search for a family history of similar problems and to 
obtain electrocardiograms (ECGs) of close family members, such 
as parents, siblings, or children. Family history of palpitations, 
syncope, or SCD should be investigated carefully for inherited 
cardiac arrhythmias, including atrial fibrillation, long QT syn-
drome, short QT syndrome, catecholaminergic polymorphic VT, 
arrhythmogenic right ventricular dysplasia or cardiomyopathy 
(ARVD/C), and inherited cardiomyopathy with arrhythmia.

Presyncope and Syncope
The diagnosis of presyncope and syncope and its cause requires 
comprehensive history taking from the patient and witness. The 
differential diagnosis of syncope is lengthy and can be a warning 
sign of SCD (Chapter 99, Table 99-1). It is important to differenti-
ate cardiac versus noncardiac causes of syncope. It is more impor-
tant to differentiate a benign cause of syncope from a malignant 
cause. Of the reflex syncopes (neurocardiogenic, carotid hypersen-
sitivity, and situational), neurocardiogenic is the most common. It 
should be differentiated from syncope owing to orthostasis, which 
is commonly seen in autonomic failure (e.g., due to diabetes), and 
from syncope resulting from other cardiac causes.

When caused by a cardiac arrhythmia, onset of syncope is 
rapid and duration is brief, with or without preceding aura, and 
usually is not followed by a postictal confusional state. It can be 
associated with bodily injury if the patient falls while unconscious. 
Palpitations preceding syncope also support an arrhythmic cause 
of syncope. Seizure activity is uncommon and occurs mostly after 
a prolonged asystole. Therefore, the seizure does not begin with 
the syncope. However, in epileptic seizures, convulsive 

Box 58-1 Differential Diagnosis of Palpitations

Cardiac Arrhythmias
Sinus tachycardia

• Physiologic
• Inappropriate sinus tachycardia
• Postural orthostatic tachycardia syndrome
• Anxiety disorders, thyrotoxicosis, perimenopausal 

syndrome, pheochromocytoma
Atrial arrhythmias

• Atrial premature complexes
• Atrial fibrillation, atrial flutter, atrial tachycardia

Supraventricular tachycardia
• Atrioventricular nodal reentry tachycardia, orthodromic 

atrioventricular reciprocating tachycardia in Wolff-
Parkinson-White syndrome

• Permanent form of junctional reciprocating tachycardia

Junctional Tachycardia
Ventricular tachycardia

• Ventricular premature complexes, ventricular couplets, 
nonsustained ventricular tachycardia
• Idiopathic
• Caffeine intake
• Drug-induced: cocaine, QT-prolonging drugs
• Alcohol

• Sustained ventricular tachycardia
• Monomorphic VT
• Polymorphic VT and torsades de pointes

Conduction system disease
• Sinus bradycardia
• Tachycardia-bradycardia syndrome
• Heart block
• Pause-dependent torsades de pointes

Familial arrhythmia syndrome
• Long QT syndrome: polymorphic VT
• Short QT syndrome: polymorphic VT, AF
• Catecholaminergic polymorphic ventricular tachycardia: 

polymorphic VT, AT/AF
• Brugada syndrome: polymorphic VT, AF
• Inherited cardiomyopathy with ventricular arrhythmias, 

such as right ventricular cardiomyopathy: monomorphic 
and polymorphic VT

• Pacemaker-mediated tachycardia, intermittent ventricular 
pacing

Metabolic syndromes
• Hypoglycemia
• Electrolyte imbalance

Structural heart disease
• Valvular disease
• Cardiomyopathies
• Primary pulmonary hypertension

Drug-Induced
• Proarrhythmia: antiarrhythmic drugs, psychotropic drugs
• Sympathomimetic agents, vasodilators, anticholinergic 

drugs, β-blocker withdrawal, amphetamine and other 
antianxiety drugs, nicotine, caffeine

VT, Ventricular tachycardia; AF, atrial fibrillation.
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occur unpredictably, even in high-risk patients. Structural heart 
disease, such as coronary artery disease, cardiomyopathy, and 
congenital heart disease, is responsible for up to 65% to 80% 
cases of SCD. Approximately 5% to 10% of SCDs occur in 
people with primary electrical abnormalities of the heart, such as 
long QT syndrome, Brugada syndrome, idiopathic ventricular 
fibrillation, and Wolff-Parkinson-White syndrome. The remain-
ing sudden deaths (15% to 20%) are due to noncardiac causes 
such as pulmonary embolism, drugs, drowning, and sudden infant 
death syndrome. Therefore, careful questioning to uncover or 
elucidate a family history of SCD is indicated, and family screen-
ing for the suspected cardiac condition should be performed.

Precipitating Factors

Proarrhythmic Drugs
Patients usually cannot indicate a specific inciting event,  
but the physician should inquire about the use of potentially 
proarrhythmic drugs such as antiarrhythmic drugs, QT prolong-
ing drugs, bronchodilators, histamine H1-blocking antihista-
mines, some decongestants, psychotropic agents, or other 
over-the-counter drugs, and the ingestion of alcohol or excessive 
caffeine-containing foods.

Exercise, Swimming, Emotions, and Auditory Stimuli
In patients with long QT syndrome, exercise or acute emotional 
reactions often precipitate a ventricular arrhythmia in those with 
the LQT1 variant, whereas exercise, emotional upset, and sleep 
or rest are culprits of fairly equal frequency in LQT2, with audi-
tory stimuli, more specific precipitators, and events occurring 
more frequently during rest in LQT3. Exercise also precipitates 
various benign and malignant arrhythmias; these include idio-
pathic right ventricular outflow tract tachycardia, exercise-
induced polymorphic VT, and VT in patients with ARVD/C. 
Exercise can induce syncope or SCD in patients with outflow 
tract obstruction and severe pulmonary hypertension.

Physical Examination

The physical examination offers the opportunity to gain impor-
tant information about the presence of associated structural heart 
disease, if any, and the nature of the arrhythmia, if present. 
Although it is well known that patients with normal hearts can 
have supraventricular tachycardias, it is less commonly appreci-
ated that patients without recognizable structural heart disease 
can also have VTs that on occasion are life threatening. Thus, 
normal results of a physical examination do not preclude the 
diagnosis of VT, even in a young person. It is likely that at least 
some of these patients have structural heart disease that is not 
recognized.

The sex of the patient can be a clue to the nature of the 
tachycardia. For example, a young woman who complains of 
episodes of a regular tachycardia over many years is likely to have 
AVNRT. In contrast, a young man with a similar history is more 
likely to have AVRT associated with the Wolff-Parkinson-White 
syndrome. Symptomatic long QT syndrome is more common in 
females, whereas Brugada syndrome is more common in males.

Atrioventricular Dissociation

If the tachycardia is present during the physical examination, a 
12-lead ECG should be obtained, if time and the patient’s clinical 
status permit. If an ECG is not possible, a careful physical exami-
nation can yield helpful findings. For example, the presence of 

movements start within seconds of the onset of syncope. Tongue 
biting or incontinence is also uncommon in cardiac syncope. The 
history of syncope should be elicited and interpreted carefully 
because older people who have fallen might deny loss of con-
sciousness during the event because of brief retrograde amnesia.

With vasodepressor and cardioinhibitory syncope, the episode 
usually unfolds more slowly and can be preceded by manifesta-
tions of autonomic hyperactivity such as nausea, abdominal 
cramping, diarrhea, sweating, or yawning. On recovery, the 
patient may be bradycardic, pale, sweaty, and fatigued, in contrast 
with the patient recovering from a Stokes-Adams attack or an 
episode of VT, who could be flushed and have a sinus tachycardia. 
Common arrhythmic causes of syncope include bradyarrhyth-
mias caused by sinus node dysfunction or AV block and tachyar-
rhythmias, most often ventricular but also supraventricular on 
occasion. Bradycardia can follow tachycardia in patients with the 
bradycardia-tachycardia syndrome, and treatment of both may be 
necessary.

Drug-induced (orthostatic hypotension, bradyarrhythmia) 
and nonarrhythmic cardiac causes such as aortic stenosis, hyper-
trophic cardiomyopathy, pulmonary stenosis, pulmonary hyper-
tension, and acute myocardial infarction can be excluded by the 
history, physical examination, ECG, echocardiography, and other 
laboratory tests. Noncardiac causes of syncope such as hypogly-
cemia, transient ischemic attack, and psychogenic often can be 
excluded by a careful history.

Symptoms of 
Neurocardiogenic Syncope Signs

Provoked by prolonged 
standing, warm environment, 
exercise, emotional stress, sleep 
deprivation

• Unresponsive or semiresponsive
• Facial pallor
• Weak or no pulse transiently
• rapid weak pulse during VT
• Dilated pupils
• Convulsions due to prolonged 

AV block or sinus pauses

Premonitory symptoms
• Lightheadedness, dizziness
• Nausea, epigastric distress
• Palpitations
• Sweating
• Weakness
• Feeling warm or cold
• Dimming or blurred vision

No premonitory symptoms 
reported in patients (mostly in 
elderly patients) who present 
trauma associated with 
witnessed syncope

VT, ventricular tachycardia; AV, atrioventricular.

Sudden Cardiac Death
Sudden cardiac death (SCD) causes approximately 350,000 to 
450,000 deaths annually in the United States. It is responsible for 
nearly 50% of all cardiovascular-related deaths worldwide. SCD 
has an incidence of 0.1% to 0.2% per year among adults older 
than 35 years. Therefore, careful evaluation of patients who are 
resuscitated from SCD is mandatory. SCD occurs in a majority 
of patients without known heart disease as the first manifestation 
of underlying coronary artery disease. The life-threatening ven-
tricular arrhythmias, such as sustained VT and ventricular fibril-
lation, are responsible for two thirds of SCDs. These arrhythmias 



570 DIAGNOSTIC EVALUATION

specificity, and predictive accuracy are chosen. A 12-lead ECG is 
obtained in all patients, and frequently a 24-hour ECG or 30-day 
event recording and stress test is helpful in exposing the arrhyth-
mia. A chest roentgenogram and an echocardiogram provide 
information about the presence of structural heart disease. The 
hierarchy of steps taken to evaluate and treat a patient suspected 
of having an arrhythmia generally proceeds from simple, nonin-
vasive, and inexpensive tests to more complex, expensive, and 
invasive studies.

The nature of the rhythm disturbance and its effects on the 
patient determine the order in which the tests are performed. 
Some rhythm disturbances, such as sustained VT or ventricular 
fibrillation, are hazardous in and of themselves, whereas others, 
such as AVRT or AVNRT, must be evaluated according to the 
context in which they occur. AVRT or AVNRT occurring at a 
rate of 180  bpm in a young patient who complains only of palpi-
tations or mild anxiety is approached differently from such 
arrhythmias precipitating angina in a patient with coronary artery 
disease, syncope in a patient with aortic stenosis, or claudication 
in a patient with peripheral vascular disease. It is imperative to 
remember that clinical decision making must be founded on the 
ECG interpretation of the arrhythmia in concert with the assess-
ment of the patient. Thus, the physician evaluates and determines 
treatment for a patient who has a rhythm disturbance, rather than 
a rhythm disturbance in isolation.

The principle in diagnosing and treating symptomatic patients 
with an undocumented cardiac rhythm disturbance is simple and 
obvious. One needs merely to record the ECG during a symp-
tomatic episode and then document a causal relation between 
arrhythmia and symptoms. This often is easier said than done, 
however, and a variety of approaches are used to achieve that 
result.

Rationale for the Use of Ambulatory 
Electrocardiography

• Arrhythmia diagnosis and exclusion as a cause of infrequent 
symptoms

• ST-T changes related to myocardial ischemia

Short-Term and Long-Term Continuous Ambulatory 
Electrocardiographic Monitoring

The duration of electrocardiographic monitoring depends on the 
frequency of symptoms. Rhythm disturbances occurring with 
great frequency are naturally easier to document than those that 
occur sporadically. Long-term ECG recordings in the outpatient 
setting usually constitute one of the early diagnostic choices in 
the patient without a life-threatening cardiac arrhythmia. The 
patient with a life-threatening arrhythmia may need to be hospi-
talized to allow for these recordings. A long-term ECG recording 
provides the most direct documentation of an infrequent cardiac 
arrhythmia. Prolonged ECG recordings in patients engaged in 
normal daily activity provide the methodology to quantitate the 
frequency and complexity of the rhythm disturbance, to correlate 
these alterations with symptoms, and to evaluate the effect of 
appropriate pharmacologic therapy on the arrhythmia. In addi-
tion, such recordings can document alterations in the QRS-ST 
and T contour. A 30-day event recorder often is helpful if 
arrhythmia occurs at least once in a month. The patient can 
activate these latter devices when symptoms occur, store 30 
seconds or more of the ECG rhythm (a memory loop provides 
ECG information about the arrhythmia that transpired for some 
seconds before device activation), and transmit it to a central 
monitoring station over the telephone. Alternatively, some 
devices automatically record rhythms that exceed preset limits. 

regular cannon A waves in the jugular venous pulse would be 
consistent with a 1 : 1 retrograde ventriculoatrial relation, as in 
tachycardias such as AVRT, AVNRT, and some junctional tachy-
cardias and VTs. In contrast, the patient can have physical fea-
tures indicative of AV dissociation, such as intermittent cannon 
A waves in the neck, variable intensity of the first heart sound, 
and variable peak systolic blood pressure. Common arrhythmic 
causes of AV dissociation include VT and nonparoxysmal AV 
junctional tachycardia, without retrograde capture of the atria. 
Ventricular or junctional tachycardias that produce retrograde 
2 : 1 or Wenckebach block cause intermittent cannon A waves that 
recur at regular intervals.

Atrioventricular Block

In the patient with second-degree AV block, the study of neck 
veins can reveal the nature of the block, but usually the findings 
are too subtle to recognize. Patients with type I (Wenckebach) 
second-degree AV block can exhibit progressive increase in the 
A-C jugular venous pulse interval before the nonconducted P 
wave, progressive quickening of the ventricular rate, and progres-
sive decrease in the intensity of the first heart sound. In type II 
second-degree heart block, the PR interval remains fixed before 
the block, and so does the A-C interval and intensity of S1. The 
features of AV dissociation noted earlier usually are present 
during complete AV block.

Carotid Sinus Massage

Modulating autonomic tone by carotid sinus massage during the 
physical examination can be useful to expose the patient with the 
hypersensitive carotid sinus reflex. The clinician first needs to 
listen carefully over both carotids to be certain that no bruit is 
present, palpate lightly to determine that a normal carotid pulse 
is present, and then gently depress or rub the carotid sinus. 
Gentle massage for approximately 10 to 15 seconds or less usually 
is all that is necessary to produce significant periods of sinus 
arrest or AV block in susceptible patients.

The response to carotid sinus massage or other vagal maneu-
vers can be helpful in differentiating one tachycardia from 
another. In the most definitive responses, carotid sinus massage 
acutely terminates tachycardias such as AVRT, AVNRT, sinus 
node reentry, adenosine-sensitive atrial tachycardia, and idio-
pathic right ventricular outflow tract tachycardia. Carotid sinus 
massage can gradually slow a sinus tachycardia without termina-
tion and will decrease the ventricular response to atrial tachycar-
dia, atrial flutter, and atrial fibrillation without termination, 
thereby exposing atrial activity. Carotid sinus massage transiently 
terminates the permanent form of AV junctional reciprocating 
tachycardia, which then restarts when carotid massage ceases. 
Carotid sinus massage does not affect reentrant ventricular or 
junctional tachycardias. Unfortunately, not all presentations of 
these tachycardias behave in such a predictable fashion, and inter-
mediate or overlapping responses can occur.

Laboratory Tests

As indicated earlier, the initial assessment of the patient begins 
with a careful history and physical examination. Several nonin-
vasive and invasive tests add to the physician’s ability to obtain 
information about the arrhythmia. Before any test is ordered, 
however, it is imperative to decide whether the information pro-
vided by the test is sufficiently important to justify its risk or 
expense. Whenever possible, tests with maximal sensitivity, 
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arrhythmia. Apart from diagnosing ventricular arrhythmia, a 
dual-chamber implantable cardioverter defibrillator also 
helps in identifying cycle length, duration, and frequency of 
atrial arrhythmias.

Diagnostic Yield of Electrocardiographic 
Monitoring

For the recording session to be specific, the patient must have 
both the arrhythmia and symptoms simultaneously. If symptoms 
occur without an arrhythmia, the latter can be excluded as a 
cause. Recording arrhythmias without symptoms precludes a 
definitive causal relation between symptoms and arrhythmia and 
reduces the specificity of the test. The sensitivity of the test is 
highly variable, depending on the prevalence of the arrhythmia.

The diagnostic value of ambulatory monitoring seems to 
depend on a number of variables, including the frequency and 
duration of arrhythmia, accurate diary maintenance, and inpa-
tient monitoring versus outpatient monitoring. Approximately 
25% to 50% of patients experienced a symptom, but only 2% to 
15% record a causal cardiac arrhythmia, and 35% will log a 
symptom without a corresponding ECG abnormality.

Correlation With Cardiac Arrhythmias on 24-Hour 
and Long-Term Electrocardiographic Monitoring

Twenty-Four–Hour Holter Recordings
In a study of 518 patients, 24-hour Holter recordings were per-
formed for palpitations and other symptoms related to arrhyth-
mia. Two hundred seventy-four (53 %) had significant arrhythmias 
(41% ventricular and 20% ventricular, 8% both).2 No presenting 
complaint or cardiovascular diagnosis correlated closely with any 
specific cardiac arrhythmia. Major arrhythmias, including supra-
ventricular and ventricular tachycardias, often occurred asymp-
tomatically (in 44 of 54 and 37 of 40 patients, respectively). 
Among 371 patients with accurate historic logs, only 176 (47%) 
who had long-term electrocardiographic monitoring had typical 
symptoms during the monitoring period. Only 50 patients (13%) 
had concurrence of their presenting complaints with an arrhyth-
mia, whereas 126 patients (34%) had their typical symptoms 
associated with a normal electrocardiogram, which may be 
helpful in excluding any cardiac arrhythmia as the primary cause 
for their complaints.

Continuous Event Recording Versus 24- to 48-hour  
Holter Monitoring
Studies have shown that with CER, a diagnosis can be established 
in 21% to 62% of the patients, compared with a maximum of 
30% with Holter monitoring. The CER is also better than the 
Holter monitor at excluding arrhythmias during symptoms (34% 
and 2%, respectively).1

Autotriggered Continuous Event Recording Versus Traditional 
Continuous Event Recording Versus Holter recording
In a larger study of 1800 patients, the autotriggered CER was 
compared with the traditional CER and 24-hour Holter monitor-
ing with 600 patients in each group. The diagnostic yields were 
71%, 27%, and 6% in autotriggered-CER, patient-triggered 
CER, and 24-hour Holter monitoring groups, respectively.3

ILR Versus Noninvasive Testing
Giada et al.4 studied 50 patients for the diagnostic yield of the 
use of insertable loop recorder (ILR), which was randomly com-
pared with conventional strategy (24-hour Holter recording, a 
4-week period of CER, or electrophysiological testing if the 

The automatic recorder is useful in patients who fail to perceive 
all symptoms associated with the arrhythmia or are unable to 
activate the recording system because of rapidly progressing 
syncope or other problems.
1. 24- to 48-hour ambulatory Holter monitoring. Short-term 

continuous Holter monitoring may be sufficient for patients 
with daily symptoms related to arrhythmia such as 
palpitation, presyncope, or syncope. If the arrhythmia does 
not occur with sufficient frequency, then a simple 24-hour, 
or even 48-hour, recording will not be useful. Newer Holter 
monitors also record a 12-channel ECG. Such studies are 
helpful in arrhythmia characterization including atrial 
fibrillation, as well as ST-T wave changes related to 
ischemia and Brugada syndrome.

2. Long-term (15-day) Holter monitoring system. These systems 
are used for diagnosing arrhythmias occurring once or twice 
in a week. With these devices, cardiac activity is 
continuously recorded by chest electrodes that are attached 
to a pager-sized sensor. The sensor of the pager wirelessly 
transmits collected data to a portable monitor that analyzes 
the rhythm data. If an arrhythmia is detected by an 
arrhythmia algorithm, the monitor automatically transmits 
recorded data wirelessly via the internet to a central 
monitoring station for subsequent analysis. Patient activated 
data is also transmitted.

3. Event recorders (with and without loop):
a. Trans-telephonic monitoring (TTM) systems are external 

event recorders without loop; they are noncontinuous 
ambulatory recording system.1 After activation by the 
patient, an ECG is recorded and directly transmitted by 
telephone to a receiving center.

b. Event recorders with looping memory (continuous event 
recorders [CERs]) make a continuous one-lead recording, 
but the rhythm strip will only be saved when a patient 
activates the device. Most devices can be programmed to 
save preactivation and postactivation rhythm strips.

c. Autotriggered event monitors with looping memory 
(autotriggered CER) devices automatically recognize 
prespecified high and low heart rates. One such device 
performs a continuous ECG analysis combined with 
automatic storage of abnormal events detected in a 
20-minute solid-state memory with continuous loop 
analysis up to 7 days. In addition, it also records patient-
trigger events. The most recent advancement in 
ambulatory arrhythmia monitoring is mobile cardiac 
outpatient telemetry in which a portable sensor 
continuously detects asymptomatic, prespecified 
arrhythmias and transmits the ECG data in real-time to a 
pocket-sized monitor at the patient’s home. If the 
algorithms in the monitor detect an abnormal heartbeat, 
the monitor automatically transmits the patient’s ECG 
data to the monitoring center using wireless 
communications.

4. Implantable autotriggered and patient-triggered loop recorders. 
An implantable loop recorder placed beneath the skin can be 
used for monitoring of the cardiac rhythm for as long as 12 
to 24 months. Therefore, it is useful in patients with 
infrequent symptoms. The device has both autotriggered 
and patient-activated arrhythmia recording facilities. The 
devices are also available for recording a specific arrhythmia, 
such as atrial fibrillation. Use of such devices has been 
successful in recording tachyarrhythmias and, more 
commonly, bradyarrhythmias. Arrhythmia recordings can be 
sent to the analyzing center via the telephone and then to 
physicians via the Internet.

5. Pacemakers and implantable cardioverter defibrillators. Dual-
chamber pacemakers can record atrial and ventricular 
high-rate episodes and can be correlated with the 
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identify groups of patients at greater or lower risk for SCD, they 
all suffer from an inability to predict precisely the occurrence of 
life-threatening arrhythmias in individual patients (see Chapters 
65 to 69).

Tests Indicated for Specific Symptoms

Syncope
The underlying disorder can be determined using standardized 
clinical evaluation in up to three fourths of patients with syncope. 
In unselected populations, slightly more than one third of the 
patients have neurocardiogenic syncope, one fourth have  
orthostatic hypotension, and the remaining patients have miscel-
laneous conditions. Evaluation of patients suspected of cardioin-
hibitory or vasodepressor syncope often includes tilt table testing. 
The yield from prolonged ECG ambulatory recordings and from 
electrophysiological studies in patients experiencing syncope who 
do not have structural cardiac disease is in general low and unre-
warding. It is important to establish the cause of the syncope, if 
possible, because patients who have syncope from a noncardiac 
cause usually have an excellent prognosis, whereas those who 
have syncope from a cardiac cause have a greater prevalence of 
sudden cardiac death.

Electrophysiological testing is recommended for patients who 
have syncope or near-syncope that remains unexplained after a 
thorough evaluation, including a complete neurologic evaluation 
and ambulatory ECG recordings. Because both bradycardia and 
tachycardia can be responsible for syncope, the diagnosis or 
exclusion of a specific etiologic disorder should not be based on 
anything other than an ECG recording during the syncopal 
event, or replication, during an electrophysiological study or 
other maneuvers, of a cardiac rhythm disturbance that produces 
the same or similar symptoms in the patient. For example, in the 
patient who has first-degree AV block and left bundle branch 
block, episodes of VT may be responsible for the syncope, rather 
than episodes of more advanced AV block.

Bradyarrhythmias
Many patients have asymptomatic bradyarrhythmias, and it is 
important to establish that they produce symptoms in a given 
patient before assuming that therapy is required. Conversely, if 
the patient becomes symptomatic when a spontaneous bradyar-
rhythmia is demonstrated, further diagnostic studies might not 
be necessary. It is also possible that patients can be minimally 
symptomatic but have arrhythmias that permit definitive thera-
peutic decisions. For example, in patients who have type II 
second-degree AV block, the demonstration of His-Purkinje 
block, even in the minimally symptomatic or possibly asymptom-
atic person, can be sufficient evidence to conclude that pacemaker 
therapy is indicated because of the risk for progression to com-
plete AV block.

The patient with sinus node dysfunction can have syncope or 
near-syncope but also might complain of symptoms consistent 
with low cardiac output because of persistent bradycardia, such 
as fatigue or even manifestations of congestive heart failure. 
Some patients can have associated tachycardia—producing the 
aforementioned bradycardia-tachycardia syndrome. Electrophys-
iological studies of sinus node function have low sensitivity but 
relatively high specificity. Correlation of the presence of the 
bradycardia with the patient’s symptoms is of utmost importance. 
Electrophysiological studies are indicated only when a causal 
relation between the appearance of the bradycardia and the 
patient’s symptoms cannot be established despite repeated non-
invasive evaluations. It is important to keep in mind that asymp-
tomatic sinus bradycardia with heart rates of 35 to 40 bpm, sinus 
arrhythmia with pauses of 2 to 3 seconds, Wenckebach second-
degree AV block (particularly during sleep), wandering atrial 

previous two strategies yielded negative results).4 The diagnosis 
was made in only five patients (21%) of 25 patients in the con-
ventional strategy group compared with 19 (73%) of 25 patients 
in ILR group (with arrhythmia recording up to 1 year).

Electrophysiologic Study

Naturally, in many patients, invasive electrophysiologic testing is 
required to initiate the electrical abnormality. Such studies 
provide important information when a particular arrhythmia can 
be initiated that is responsible for the patient’s symptoms. In 
some instances, however, a tachyarrhythmia present clinically 
cannot be induced in the electrophysiology laboratory. An impor-
tant point is that failure to demonstrate a rhythm abnormality 
does not exclude the possibility that it is present on another occa-
sion and is still responsible for the patient’s symptoms. Thus, the 
sensitivity of the electrophysiological study may be low, depend-
ing on the nature of the rhythm disturbance. Absence of proof is 
not the same as proof of absence.

Ideally, the electrophysiologic study would induce only clini-
cally and prognostically important cardiac arrhythmias in all 
patients who are at risk for a spontaneous arrhythmia and in no 
patient without such a risk. Unfortunately, this is not the case, 
and it is clear that such a study, depending on the number of extra 
stimuli used, can induce nonspecific tachyarrhythmias, in particu-
lar flutter and fibrillation in both the atria and ventricles. With 
certain arrhythmias, the test can be highly specific. For example, 
it would be uncommon to induce a sustained AVRT or AVNRT 
in a patient who does not also have this arrhythmia clinically or 
is at risk of having it. Furthermore, it would not be likely to 
induce a sustained monomorphic VT in a patient who is not at 
risk for a clinical occurrence of such an arrhythmia.

Stress Testing and Other Noninvasive Studies

An exercise stress test can be useful, particularly in patients who 
experience symptoms when exercising (see Chapter 63). In 
response to exercise testing, approximately one third of normal 
subjects have ventricular ectopy, usually in the form of occasional 
uniform PVCs. These PVCs are more likely to occur at greater 
heart rates and are not reproducible from one test to the next. 
Multiform PVCs, pairs of PVCs, and VT infrequently develop 
in response to exercise in healthy subjects. Because they can be 
recorded in normal subjects, their presence does not establish the 
existence of ischemia or heart disease. Ventricular ectopy gener-
ally appears at lower heart rates (<130 bpm) in patients with 
coronary artery disease than in a normal population, and it often 
occurs in the early recovery period. Ventricular arrhythmias are 
more reproducible from one test to the next in patients with 
coronary artery disease, and more frequent PVCs (exceeding 10 
per minute), polymorphic PVCs, and VT are more likely to occur 
in patients with coronary artery disease than in persons with 
normal hearts. PVCs at rest can be suppressed by exercise in 
patients with documented coronary disease; therefore, this obser-
vation does not necessarily imply a benign prognosis or absence 
of underlying structural heart disease. In normal subjects, results 
from consecutive exercise tests might not be reproducible, 
whereas the test results are more reproducible in patients with 
coronary artery disease, but not dependably so. Exercise testing 
may be useful to expose ECG abnormalities in patients with less 
obvious forms of the long QT syndrome.

A variety of noninvasive tests have been developed in an 
attempt to identify patients at risk for sudden arrhythmic death. 
These tests include signal-averaged electrocardiography, heart 
rate variability QT dispersion testing, T wave alternans assess-
ment, and baroreflex testing. Although these tests can help to 



ASSESSMENT OF THE PATIENT WITH A CArDIAC ArrHyTHMIA  573

58 
interval), the tachycardia is called a short RP′ tachycardia, whereas 
if a P wave occurs in the second half of the RR cycle, the arrhyth-
mia is called a long RP′ tachycardia. Considerations in the differ-
ential diagnosis for a short RP′ tachycardia include AVNRT, 
AVRT, junctional tachycardia, and atrial tachycardia with a mark-
edly prolonged PR interval. If no P waves or other evidence of 
atrial activity are apparent, and the R-R interval is regular, 
AVNRT is most likely. If a retrograde P wave is present in the 
ST segment, AVRT is most probable. Long RP tachycardias 
include sinus tachycardia, atypical AVNRT, permanent junctional 
reciprocating tachycardia, and atrial tachycardia. The presence 
of conduction over an accessory pathway during sinus rhythm or 
during tachycardia naturally suggests that the Wolff-Parkinson-
White syndrome with its associated accessory pathway is respon-
sible for the dysrhythmia. During VT, specific QRS contours and 
the presence of AV dissociation are useful in making the 
diagnosis.

Summary

Careful evaluation of the patient who has documented or sus-
pected cardiac arrhythmia is the prime focus of the clinical 
cardiac electrophysiologist. Much useful information can be 
gleaned noninvasively, thereby potentially sparing many patients 
from unnecessary electrophysiological testing. When indicated, 
however, such studies, particularly when coupled with radiofre-
quency ablation techniques, provide the most definitive informa-
tion for appropriate diagnosis and therapy.

pacemaker, and junctional escape complexes can be completely 
normal, especially in young people and in well-conditioned 
athletes.

In patients with AV block, the scalar ECG is the most impor-
tant laboratory test, because the site of block usually dictates the 
clinical course of the patient and whether a pacemaker is needed, 
and the site of block usually can be determined from analysis of 
the scalar ECG. Only infrequently is an electrophysiological 
study indicated. Autonomic manipulation can be used to help 
establish the site of block. Atropine or isoproterenol shorten AV 
nodal conduction time and refractoriness, whereas vagal maneu-
vers prolong them. Little change occurs in the normal His-
Purkinje conduction. Thus, exercise, atropine, or isoproterenol 
can shorten the PR interval and increase the ratio of conducted 
P waves during type I (Wenckebach) AV nodal block, whereas 
these maneuvers can increase the number of blocked P waves in 
type II second-degree AV block. Of note, however, important 
overlap between the two responses is possible.

Tachyarrhythmias
As mentioned earlier, a 12-lead ECG should be obtained during 
tachycardia, as long as the patient’s condition is relatively stable. 
If the QRS is normal and identical to that present during sinus 
rhythm, the tachycardia must be supraventricular, and the dif-
ferential diagnosis now relates to its mechanism (see Chapters 73 
77-79). The 12-lead ECG provides many diagnostic clues in this 
regard. Supraventricular tachycardias can be classified as short 
RP′ or long RP′ tachycardias, depending on the timing of the P 
wave in relation to the preceding R wave. When a P wave occurs 
closer to the preceding R wave (i.e., in the first half of the R-R 
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P wave makes up a relatively large portion of the tachycardia 
cycle, as opposed to focal ATs (and all other types of SVT, during 
which atrial activation begins at a discrete point as though it were 
a focus).1 A major limitation of discerning P-wave morphology is 
the need to determine what is a P wave and what are ST segment, 
T wave, and QRS complex. Helpful aids include finding periods 
of NCT with 2 : 1 AV conduction; comparing the complex in 
question with a sinus rhythm P-QRS-T cycle; and increasing 
ECG gain (Figure 59-1).

History and Physical Examination

Patients with NCTs usually have recurrent episodes of arrhyth-
mia. The age of onset of episodes often suggests a diagnosis: 
Episodes from birth onward are likely to be AV reentrant tachy-
cardia (AVRT) using an accessory AV pathway present from 
birth, or AT. Onset of symptoms during or after puberty is 
common in AV nodal reentrant tachycardia (AVNRT). Although 
these scenarios are generally true, any type of NCT can occur 
later in life. Symptoms include palpitations, light-headedness, 
dyspnea, chest pain, and neck fullness. In many, episodes are 
facilitated by exercise and emotional upset. Physical maneuvers 
such as Valsalva or breath holding can often terminate episodes. 
Episodes tend to become more common and longer lasting with 
aging. Physical examination during NCT episodes shows tachy-
cardia in a conscious, often anxious patient. Blood pressure is 
usually preserved. Bulging of neck veins sometimes can be per-
ceived. In patients with repaired congenital heart disease, scar-
based atrial macroreentry should be suspected.

Electrocardiographic Differential Diagnosis

Among NCTs, the differential diagnosis is based on the A : V 
ratio; among those with 1 : 1 AV ratio, the timing of the P wave 
relative to a QRS complex; and P-wave morphology (Table 59-1). 
Although individual variability is noted, some patterns are rela-
tively constant.
A. A : V ratio:

1. NCTs with A : V ratio >1 include AT and flutter, as well 
as rare cases of AVNRT with 2 : 1 block, usually in the 
His bundle (Figure 59-1, far right).

2. NCTs with A : V ratio = 1 comprise a large and 
heterogeneous group, among which are AVNRT, AVRT, 
AT, and the uncommon automatic junctional tachycardia. 
ATs at times may have a 1 : 1 AV ratio, but the timing 
relationship between QRS complex and the subsequent P 
wave is not fixed.

3. NCTs with A : V ratio <1 are rare and include sinus 
rhythm with simultaneous conduction over fast and slow 
AV nodal pathways, nodofascicular pathway–based 
reentry, and either AVNRT or junctional tachycardia 
with retrograde block.

B. R-P interval in cases with 1 : 1 A : V ratio
1. Absence of a visible P wave (subsumed in the QRS 
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Many patients with cardiovascular problems have sudden onset 
of severe symptoms; among the variety of diagnoses, rapid tachy-
cardias perhaps are most likely to elicit symptoms in caregivers. 
Part of this anxiety arises from uncertainty about the specific 
diagnosis (i.e., supraventricular tachycardia [SVT] vs. ventricular 
tachycardia [VT]), part from uncertainty about how to treat, and 
part from uncertainty about clinical implications (e.g., Is the 
patient having a heart attack? Is he going to die before treat-
ment?). In this chapter, we will explore the tools available to 
address the first problem (diagnosis); after getting this correct, 
answers to the other problems generally flow naturally. An 
important distinguishing feature for clinical implications of a 
tachycardia episode is whether or not structural heart disease 
(SHD; prior infarction, cardiomyopathy, prior surgery, etc.) is 
present: In most cases of SVT, SHD is either absent or unrelated 
to the episode, but in most VT patients, SHD serves as the basis 
of, or substrate for, the arrhythmia.

The first major differentiator in correctly diagnosing tachy-
cardia is the width of the QRS complex: Narrow (<120 ms) QRS 
complex tachycardias (NCTs) in adults are almost always supra-
ventricular in origin (involving tissue at or above the bundle of 
His), whereas wide (≥120 ms) QRS complex tachycardias (WCTs) 
are often, but not always, ventricular in origin.

Narrow QRS Tachycardias

Diagnostic Possibilities

The major categories of NCTs include those that are primarily 
atrial in origin (atrial tachycardia, flutter, fibrillation); those that 
are based in the atrioventricular (AV) junction; and those that 
incorporate atrium and ventricle in a large circuit (accessory 
pathway medicated AV reentry). In this chapter, atrial fibrillation 
will not be considered further, but flutter and atrial tachycardia 
(AT) deserve consideration. Classic electrocardiographic atrial 
flutter is now understood to be a continuous wave front propagat-
ing either clockwise or counterclockwise around the tricuspid 
annulus. Other atrial arrhythmias are termed flutter on electro-
cardiogram (ECG) but are mechanistically distinct; these can be 
focal in origin or reentrant (usually large circuits bounded by 
natural barriers such as valves or scar tissue). ATs can be focal 
(true focus or microreentry that appears focal in its propagation 
pattern) or macroreentrant, incorporating significant amounts of 
atrial tissue in the circuit. The latter are noteworthy in that the 
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Figure 59-1.  Determination of P waves during narrow complex tachycardia using a variety of methods. Vertical gray bands denote the entire width of the P wave; arrows 
indicate a visible P wave, AT, Atrial tachycardia; AV, atrioventricular. 
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complex) is common in AVNRT (anterograde slow, 
retrograde fast pathways) but can occur in AT with a 
long AV conduction time.

2. NCTs with a short R-P interval (P wave in the first 
one-third of the R-R interval) include AVRT, AVNRT 
(especially in patients >50 years old), and AT, with 
junctional tachycardia a rare diagnosis.

3. Intermediate R-P interval NCTs (P wave in middle 
one-third of the R-R interval) are of the same types as 
short R-P NCTs, but AVNRT (“slow-slow”) and AT are 
more common than AVRT.

4. Long R-P NCTs are an interesting group with the same 
diagnostic possibilities as are seen in the other R-P 
subsets, but ATs predominate; AVNRT is of the less 
common “fast-slow” variety, and accessory pathways are 
of the very uncommon slowly conducting type.

C. P-wave morphology2

1. Atrial activation in NCTs with positive P waves in the 
inferior leads begins near the top of the atria, including 
the upper crista terminalis, superior vena cava, and 
appendage in the right atrium, and the pulmonary veins 
and appendage in the left atrium, as well as cephalad 

Table 59-1. Narrow Complex Tachycardia Diagnostic Features

Atrioventricular (AV) Ratio

>1 (A > V) 1 (A = V) <1 (A < V)* Indeterminate (no clear P)

Diagnostic possibilities Atrial tachycardia
Atrial flutter
(AVNRT)

AVNRT
AVRT
Atrial tachycardia
(Junctional tachycardia)

Sinus rhythm/1 : 1 conduction
AVNRT
Junctional tachycardia
Nodofascicular tachycardia

AVNRT
(Junctional tachycardia)
(Atrial tachycardia)

R-P Interval

No Visible P Short RP Intermediate RP Long RP

Diagnostic possibilities AVNRT
(Atrial tachycardia)

AVRT
AVNRT
Atrial tachycardia
(Junctional tachycardia)

AVNRT
Atrial tachycardia
AVRT
(Junctional tachycardia)

Atrial tachycardia
AVNRT
AVRT
(Junctional tachycardia)

P Wave Morphology

Positive Leads 2, 3, aVF Negative Leads 2, 3, aVF Negative Lead 1 Positive All Precordial Leads

Diagnostic possibilities Atrial tachycardia
AVRT

AVNRT
AVRT
Atrial tachycardia

AVRT (left lateral pathway)
Left atrial tachycardia

Pulmonary vein ostia

AVNRT, Atrioventricular nodal reentrant tachycardia; AVRT, atrioventricular reentry tachycardia.
*All four items in this group are rare. Diagnostic possibilities are listed in order of frequency. Terms in parentheses denote rare situations.
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the last portion of V1 negative are termed left bundle branch 
block (LBBB)-type QRS, whereas the right bundle branch block 
(RBBB) pattern is denoted by a positive deflection in the last half 
of V1. Some WCTs do not fit well into these descriptions, with 
“Rs” or “qRs” patterns; in cases with this degree of ambiguity, 
the diagnosis is almost always VT.

History and Physical Examination

Patients with SVT-A, like those with NCT, have usually had 
prior episodes of arrhythmia, whereas for those presenting with 
VT, it is often their first episode. VT patients tend to have a 
history of structural heart disease such as prior myocardial infarc-
tion, cardiomyopathy, or significant valvular disease. Symptoms 
in VT patients include palpitations, light-headedness, or syncope, 
dyspnea, and chest pain; episodes often begin without apparent 
provocation. Physical examination during VT episodes shows 
tachycardia in a patient who may be conscious, but often with 
marginal blood pressure. Cannon A waves in neck veins and vari-
able intensity of S1 are sometimes present.

Electrocardiographic Differential Diagnosis

Several features of the ECG in WCT have proven diagnostic 
utility; the more important among these include the following 
(Figure 59-3 shows several examples):
A. QRS duration—In 1978, Wellens found that among WCTs 

with QRS duration >140 ms, 95% were VTs. Because some 
cases of LBBB aberration have QRS >140 ms, this rule was 
later modified to allow SVT-A with an LBBB pattern to 
have QRS up to 160 ms. This criterion is deceptively 
simple, in that different observers can measure very different 
QRS durations, especially when QRS onset or offset is not 

portions of the tricuspid and mitral annuli. Evaluation of 
precordial leads (anteroposterior) and lead 1 (left-right) 
further refines the site of origin in the other two planes. 
As such, ATs account for many of these, but AVRT with 
pathway atrial insertions on the tops of mitral or 
tricuspid annuli are also part of this group.

2. Negative P waves in the inferior leads denote onset of 
atrial activation in the lower portion of the atria (low 
crista terminalis, coronary sinus os, low septum, and 
tricuspid annulus in the right atrium, and low septum or 
mitral annulus in the left atrium). All varieties of 
AVNRT as well as AVRT using posterior AV pathways 
fall into this group, as do some ATs.

3. An inverted P wave in lead 1 is a reliable indicator of 
left-to-right atrial activation, either from AT arising in 
the left atrium or pulmonary veins, or from AVRT using 
a left lateral pathway.

4. When all precordial leads show positive P waves, a left 
atrial or pulmonary venous source should be suspected.

Special Cases

P-wave morphology is usually a good indicator of the origin of 
atrial activation; however, there are several situations in which 
this inference should be made cautiously. These include cardiac 
malposition (dextrocardia, prior pneumonectomy) and previous 
extensive atrial ablation or surgery, as for repair of congenital 
heart disease. After ablation or surgery, common arrhythmias 
such as right atrial cavotricuspid isthmus-dependent flutter can 
have an unusual appearance, and uncommon arrhythmias (such 
as left atrial macroreentry) can masquerade as more common 
ones (such as right atrial flutter).3 Finally, very rarely, VT can 
have a relatively narrow QRS (<120 ms) and be mistakenly diag-
nosed as SVT. This occurs in several settings: children (with a 
narrower baseline QRS in sinus rhythm) and adults with VT 
arising in the His-Purkinje system or propagating into it very 
early in the QRS. In almost all of these cases, the prognosis is 
similar to that of SVT (i.e., benign).

Wide QRS Tachycardias

Diagnostic Possibilities

Although several possible causes of WCT are known (Box 59-1; 
Figure 59-2), a vast majority are VT or SVT with aberrant inter-
ventricular conduction (SVT-A). The remainder of this discus-
sion will concentrate on differentiating between the two. Because 
of the wider diagnostic possibilities and the more serious nature 
of some causes, WCTs evoke greater anxiety among health care 
workers than NCTs. For purposes of classification, WCTs with 

Figure 59-2.  Examples  of  leads  V1  and  V6  in  both  LBBB  and  RBBB  types  of  QRS 
complexes in different types of WCT. Similarities and differences can be appreciated 
among the various causes. 
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Box 59-1 Wide Complex Tachycardia Diagnostic Possibilities

• Ventricular tachycardia
• Supraventricular tachycardia with one of the following:

• Aberrant interventricular conduction (his-Purkinje)
• Anterograde conduction over accessory pathway
• Abnormal baseline QRS configuration
• Nonspecific QRS widening due to electrolyte abnormality/

drug effect
• Ventricular pacing
• Electrocardiographic artifact
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Figure 59-4.  Diagrammatic  representation  of  common  QRS  morphologies 
encountered in VT and SVT-A, in leads V1 and V6, for both LBBB and RBBB QRSs. Note 
initial portions of the QRS complex in normal and aberrated QRS complexes, con-
trasted with initial QRS forces in VT complexes. 
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to typical aberration patterns that include rSR′, rSr′, 
or rR′ in lead V1; all others, including Rsr′, Rr′, qR, 
and monophasic R, are then VT patterns.

b. Lead V6—A small amount of normal right ventricular 
(RV) voltage is directed away from V6; in RBBB 
aberration, this is shifted later in the QRS to enlarge 
the S wave. Because it is a small vector, the R : S ratio 
is >1. In VT, all of the RV voltage, and some of the 
left, is directed away from V6, leading to an R : S ratio 
<1 (rS, QS patterns). In some cases, a monophasic R 
wave or qR is seen, inconsistent with aberration and 
thus likely VT.

2. LBBB pattern
a. Lead V1—The LBB determines the initial part of the 

normal QRS; when blocked, the RBB transmits to  
the ventricles, and although several left ventricular 
activation patterns may ensue, the initial portion of 
the QRS is inscribed relatively rapidly. This yields 
patterns in V1 (or V2) such as QS or rS, in which the 
QRS onset to the S-wave nadir is ≤60 ms, and the 
duration of the R wave, if present, is ≤30 ms. Patterns 
other than these, such as QS or rS with onset QRS to 
S wave nadir >60 ms or R wave duration >30 ms, 
indicate VT.5 Distinguishing scar-based VT from VT 
in the absence of SHD (which often resembles 
SVT-A) can be difficult; R-wave transition after V4 
and, in V1 or V2, notching of the downstroke, or onset 
of QRS to the nadir of the S wave >90 ms, each 
indicates scar-based VT.6

b. Lead V6—In true LBBB, no Q wave is present in the 
lateral precordial leads; the presence of any Q wave in 
V6 during WCT provides strong evidence for a VT 
diagnosis.

E. Precordial leads
1. Concordance—If all of the precordial leads have the 

same polarity (all positive or all negative), it has been  
said that VT is likely because aberration patterns 
fundamentally never have positive concordance; in some 
cases of LBBB aberration, R waves may not be seen until 
V7 or later, leaving a concordant negative pattern. 
Because concordant patterns are present in <20% of all 
VTs, this criterion has low sensitivity. A more recent 
analysis4 found that a negative concordant pattern had 
virtually no capacity to distinguish SVT-A from VT, but 
a positive concordant pattern remained a strong 
differentiator.

sharply delineated. For this reason, measurements in several 
simultaneously recorded leads should always be used.

B. QRS axis—Because aberration patterns are confined to left 
or right axis deviation (thus, −60° to +120°), WCTs with a 
QRS axis outside this range are likely to be VTs. This is 
particularly true for the axis from −90° to 180° (i.e., negative 
complexes in leads 1, 2, and 3); this criterion has positive 
predictive accuracy (PPV) >95% for VT.

C. AV relationship—It has long been recognized that AV 
dissociation (ventricular rhythm faster than an independent, 
regular atrial rhythm) is a reliable indicator of VT, with very 
rare exceptions. However, it is present (or recognizable) in 
only one-third of known VT ECGs,4 thus decreasing its 
utility. Other AV relationships are helpful, such as 2 : 1 
retrograde conduction and retrograde Wenckebach 
conduction (often more difficult to recognize than AV 
dissociation). The latter forms of non-1 : 1 retrograde 
conduction, still diagnostic of VT, are present in about 5% 
of cases of VT, whereas a 1 : 1 AV relationship is recognized 
in about 8% of cases.4 Uncommonly seen fusion and capture 
beats are manifestations of a non-1 : 1 AV relationship 
during VT.

D. Specific patterns in ECG leads V1 and V6 (Figure 59-4):
1. RBBB pattern

a. Lead V1—The RBB does not contribute greatly to the 
initial part of the normal QRS; thus, when blocked, 
the first 40 ms of the QRS is unchanged. This leads 

Figure 59-3.  ECG of VT showing several diagnostic features, including very wide QRS; right superior axis deviation; concordant (negative) precordial R-wave pattern; R-wave 
duration in V1 >30 ms; QRS onset to S wave nadir in V1 >60 ms; AV dissociation (filled black circles denoting visible P waves, hollow circles denoting less visible ones); and 
fusion beats (third complex in V1). 
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AV dissociation, the rate is so rapid that dissociated P waves 
usually cannot be readily observed. This relatively 
uncommon arrhythmia is important because of its 
straightforward treatment with catheter ablation. Most 
patients with BBR also have other forms of VT for which 
an ICD is indicated; thus catheter ablation is rarely  
their sole therapy. If BBR is discovered during 
electrophysiological testing, ablation can decrease ICD 
shocks.

C. Irregular VT—Like SVTs, almost all VTs have very regular 
R-R intervals to the resolution of measurement on standard 
ECG. A small proportion of VTs are grossly irregular, and 
in these cases, the obvious alternative diagnosis is atrial 
fibrillation with aberration. In this case, morphology criteria 
can be very helpful (as can finding AV dissociation, if atrial 
fibrillation is not actually present).
Finally, in some situations, ECG criteria suggest VT in 

patients with SVT-A. This group includes preexcited SVT 
(during sinus rhythm, preexcitation is almost always readily 
apparent) and other typical forms of SVT in patients with sig-
nificant structural heart disease such as repaired congenital heart 
disease or severe cardiomyopathy. These are relatively small but 
growing populations in which better methods of distinguishing 
SVT-A from VT will become increasingly important in the 
future.

Remaining Problems

Although numerous algorithms have been developed to aid in 
diagnosis of WCT, none is 100% sensitive and specific; particu-
larly difficult cases include VT in the absence of SHD. In addi-
tion, no criteria have performed as well in subsequent analysis 
and “real-world” testing as in the original publication. Thus, 
better criteria are necessary, but research is also needed into why 
the existing criteria are not as robust in practice as they initially 
seemed to be. Potential causes include (1) misremembering of 
criteria (e.g., Was it 130 or 140 ms for QRS duration?); (2) incor-
rect application of criteria (e.g., mistaking small irregularities in 
the ECG baseline for AV dissociation); (3) imperfections of cri-
teria (especially in VT in the absence of SHD, or in SVT in 

2. Brugada criteria7—In most cases of SVT-A, at least one 
precordial lead has an “RS” pattern, but this need not be 
the case in VT; thus if no precordial leads in a WCT 
have an RS, it is most likely VT. This is the first step of 
the algorithm by Brugada et al; further, if an RS complex 
was present, the interval from onset of R to nadir of S 
>100 ms strongly suggests VT. Other steps in the 
algorithm include evaluation for AV dissociation and  
the usual V1 and V6 patterns.

F. Newer criteria—Two recent algorithms have used single 
ECG leads (aVR or lead 2) to differentiate VT from 
SVT-A. These have the virtues of simplicity and, with it, 
easier memorization.
1. aVR criteria—Vereckei proposed two algorithms 

incorporating lead aVR. The first had four steps (a 
positive result at any step makes a VT diagnosis, with  
the remaining ECGs categorized as SVT-A)8: AV 
dissociation; R wave in aVR; standard criteria in V1 and 
V6; and the ventricular activation velocity index. The 
latter is the ratio of the vertical amplitude (in tenths of 
millivolts) traversed in the first 40 ms of the QRS 
complex, divided by the same amplitude measurement in 
the last 40 ms, of any lead with a biphasic or triphasic 
QRS complex. Ratios >1 indicate SVT-A, whereas ratios 
≤1 indicate VT. This algorithm performed well in initial 
testing but is somewhat cumbersome, and it is difficult to 
remember how to make the measurements. The second 
proposed algorithm9 involves only aVR and thus is 
generally simpler. It also consists of four steps: presence 
of monophasic R; Q or R >40 ms in duration; slurred 
downstroke on Q wave; and the velocity index from the 
previously noted algorithm (but applied only to aVR). As 
with the prior algorithm, a positive result at any step 
indicates a diagnosis of VT, with a final default result 
being SVT-A. This algorithm, similar to the prior one, 
had an overall accuracy of 91%. Neither, however, has 
performed as well when applied to other data sets by 
different investigators.10

2. R-wave peak time—Pava et al11 proposed another simple, 
one-step criterion: the interval from QRS onset to peak 
amplitude (positive or negative) in lead 2. Using a cutoff 
of 50 ms, almost all WCTs with a shorter time to peak 
amplitude in lead 2 were SVT, whereas almost all WCTs 
with intervals ≥50 ms were VT. The sensitivity and 
specificity were 0.98 and 0.93, respectively. Although this 
criterion appears to have many desirable features—
simplicity, ease of application, accuracy—its performance 
in the hands of other investigators10 has been less 
impressive (sensitivity 0.60, specificity 0.83). Examples 
are shown in Figure 59-5.

Special Cases

Several special situations are known in which criteria suggest 
SVT-A when VT is present:
A. Relatively narrow complex VT—As noted previously, these 

VTs generally (but not always) occur in the absence of SHD 
and in younger individuals. Correctly identifying these 
patients is important therapeutically because catheter 
ablation can be curative in most cases. A more important 
error is correctly identifying the WCT as VT, while using 
implantable cardioverter-defibrillator (ICD) therapy merely 
on the basis that the rhythm was VT.

B. Bundle branch reentrant (BBR) VT—QRS complexes are 
identical to LBBB aberration or, more rarely, RBBB 
aberration with left or right axis deviation. ECG distinction 
from SVT-A is difficult, in that even though most cases have 

Figure 59-5.  Lead 2 and aVR criteria in SVT-A and VT. Lead 1, 2, 3, and aVR are shown 
from several WCTs. Long dashed vertical  lines  indicate earliest QRS onset among 
all leads; shorter dashed lines denote peak in lead 2. In A and B (VT) and C (SVT), 
various morphologies of lead 2 and aVR are shown; both criteria correctly diagnose 
each rhythm. In D and E (both VT), lead 2 incorrectly diagnoses SVT, while aVR is 
correct; in E,  lead 2 by itself is incorrect (with an isoelectrical segment before the 
QRS downstroke), but when analyzed using the true QRS onset,  lead 2 is correct. 
In F, SVT  is present and  is correctly diagnosed by  lead 2, but not by aVR (slurred 
downstroke of Q wave). 
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that cannot be prevented, is used in most cases of VT related to 
SHD. The ECG is reasonably good for distinguishing among 
NCTs, as long as a P wave can be clearly seen (or is clearly 
absent). In cases of WCT, many algorithms have been proposed 
to differentiate between the two major causes: VT and SVT-A. 
Although each algorithm is introduced with great promise, each 
has its limitations. The ideal algorithm would be one that is (1) 
easy to remember, (2) universally applicable to all WCTs, (3) easy 
to apply with unequivocal results, and (4) 100% sensitive and 
specific for VT (or SVT). Until such a tool is developed, it is 
safest to treat the patient with WCT that cannot be readily clas-
sified for whatever reason as though the rhythm is VT, until 
proven otherwise.

patients with severe cardiomyopathy); and (4) unwillingness to 
believe the results of analysis (e.g., All the criteria suggest VT, 
but I STILL think it’s SVT). Until progress is made on each of 
these fronts, diagnostic errors will persist.

Summary

Arriving at the correct diagnosis of tachycardia has obvious clini-
cal importance, in that current therapies can cure many disorders 
(most SVTs and VTs in the absence of SHD), thereby preventing 
further episodes. In contrast, the ICD, which reacts to episodes 
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time. The surface ECG can be used for the reference time during 
ventricular arrhythmias, but this is less likely to be effective for 
atrial arrhythmias because the surface P wave is often difficult  
to discern because of the ECG changes related to ventricular 
depolarization/repolarization. A reference catheter placed in a 
stable location within the chamber is often more effective to use 
for the reference timing to which all the mapping electrogram 
timings are compared. For focal atrial or ventricular tachycardias, 
the goal is to identify the point of earliest activation. Ideally, the 
morphology of the unipolar electrogram is used to recognize this 
site; at the site of the arrhythmia focus, the unfiltered unipolar 
electrogram should exhibit a QS morphology. The presence of 
an R wave indicates that the ablation catheter is not at the site of 
origin. For reentrant arrhythmias, activation mapping can also be 
useful to identify the pathways of activation and determine where 
to target for ablation. In general, the two areas to consider for 
ablation are (1) areas of constrained activation (often between two 
areas of block such that only a short bridging lesion set is required 
to transect the circuit) and (2) areas of slow conduction where 
even a single ablation lesion at the right location is often enough 
to terminate the rhythm.

Pacemapping
During pacemapping, the mapping catheter is manipulated to 
various cardiac locations from each of which pacing is performed; 
the resulting ECG morphology is then compared to the target 
arrhythmia. From a practical perspective, pacemapping is almost 
never used for atrial arrhythmias because of the difficulty in 
discerning the P wave morphology. However, pacemapping is 
used for ventricular arrhythmias in two circumstances: (1) for 
focal VTs such as outflow-tract VTs in which the QRS morphol-
ogy at the VT site of origin would provide a “12-of-12” lead 
ECG match, and (2) during substrate-based VT ablation of scar-
related VTs. For the latter, when pacemapping is performed 
along the scar border, the morphology would be similar, if not 
identical, to the target VT morphology at the site of the scar 
border from which the VT exits. Once identified, a series of 
linear lesions can be placed at this location to transect the VT 
circuit empirically.

Entrainment Mapping
Entrainment mapping is an extremely useful technique to provide 
evidence that the mechanism of a particular arrhythmia is reentry 
with an excitable gap, as opposed to an automatic mechanism or 
triggered activity.1 In addition, once the mechanism of a rhythm 
is known to be reentry, entrainment maneuvers can be performed 
to dissect the pathway of the arrhythmia—be it of atrial or ven-
tricular origin.2 By observing the response of the return cycle at 
cessation of entrainment (also referred to as continuous resetting), 
it is possible to determine whether the site of pacing is an active 
part of the circuit or is an irrelevant or passive location. That is, 
if within the circuit, the return cycle at the cessation of pacing 
would be equivalent to the tachycardia cycle length; if outside the 
circuit, the return cycle would be longer than the tachycardia 
cycle length. Furthermore, the morphology of the paced ECG 
complex (again, more useful for ventricular rhythms) can be 
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Imaging and mapping have a central role in the modern practice 
of clinical cardiac electrophysiology—in particular, the treatment 
of cardiac tachyarrhythmias with catheter ablation. On the one 
hand, mapping the electrical activation of focal arrhythmias such 
as ectopic focal atrial tachycardia has long been a primary meth-
odology to identify their origin. Initial approaches involved the 
sequential placement and movement of multielectrode catheters 
based solely on fluoroscopy, but this has given way to the use of 
electroanatomical mapping (EAM) systems to carefully catalogue 
electrical activation information in a spatially relevant manner to 
identify the site of tachycardia origin. However, the use of EAM 
systems has provided another means to address certain arrhyth-
mias beyond activation mapping—namely, substrate-based abla-
tion. For example, it is possible to eliminate the multiple 
ventricular tachycardias (VTs) that are characteristic of postmyo-
cardial infarction VT by carefully rendering a geometric model 
of the left ventricle with a superimposed voltage amplitude map 
to localize the infarcted tissue, followed by targeted ablation 
within this myocardial scar. When these mapping and imaging 
approaches are combined with a solid understanding of the 
patient’s history, and the 12-lead electrocardiograms (ECGs) 
during sinus rhythm versus the target arrhythmia, the likelihood 
for clinical success of catheter ablation is optimized. This chapter 
will explore the various cardiac EAM systems and imaging 
approaches (preacquired and intraprocedural) available for use in 
clinical practice.

Mapping

Conventional Mapping Techniques

There are three conventional approaches to cardiac mapping: 
activation mapping, pacemapping, and entrainment mapping. 
These techniques are complementary and, depending on the 
mechanism of the arrhythmia, one or more of these mapping 
approaches would be appropriate.

Activation Mapping
Activation mapping involves the sequential movement of one or 
more single or multielectrode catheters within the chamber of 
interest to identify the activation pattern of the arrhythmia. 
Because mapping is performed during the target arrhythmia, this 
approach is most applicable for sustained arrhythmias, and less 
so for transient or unsustained rhythms. The timing of the elec-
trogram at each location is determined in relation to a reference 



582 DIAGNOSTIC	EVALUATION

compared to the arrhythmia’s ECG complex to determine 
whether the area (from which entrainment is performed) is within 
a constrained location. This would be relevant because the con-
strained areas are typically better sites to target for ablation.

Miscellaneous Mapping Approaches
In addition to activation, pacemapping, and entrainment mapping, 
there are a few other specialized mapping approaches that can be 
helpful. During standard catheter mapping of an arrhythmia, the 
pressure from the catheter can cause transient tissue dysfunction 
that, if applied at a critical site, can terminate the tachycardia. 
This can occur in certain scar-related atypical atrial flutters and 
scar-related VTs, but the most common systematic use of this 
approach is during mapping of Mahaim tachycardias.3 The atrio-
nodal or atrioventricular pathways that potentiate these tachycar-
dias are typically located at the endocardial surface and are prone 
to pressure-induced transient interruption of conduction. Accord-
ingly, one can capitalize on this phenomenon and use an approach 
of “bump” mapping, during which the catheter is used to apply 
pressure to various locations along the tricuspid valve such that 
when conduction is transiently interrupted, ablation is performed 
to eliminate the putative pathway. One problem with this 
approach is the unpredictability of the time before conduction 
resumes. This is particularly problematic if the exact time or 
location of the bump is not known; therefore, bump-mapping 
must be performed carefully, ideally with use of an EAM system 
so that the location can be spatially catalogued in a precise 
manner.

Cryomapping is another approach that can provide transient 
arrhythmia interruption, but in a more predictably reversible 
manner.4 A cryocatheter is manipulated to the site thought to be 
critical to the arrhythmia circuit. Next, refrigerant is delivered to 
the catheter tip, but only to achieve a tip temperature of −30 °C—a 
temperature that is not cold enough to ablate any appreciable 
amount of tissue, but cold enough to cause transient interruption 
of electrical conduction. Cryomapping is particularly useful when 
the target arrhythmia is within close spatial proximity to a critical 
normal structure, such as during catheter ablation of a para-
Hisian accessory pathway.

Electroanatomical Mapping Systems

Fluoroscopy remains fundamentally critical to performing elec-
trophysiology procedures; however, nonfluoroscopic EAM 
systems have revolutionized catheter ablation procedures. These 
systems are able to perform several important tasks. First, they 
can precisely localize the mapping catheter and other diagnostic 
multielectrode catheters to a degree of spatial accuracy that 
exceeds what is possible with fluoroscopy alone. In addition, 
because the localization is not fluoroscopy based, the systems 
provide a real-time, continuous, three-dimensional (3D) under-
standing of the catheters’ locations without continuous x-ray 
exposure. Second, by roving the mapping catheters, 3D render-
ings of various cardiac chambers can be created. Third, electrical 
information can be superimposed onto the 3D maps; two of the 
most common are activation maps that allow an appreciation of 
the arrhythmia circuit and voltage amplitude maps that allow an 
appreciation of the location of scarred myocardium, such as the 
substrate of postmyocardial infarction VTs. Third, these systems 
allow one to highlight certain important electrophysiological 
phenomena with various tags, such as the location of the His 
bundle or the response to entrainment maneuvers at different 
sites. Finally, the systems allow one to catalogue the locations of 
ablation lesions that are placed.

There are two major EAM systems currently used in clinical 
practice: CARTO (Biosense-Webster, Diamond Bar, CA) and 
NavX (St. Jude Medical, St. Paul, MN). In addition, a third 

system has just recently been introduced into clinical practice – 
the Rhythmia mapping system (Rhythmia Medical, Burlington, 
MA). Each of these systems will be discussed. In addition, it 
should be noted that two other EAM systems have largely been 
abandoned in clinical practice: the LocaLisa system (Medtronic, 
Minneapolis, MN), which used three orthogonal electrical fields 
to localize catheters in space, and the Real-time Position Man-
agement system (Boston Scientific, Natick, MA), which used an 
array of ultrasound transducers embedded within diagnostic and 
mapping catheters for spatial colocalization by triangulation.

The CARTO System
The CARTO system uses magnetic localization technology to 
triangulate the position of small sensors that are incorporated 
into the tips of various diagnostic and ablation catheters. Beneath 
the fluoroscopy table is an electromagnetic location pad that 
emits a low-intensity series of magnetic fields and allows the 
system to precisely localize, record, and display in real time the 
position of the sensors, and hence the mapping catheter tip, in 
three dimensions (x, y, and z) as well as orientation (roll, pitch, 
and yaw). The location of the mapping catheter is gated to a 
reliable point in the cardiac cycle and position information 
recorded relative to the location of an external reference patch 
affixed to the patient’s back, allowing for some degree of com-
pensation for both cardiac and patient movement.

Although effective, the initial versions of the CARTO system 
were limited by the ability to visualize only the catheter with the 
magnetic sensors—that is, the mapping catheter. However, the 
most recent version of the system, CARTO 3, has nine magnets 
positioned below the patient table in the “locator pad,” and six 
reference patches are placed on the patient’s body to allow for 
better compensation for patient movement. The system also has 
the ability to use either a gated or nongated electrical reference. 
Nongated timing allows for the tracking of catheter movement 
during fluoroscopy. This system is also capable of tracking mul-
tiple mapping catheters by a hybrid of magnetic location technol-
ogy and “current-based” impedance data that enables real-time 
tip and curve identification and tracking (termed advanced catheter 
location). In this system, a magnetically tracked mapping catheter 
is maneuvered within the cardiac chamber while simultaneously 
emitting a low-level current, to allow the system to characterize 
impedance data within the chamber. Subsequently, any standard 
multielectrode catheter connected to the system can be localized 
with the chamber, albeit not necessarily with the same submilli-
meter level of spatial resolution possible with magnetic localiza-
tion. In procedures such as AV nodal slow pathway modification 
for AVNRT treatment, the distance between the His bundle 
catheter and the ablation catheter can be better judged in real 
time to improve safety and efficacy.

The system also enables faster, high-quality anatomic recre-
ation using a nongated mapping mode termed fast anatomic 
mapping (FAM; Figure 60-1). Although the system requires the 
use of Biosense Webster electrode catheters, anatomic recon-
struction can be facilitated, especially in the left atrium with the 
use of multielectrode circular mapping catheters. One important 
caveat regarding FAM is the effect of respiration on the quality 
of the anatomic rendering that is created. The multiple patches 
of the CARTO 3 system permit the introduction of an algorithm 
for respiratory gating. To track respiration, the system uses 
impedance readings derived from inter-patch measurements, 
termed respiration indicators. The inter-patch current (from one 
patch to the other) passes through the lungs, thereby recording 
changes in impedance owing to pulmonary air volume. For the 
algorithm to provide good respiratory gating performance, one 
first performs a “training” step in which the mapping catheter is 
placed in the heart, touching a chamber wall for recording heart 
motion during respiration. During training, a correlation matrix 
is calculated that best correlates the respiratory indicators to 
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perform catheter ablation of scar-related VT. It is possible to 
create high-resolution, highly accurate, multichamber maps with 
superimposed voltage amplitude data to render an excellent 
understanding of the VT substrate and circuit location.

The NavX System
The localization capability of the NavX system depends on the 
use of a 5.6-kHz signal that is alternately applied across three 
pairs of skin patches affixed in orthogonal planes (x, y, and z) onto 
the patient’s skin. This current creates a voltage gradient that is 
sensed in all three axes to calculate the simultaneous 3D position 
of up to 64 electrodes on up to 12 conventional catheters. These 
electrodes can be displayed simultaneously in isolation or relative 
to the reconstructed 3D chambers.

Mapping with NavX is typically a two-step process. First, by 
moving a catheter to trace the endocardial contour of the chamber 
of interest, a virtual 3D geometry is constructed. Subsequently, 
sequential point-by-point mapping can be performed to generate 
color-coded maps of electrical information such as activation, 
voltage amplitude, and propagation. Over time, the ability of the 
system to perform these two steps has improved tremendously. 
By using a multielectrode catheter, it is possible to generate a 
computed tomography (CT)–like geometric rendering of the left 
atrium and PVs; in some sense, this can be viewed as electroana-
tomical imaging (see Figure 60-1). (This is also true for FAM 
maps created using CARTO.) Furthermore, multielectrode spiral 
or penta-array mapping catheters can be used to create high-
density, accurate electrical maps in only a few minutes.

The NavX system has proved itself to be particularly useful 
for mapping and ablating complex atypical atrial flutters (Figure 
60-2).5 This process involves four steps. First, the multielectrode 
catheter is maneuvered with a deflectable sheath along the 
chamber to create a high-density map—approximately 500 points 
in less than 10 minutes. Second, the wavefronts are analyzed to 
identify potential critical isthmuses as areas of constrained activa-
tion (resulting from idiopathic or iatrogenic scars and anatomic 
barriers), often also containing fractionated electrograms. Third, 
entrainment pacing maneuvers are performed from the ablation 
catheter at these sites to determine which of these wavefronts are 
actually “active” parts of the circuit versus “passive” bystanders. 
Finally, the area of slow conduction that is active in the circuit 
and preferably in a constrained region is targeted for catheter 
ablation.

catheter motion. Although training is sampled in one location, it 
remains valid for the entire heart because the training is used only 
to allow the algorithm to perceive the time point in the respira-
tory cycle.

A training graph is generated to allow the operator to select 
the detection threshold (see Figure 60-1). Using a lower respira-
tory threshold permits more gating and results in more accurate 
maps; however, this comes at the expense of time. When the 
respiratory threshold is set low, data accuracy is high; when the 
threshold is higher, data addition to the map is faster, but map 
accuracy is compromised. The operator must use discretion 
based on the patient’s clinical indication; indeed, a low threshold 
can be set in one region in which spatial accuracy is less critical, 
and then changed to a higher level for another region in the same 
chamber. The range of options with this system (e.g., different 
mapping modes, mapping with either a standard quadripolar 
mapping catheter or a multielectrode catheter, various respira-
tory gating strategies) can be somewhat bewildering, but ulti-
mately one must identify a workflow to achieve the desired 
outcome.

For example, when mapping the left atrium and pulmonary 
veins, it is preferable to perform FAM using a circular mapping 
catheter (see Figure 60-1). First, respiratory gating training is 
performed by placing the catheter in the left inferior pulmonary 
vein (PV). For mapping the PVs, FAM is performed using the 
lowest respiratory threshold possible, with the FAM reconstruc-
tion resolution set at a high level because accuracy of these 
regions is key to successful ablation. In addition, each PV and left 
atrium (LA) appendage is acquired in separate maps. After 
mapping all veins, the respiratory threshold is increased some-
what when acquiring the LA body. Finally, before initiating abla-
tion, the magnetically localized ablation catheter is introduced to 
regions of importance, such as the LA appendage ridge, to ensure 
that they were mapped correctly. One important limitation to 
using a circular mapping catheter is the fact that the PVs can be 
somewhat stretched by the almost inevitable mismatch between 
the catheter diameter and PV.

Once the anatomy is created, various types of electrical infor-
mation can be displayed onto the anatomy: activation maps, 
propagation movies, voltage amplitude maps, or even specialized 
maps such as CFAE maps. Because of this system’s high degree 
of spatial resolution and excellent respiratory gating capabilities, 
it is the system of choice for most physicians who 

Figure	60-1.  Left atrium and pulmonary veins (LA-PV) anatomical reconstructions by electroanatomical mapping systems: A, Shown at top is an example of the respiratory 
changes during mapping. Gating  is applied such that spatial  information  is acquired only near end-expiration, as depicted by orange. At bottom  is a superior view of a 
three-dimensional  (3D)  fast  anatomic  mapping  reconstruction  of  the  LA-PV  anatomy  using  CARTO.  B, The  3D  LA-PV  geometries  constructed  by  NavX  (top)  are  CT-like 
quality. 
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The Rhythmia System
The Rhythmia system uses a steerable small basket array catheter 
of 64 electrodes to obtain a high-resolution electroanatomical 
activation map, hopefully with minimal need for annotation 
(Figure 60-3).9 The 64 electrodes are arranged on 8 splines 
forming a spherical shape when deployed. Mapping is performed 
by roving this fully- or partially-deployed catheter within the 
chamber while displaying electrogram and EAM information. 

Because all catheters can be visualized nonfluoroscopically by 
the NavX system, there is the possibility for truly fluoroless 
mapping and ablation of cardiac arrhythmias, thereby reducing 
or eliminating exposure to ionizing radiation to patients and staff 
members. Using the NavX system, it is possible to introduce and 
map the cardiac chambers to perform catheter ablation of not just 
simple arrhythmias such as right-sided supraventricular tachycar-
dias (SVTs), but even complex arrhythmias such as atrial 
fibrillation.6-8 To accomplish this goal, first the diagnostic cath-
eters are visualized using the NavX system from the point of 
entry into the femoral vessels to the heart. Second, the transseptal 
puncture procedure is performed using intracardiac ultrasound 
(discussed later) to visualize the guidewire being placed into the 
superior vena cava (SVC), advancement of the transseptal sheath 
over the guidewire, movement of the transseptal sheath and 
needle assembly down to the interatrial septum, and puncture of 
the septum into the left atrium. Third, a multielectrode catheter 
is maneuvered to create a 3D cast of the left atrium and pulmo-
nary veins (LA-PVs). Finally, the ablation catheter is manipulated 
to perform the ablation procedure. Although the clinical utility 
of completely fluoroless catheter mapping and ablation in most 
adult patients is debatable, it is clear that certain populations 
derive unique benefits from this approach: children (who can 
absorb tremendous amounts of radiation) and pregnant women 
whose arrhythmias cannot otherwise be managed. Most impor-
tantly, the fact that truly fluoroless atrial fibrillation (AF) ablation 
is possible clearly indicates that with conscious effort, x-ray expo-
sure can be minimized to a much greater extent than is typical in 
most electrophysiology laboratories.

Finally, it is interesting that just as CARTO has incorporated 
both electrical and magnetic localization capabilities, the next-
generation NavX system also incorporates magnetic localization 
(Mediguide, St. Jude Medical). This system is limited by the need 
for incorporating the electromagnets within the x-ray systems, 
but a free-standing electromagnet is being developed to allow 
widespread use with NavX. As a result, it is reasonable to expect 
the same degree of spatial accuracy enjoyed by magnetic localiza-
tion along with the flexibility of electrical impedance–based 
localization.

Figure	60-2.  Fast multielectrode mapping of atypical atrial flutter. This patient with a medical history of both catheter and surgical AF ablation had incessant atypical atrial 
flutter. A multielectrode catheter (such as the penta-array or spiral catheter) was maneuvered around the LA-PV chamber to acquire a dense activation map by NavX in 
approximately 5 minutes. An area of constrained activation between atrial scar and the anterosuperior mitral valve annulus was identified; at this location, the electrogram 
was fractionated, and the postpacing interval after entrainment was equal to the flutter cycle length. A single lesion at this location permanently eliminated the flutter. 
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Figure	60-3.  The Rhythmia EAM System. The mapping catheter,  shown with  the 
small mapping basket both deployed and not deployed, is maneuvered in the left 
atrium to generate simultaneously both the LA-PV geometry and a high-density 
activation map of this patient’s mitral isthmus–dependent atypical atrial flutter. 

(Images	courtesy	of	Rhythmia	Medical,	Burlington,	MA.)
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rotational activity, and focal impulses are identified by centrifugal 
activation from a point of origin. Rotors and focal sources are 
diagnosed only if stable for thousands of cycles and mapped in 
time-lapse fashion (multiple epochs) for longer than 10 minutes 
(≥3000 cycles), to exclude transient pivot points of passive fibril-
latory activity. Next, those areas are targeted for catheter abla-
tion. Although still preliminary, the results of this approach are 
promising. This approach and the resulting clinical outcomes are 
discussed in detail in Chapter 43.

Noninvasive Electrocardiographic Imaging
A noninvasive electrocardiographic imaging system (ECVUE, 
Cardioinsight, Cleveland, OH) uses an array of body surface 
electrodes and CT-based cardiac geometry to map cardiac 
arrhythmias noninvasively with an accuracy of 6 mm. As dis-
cussed in Chapter 70, this system has been used to localize various 
ventricular arrhythmias and to map ventricular activation in an 
attempt to optimize cardiac resynchronization therapy. Interest-
ingly, this system has also been used recently to map atrial fibril-
lation noninvasively to identify rotors or focal sources that 
maintain the rhythm (see Figure 60-4).11 To begin, a 252-electrode 
vest is applied to the patient’s torso to record unipolar surface 
potentials during AF, followed by a noncontrast CT scan to 
obtain high-resolution images of the biatrial geometry with the 
relative positions of the electrodes. Cardiac surface potentials and 
unipolar electrograms are reconstructed using mathematical 
algorithms. Maps of AF are generated using specific algorithms 
combining filtering, wavelet transform, and phase mapping. Ani-
mations demonstrating multiple simultaneous wave propagation 
patterns are recorded over a defined period, and beat-to-beat 
changes in these patterns are color-coded and displayed on the 
segmented 3D biatrial geometry, and then targeted for ablation. 
The results are preliminary but promising.

Remote Navigation Systems

The conventional approach to cardiac mapping involves the use 
of deflectable catheters and, more recently, their combined use 
with deflectable sheaths. However, this approach requires a 
certain amount of experience to develop this technical skill, and 
it can be prohibitive for less experienced operators when trying 
to approach certain complex arrhythmias. To this end, there has 
been significant interest in developing computerized remote 
navigation systems with software interfaces to facilitate catheter 
navigation, potentially allowing for programmed catheter 
mapping and ablation of certain anatomic lesion sets, such as 
during PV isolation. In addition, remote navigation provides for 
the possibility of reduced radiation exposure to the operator, as 
well as the potential for fewer orthopedic problems related to 
wearing protective lead aprons. Three remote navigation systems 
have been used in clinical practice.

Niobe Magnetic Navigation System
The Niobe system (Stereotaxis, St Louis, MO) uses two perma-
nent magnets positioned on either side of the patient table to 
generate a 0.08-T magnetic field. The mapping and ablation 
catheter contains three inner magnets that align parallel to the 
applied magnetic field. Catheter navigation is achieved by chang-
ing the orientation of the magnetic field, and remotely advancing 
and retracting the catheter using a motorized external module. 
The ablation catheters are designed with the magnetic localiza-
tion sensor to allow compatibility with the CARTO system. This 
design allows for facile manipulation of the magnetic vectors  
on the EAM system. After the initial clinical experience with 
SVT ablation demonstrated the system’s feasibility, it was  
used for ablation of complex arrhythmias such as atrial fibrillation 
and scar-related VTs.12-13 These clinical experiences have 

For electrical mapping, a suite of algorithms monitors the incom-
ing data, aligns it according to a timing reference, and uses a 
rules-based approach to determine continuously which beat 
should be acquired into the map and where the electrogram 
should be annotated. To determine which beats should be 
acquired, the software considers multiple factors, such as respira-
tion and electrogram morphology. Rules are defined by the 
operator and can be adjusted separately for each map.

The anatomic shell is determined by aggregating all catheter 
locations of acquired beats and fitting a 3D surface over them to 
represent the endocardial boundary. Electrograms associated 
with electrodes in acquired beats that are in close proximity to 
the determined endocardial boundary are included in the electri-
cal map, whereas those farther away are excluded. By collecting 
multiple electrodes in each acquired beat and acquiring a large 
number of beats per minute, a high-resolution EAM can theo-
retically be quickly created and, hopefully, with minimal user 
intervention. However, this EAM system is relatively new, and 
there is not a great degree of clinical experience with it. Only 
time will determine how well this system is able to realize its goal 
of high-resolution mapping with minimal requirement for user 
intervention.

Panoramic Mapping Systems

Although the EAM systems require sequential mapping, albeit 
accelerated by the use of multielectrode catheters, there are other 
systems with a goal for simultaneous full-chamber mapping. 
There are three such panoramic mapping systems currently being 
explored in clinical practice—one old (the Ensite Array) and two 
new (FIRM and noninvasive ECG Imaging).

Noncontact Ensite Array
The noncontact Ensite Array mapping system (EnSite 3000, St. 
Jude Medical St. Paul, MN) uses a 9F multielectrode array (MEA) 
catheter with an 8-mL ellipsoid balloon, surrounded by a braid 
with 64 unipolar electrodes. The low-amplitude far-field poten-
tials detected by the array are mathematically enhanced and 
resolved. An inverse solution to the Laplace equation is used to 
reconstruct the signals detected by the MEA, and a boundary 
element method applies the inverse solution to resolve the matrix 
of such signals at the endocardial boundary. A low-level 5.68-kHz 
“locator” current from the MEA is used to locate a standard 
mapping catheter, which in turn is used to create the 3D chamber 
anatomy. The system reconstructs approximately 3000 virtual 
endocardial electrograms as detected by the 64 electrodes of the 
MEA. Simultaneous acquisition of data from the entire chamber 
allows analysis of endocardial activation from a single beat of 
tachycardia. The system has been used successfully to map and 
guide ablation of both atrial and ventricular arrhythmias; its great-
est clinical utility seems to be for mapping transient or hemody-
namically unstable rhythms. However, with a few exceptions, use 
of this system has largely faded from clinical practice in favor of 
the improved EAM systems as described earlier.

Focal Impulse and Rotor Map
The focal impulse and rotor map (FIRM) involves the use of a 
64-pole basket catheter (Constellation; Boston Scientific) to 
provide for relatively low-density panoramic atrial mapping to 
identify areas of quasi-stable rotors and focal sources purported 
to sustain atrial fibrillation (Figure 60-4).10 The RhythmView 
system (Topera, San Diego, CA) filters contact electrograms 
during AF to exclude noise and far-field signals using rate dynam-
ics of human atrial action potential duration to estimate minimum 
activation time, and conduction velocity to identify physiologic 
propagation paths. Electrograms are analyzed to construct iso-
potential movies of successive AF cycles, rotors are identified by 
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catheter in a stable location despite the biologic spatial noise 
related to cardiac and respiratory motion. The initial clinical 
experience with this system is early but promising.

Sensei Robotic Navigation System
The Sensei system (Hansen Medical, Sunnyvale, CA) facilitates 
catheter navigation using two steerable sheathes incorporating an 
ablation catheter. The outer and inner sheaths are both manipu-
lated via a pull-wire mechanism by a sheath carrying a robotic 
arm that is fixed to the patient table. The robotic arm obeys the 
commands of the central workstation positioned in the control 
room. Catheter navigation using a 3D joystick allows a broad 
range of motion in any direction. This navigation system has 
been used in concert with both the NavX and CARTO EAM 
systems for the ablation of a broad range of arrhythmias, includ-
ing AF and VT.15-16 This system has clearly demonstrated clinical 
feasibility, but it is unclear that clinical outcomes are equivalent 
or superior to standard manual mapping—both from the per-
spective of the ease of performing the procedure and the proce-
dure’s safety and efficacy.

demonstrated feasibility, but it is still less clear that they provide 
equivalent clinical outcomes, both from the perspective of the 
ease of performing the procedure and the efficacy of the proce-
dure. It is hoped that with the most recent version of this system, 
which additionally incorporates a remotely deflectable sheath, 
the procedure outcomes will be improved further.

CGCI Magnetic Navigation System
The CGCI system (Magnetecs, Los Angeles, CA) is a real-time, 
high-speed, closed-loop, magnetic navigation system that uses 
eight electromagnets to create dynamically shaped magnetic 
fields around the patient’s torso.14 The real-time reshaping of 
these magnetic fields produces the appropriate 3D motion or 
change in direction of a magnetized ablation catheter. The CGCI 
is integrated with the NavX 3D EAM system and allows for both 
joystick and automated navigation. One of the theoretical advan-
tages of this system is related to the fact that it uses electromag-
nets instead of fixed magnets. As a result, the magnetic field can 
be altered in a fraction of a second, thus allowing for computer-
controlled closed-loop software algorithms to constantly keep the 

Figure	60-4.  Panoramic mapping systems. A, Using the RhythmView system, a 64-electrode basket catheter was placed within the left atrium (LA) during atrial fibrillation 
(AF) to generate a focal impulse and rotor map (FIRM) of an inferoseptal left atrial counterclockwise rotor; ablation at this location terminated the AF. For orientation of the 
FIRM, the LA is opened horizontally through the mitral valve plane, with the superior mitral folded up and the inferior mitral folded down. B, For the ECVUE system, the 
patient wears the 252-electrode surface vest while undergoing a noncontrast computed tomographic scan. In this patient with persistent AF despite prior extensive LA 
ablation, when the atrial activation map computed from these multiple surface electrocardiograms was projected onto the segmented biatrial anatomy, a clockwise rotor 
driving AF was identified at the base of the RA appendage. 

(A,	FIRM	image	courtesy	Sanjiv	Narayan,	University	of	California–San	Diego.	B,	ECVUE	map	courtesy	Michel	Haissaguerre,	Hôpital	Cardiologique	du	Haut-Leveque,	Bordeaux,	
France.)
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guidance within the patient-specific 3D model of the chamber. 
To accomplish this paradigm of image integration, the preac-
quired 3D image must be accurately registered with the EAM 
system—that is, both CT/MRI and EAM constructs must be 
aligned precisely. Malchano et al.23,24 first reported on the pre-
clinical feasibility and accuracy of image integration for VT abla-
tion, and then on the clinical feasibility of image integration for 
AF ablation (Figure 60-5). Using custom software, they demon-
strated that the spatial accuracy for ventricular registration was 
on the order of less than 2 mm of misregistration. Furthermore, 
accurate LA-PV registration was feasible, but it was critical to 
maintain the same phase of respiration during image acquisition 
as during mapping (i.e., the end of quiet expiration). Since these 
initial experiments with custom software, both the NavX and 
CARTO systems have developed commercial software solutions 
to allow for image integration of either CT or MR images with 
real-time EAM.

For AF ablation, there have been a number of studies that 
examined the effect of image integration; some have demon-
strated improvements in clinical outcome compared with using 
EAM alone, but others have not seen any such improvements.25-28 
In some studies, there were improvements in procedural param-
eters such as fluoroscopy and procedure times. These differences 
in outcome are probably related to a host of factors, including 
experience with image integration and the baseline level of expe-
rience with LA-PV mapping and ablation. Ultimately, each oper-
ator must choose whether the marginal time required to register 
the anatomy provides enough clinical utility to warrant its use. 
However, there is little doubt that image integration is particu-
larly useful in cases with unusual anatomies, such as in congenital 
heart disease (see Figure 60-5).

For VT ablation, image integration has been used less rou-
tinely, in part because of the technical complexity of obtaining 
MR images in patients with implantable cardioverter defibrilla-
tors. However, image integration is being used more often during 
VT ablation as the field has gained experience with the use of 
MRI in patients with defibrillators and with the use of CT-based 
imaging modalities (Figure 60-6), including imaging with posi-
tron emission tomography–CT.29-31 Again, image integration for 
VT ablation is particularly useful when a scar is mid-myocardial 
and thus difficult to identify with electrogram-based substrate 
mapping alone.17,31

Real-Time or Near–Real-Time Imaging

Preacquired CT/MR images have the advantage of being high 
resolution, even if they are acquired the day before the procedure; 
however, image registration can be frustrated by anatomic vari-
ances related to differences in the volume state, cardiac rhythm, 
and respiratory phase. Ideally, 3D volumetric images would be 
obtained real time to minimize these errors.

Rotational Angiography
Rotational angiography involves creating a 3D reconstruction of 
the LA-PVs by rapidly rotating the cardiac C-arm while perform-
ing a contrast atriogram. Initially, this technique was performed 
by injecting contrast using a standard pigtail catheter placed into 
the pulmonary artery, and performing the C-arm rotation along 
a circular 198-degree arc during an inspiratory breath-hold with 
the arms placed above the patient’s head (to avoid shadowing of 
the humerus).32 The segmented 3D LA-PV image can then be 
transferred and registered to fluoroscopy or an EAM system, or 
both (Figure 60-7).33 At least one study has suggested that the 
integration of 3D images obtained by rotational angiography into 
EAM systems may be superior to integration of 3D CT/MR 
images.34 Another randomized study comparing CARTO with 
rotational angiography integrated with fluoroscopy found similar 

Imaging

The importance of imaging during catheter ablation procedures 
has grown over the past decade. The various imaging approaches 
can be divided into those that are acquired before a procedure 
versus those obtained in real time or near real time.

Preacquired Imaging

Preoperative CT and magnetic resonance imaging (MRI) pro-
vides detailed anatomic and physiological information about 
normal and damaged myocardial tissue. For AF ablation proce-
dures, an understanding of PV anatomy is critical; it is clear that 
there can be tremendous variation in both the number of PVs, size 
of the PVs and LA chamber, and the morphology of the chamber 
(e.g., the size and depth of the ridge between the LA appendage 
and left PVs). CT also serves as another screening procedure to 
identify LA appendage thrombus. For VT ablation, CT can also 
provide an understanding of both the geometry of the ventricle 
and the location and size of the coronary arteries—critical infor-
mation when performing epicardial mapping and ablation. Occa-
sionally, CT imaging can identify other unsuspected pathologies, 
such as lung lesions, that might require management.

Unlike CT, MRI has the advantage of not exposing the patient 
to ionizing radiation. Like CT, magnetic resonance (MR) angi-
ography of the LA-PVs can also provide a volumetric image that 
can be used to define the chamber size and morphology. In addi-
tion, MRI with gadolinium-delayed enhancement (DE-MRI) can 
identify myocardial scar tissue. For VT ablation procedures, 
DE-MRI can provide a 3D representation of the location and 
epicardial extent of the scar. This knowledge can be particularly 
important in nonischemic cardiomyopathies in which the myo-
cardial scar has a higher incidence of being either midmyocardial 
or epicardial.17 There are early data suggesting the possibility of 
using DE-MRI to identify conducting channels of live myocar-
dial tissue interspersed within scar (i.e., potentially visualizing the 
VT circuit itself); however, this work is preliminary.18 Finally, 
DE-MRI has recently been reported to be able to identify atrial 
scar, and the extent of this atrial scar has been reported to cor-
relate with both the stroke risk and the clinical outcome after AF 
catheter ablation.19-20

Integration of CT and MRI with Fluoroscopy
In addition to simply examining the preacquired CT/MR images 
to gain a 3D understanding of the chamber anatomy or scar loca-
tion, it is possible to integrate segmented 3D renderings of the 
MR/CT anatomies with most modern fluoroscopy systems. In 
patients undergoing AF ablation, preacquired CT scans of the 
LA-PVs can be segmented and then registered to live fluoroscopy 
with a simple transformation linking—for example, the superior 
vena cava and the coronary sinus from the CT model with a 
catheter placed inside the coronary sinus via the superior vena 
cava.21 Alternatively, preacquired MR images can be segmented 
into 3D anatomies and then registered with live fluoroscopy 
using contrast injection into the cardiac chamber for integra-
tion.22 For both, the integrated image can be projected onto the 
fluoroscopy screen such that the highly-defined 3D anatomy is 
observed as a “ghost” on the live fluoroscopy image. The advan-
tage of fluoroscopy integration is the relative ease with which it 
can be performed, because the integration software is available 
on most modern fluoroscopy systems.

Integration of CT and MR Imaging with Electroanatomical 
Mapping Systems
The 3D MR/CT imaging data can be integrated directly into the 
EAM system, which allows for catheter visualization and 
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access, and it can guide accurate placement of diagnostic and 
ablation catheters to allow for safe and effective titration of 
energy and early recognition of complications. In typical clinical 
use, the phased-array ICE catheter (the most commonly used 
ICE probe) is introduced via the femoral vein to the right atrium. 
An initial quick scan allows delineation of the overall atrial 
anatomy, interatrial septum, and PVs to identify any anomalies 
(or during VT ablation, a quick scan of the left ventricular 
chamber might identify the highly refractile myocardial scar, 
which can be subendocardial, midmyocardial, or epicardial). ICE 
can evaluate the LA-PVs and particularly the LA appendage to 
verify the absence of thrombus; by placing the ICE probe in the 
pulmonary artery, it is possible to obtain exquisite images of the 
interstices of the LA appendage. Although data are insufficient 
to comment on the relative sensitivity and specificity of this 
approach relative to transesophageal echocardiographic imaging, 
there is one recent clinical report in which ICE was able to accu-
rately adjudicate the presence or absence of LAA thrombus in 
patients with a diagnosis of equivocal LAA thrombus by trans-
esophageal echocardiography.36

ICE can identify variants of the septum that might complicate 
the transseptal puncture step, including the presence of a thick 

overall fluoroscopy times and procedure times in both treatment 
arms, thereby suggesting that the major advantage of EAM 
systems (reduced x-ray exposure) can be replaced by using a 3D 
rotational image, albeit without the advanced mapping functions 
of the EAM system.35 The major clinical issue with rotational 
angiography is one of workflow because acquisition of the rota-
tional image does take time at the beginning of the procedure. 
To this end, there has been one important procedural improve-
ment: direct LA injection via a transseptal approach during rapid 
ventricular pacing permits sufficient opacification of the LA- 
PV anatomy that a good 3D image can be obtained, even when 
using a 159-degree arc with both arms at the patient side (see 
Figure 60-7).

Intracardiac Echocardiography Imaging
Ultrasound imaging has the advantage of providing continuous 
real-time imaging of the cardiac anatomy. Although transesopha-
geal echocardiography is not practical for continuous use during 
ablation procedures, intracardiac echocardiography (ICE) has 
proved itself useful, particularly during AF ablation. Specifically, 
it allows facile identification of relevant anatomic structures, it is 
a complementary tool to fluoroscopy to guide safe transseptal 

Figure	60-5.  Computed tomographic  (CT) and magnetic  resonance  (MR)  image  integration with electroanatomical mapping  (EAM) systems. A,  Image  integration was 
performed using custom software to allow the placement of ablation lesions directly on the more realistic segmented three-dimensional (3D) CT/MR anatomy (left panel). 
Since then, image integration of preacquired 3D CT/MR anatomies is commercially available with both the NavX (middle panel) and CARTO EAM systems. More recently, 
multimodality image integration has become possible, shown here in an example of additional integration of intracardiac echocardiography such that the location of the 
ultrasound image is shown in real time relative to the 3D CT image and CARTO (right panel). B, 3D CT/MR image integration is of particular utility for ablation of arrhythmias 
in the setting of congenital heart disease. Shown are the segmented 3D geometries of the cardiac chambers derived from a preacquired CT image in a patient with atypical 
atrial  flutter  and  a  history  of  univentricular  physiology  and  a  prior  Fontan  surgery  with  an  extracardiac  total  cavopulmonary  connection. With  image  integration  using 
CARTO, what could otherwise have been a complex procedure was instead a straightforward one of an atypical flutter potentiated by the surgical scar. 
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and to deliver therapeutic ultrasound energy for ablation (Figure 
60-8). This robotically driven catheter is programmed to scan the 
tissue in a predetermined fashion. The M-mode ultrasound  
data allow the system to identify the distance from the catheter 
tip to the tissue, thereby allowing a 3D reconstruction of the 
chamber geometry. Next, the operator can specify the path of 
ablation and allow the system to create the lesion set with minimal  
technical interaction by the operator. Although this system has 
been used only preclinically and is just starting first-in-man clini-
cal testing, the concept underscores the power of ultrasound as 
an imaging technology. Indeed, future work might demonstrate 
that the M-mode image is of high enough resolution to deter-
mine the approximate thickness of the tissue; this information 
might allow for online power titration tailored to the target 
tissue.

Interventional Magnetic Resonance Imaging
There are a number of reasons why intraprocedure MRI could 
be attractive for guiding electrophysiology procedures. First, 
MRI offers the possibility of both substrate visualization and 
ablation lesion imaging.37-39 In addition, the ability to obtain 
images in arbitrary orientations opens the potential for high 
quality visualization of catheters, anatomy, and electrode tissue 
contact. Furthermore, the position errors introduced by register-
ing the catheter to preacquired 3D images can be largely avoided 
because both real-time MR images and 3D MR images are 
acquired in the same coordinate system, and 3D images could be 
reacquired multiple times during the procedure if needed.

Continuous MRI has been used to guide nonferromagnetic 
electrophysiology (EP) catheter positioning from an internal 
jugular vein to selected atrial and ventricular locations, as well as 
to create and monitor ablations in vivo. The ability to perform 
the transseptal puncture procedure using real-time MR guidance 

septum, aneurysmal septum, double membrane septum, patent 
foramen ovale, atrial septal defect, or other closure and repair 
devices. ICE also helps in determining the exact location of the 
transseptal puncture, ideally in the posteroinferior aspect of the 
fossa ovalis for most standard AF ablation procedures, or antero-
inferior for transseptal left ventricular mapping. The location of 
the transseptal puncture can be especially critical for balloon-
based AF ablation procedures. An inferior puncture is typically 
important to achieve good apposition with and isolation of the 
right inferior pulmonary vein. As discussed earlier, ICE can even 
guide the transseptal puncture without the use of fluoroscopy.

During catheter manipulation, ICE can determine (1) the 
position of the circular mapping catheter relative to the PV 
ostium, (2) whether the ablation catheter is actually in contact 
with the target tissue during ablation, (3) whether there is good 
contact or occlusion with the target PV during balloon-based 
ablation, and (4) whether there are any complications such as 
cardiac perforation with impending cardiac tamponade.

Most recently, by placing a magnetic localization sensor in the 
ICE catheter to allow for precise localization and orientation of 
the scanning transducer in space, ultrasound-based near–real-
time reconstruction of cardiac anatomy is possible (see Figure 
60-5). Multiple scanning planes are obtained by rotating the 
probe, and the chamber’s endocardial surface is traced manually 
or by edge enhancement technology. This process forms a series 
of atrial rings that are connected to create a 3D reconstruction 
of the LA-PVs.

Collimated Ultrasound-Guided Imaging and Ablation
One example of a potential future application of ultrasound is 
demonstrated by the LICU system (Vytronus, Sunnyvale, CA). 
This catheter mapping and ablation system uses a narrow, unfo-
cused beam of collimated ultrasound to image tissue by M-mode 

Figure	60-6.  Computed tomographic (CT) image integration for ventricular tachycardia (VT) ablation. A, The substrate of this patient’s VT was hypertrophic cardiomyopathy; 
shown in the CT image is a left ventricular (LV) apical aneurysm with midventricular obstruction. B, The segmented 3D LV endocardial surface and aortic root with proximal 
coronary arteries are registered with a voltage amplitude CARTO map of the LV endocardium (red represents low voltage, which equals diseased or scarred myocardium). 
C,  Mapping  the  ventricular  epicardial  surface  delineated  the  epicardial  extent  of  the  scar,  and  importantly,  a  site  from  which  entrainment  identified  a  good  target  for 
catheter ablation. Given the absence of an epicardial coronary vessel at this location, radiofrequency energy was delivered to this site to eliminate the VT. 

7.98 mV

0.03 mV

1.90 c
0.10 mV

1.50 mV

0.03 mV

1.51 mV

V1

V6

ABLd
450

450 472

ABLp

RV

V1

aVL

aVF

aVR
III
II

500 ms

V6

V5

V4

V3

V2

A

B C



590 DIAGNOSTIC	EVALUATION

Figure	60-7.  Rotational angiography. A, Rotational angiography was performed with direct LA injection during rapid ventricular pacing to generate this three-dimensional 
(3D) LA-PV anatomy. B, The segmented 3D rotational angiography image can be displayed as a ghost atop live x-ray so as to better appreciate the locations of the diagnostic 
and therapeutic catheters relative to the LA-PV anatomy. C, The 3D image can also be integrated into electroanatomical mapping systems. Shown for comparison are com-
puted tomographic (CT); top) and rotational angiogram–derived (bottom) 3D LA-PV geometries registered with CARTO during an atrial fibrillation ablation procedure. 
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Figure	60-8.  Collimated ultrasound-guided imaging and ablation. A, This system uses an unfocused collimated ultrasound beam for both M-mode ultrasound imaging 
and  therapeutic ultrasound ablation. B, The beam  is driven by a  robotically controlled catheter  to maneuver precisely within  the cardiac chamber. C, For  imaging,  the 
chamber surface is automatically identified by M-mode imaging scan (left panel) to allow the system to generated a two-dimensional map that is color-coded such that 
red-yellow represent far distances and blue-purple close distances (middle panel); a three-dimensional volume can then be reconstructed (right panel). D, For ablation, the 
operator indicates the desired lesion path for the robotically driven catheter to follow. Shown is an example of the selected lesion path (left panel) and consequent linear 
lesion on gross pathology (right panel) in the porcine left atrium. 
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permits direct visualization of the LA-PV junction (Figure 
60-10).43 As a result, an optical fiber within the central shaft of 
the catheter can be easily manipulated circumferentially to deliver 
a short arc of ablative laser energy to the visualized tissue such 
that each lesion adequately overlaps with the previous lesion. As 
during surgery, the operator can visualize the target tissue and 
adapt the lesion strategy (including energy dosing) to the highly 
variable LA-PV anatomy. Consistent with preclinical porcine 
data revealing that surface overlap of contiguous ablation lesions 
predicts a greater than 90% rate of lesion transmurality and 
durable PV isolation, in a multicenter clinical study in which 
patients underwent PV isolation with the visually guided laser 
and then underwent a protocol-mandated EP study approxi-
mately 3 months later to assess the durability of PV isolation, the 
rate of durable PV isolation was 86%.44,45 This technology has 
ushered in a completely novel approach to catheter ablation that 
more closely emulates cardiac surgery.

Conclusions

Over the years, technology has rapidly progressed from two-
dimensional fluoroscopy to sophisticated 3D EAM systems using 

has also been demonstrated. In porcine models of chronic myo-
cardial infarction, MR tracking has been used to navigate cath-
eters to the left ventricle, to measure electrogram activity, and to 
render accurate 3D voltage maps, completely in the MRI envi-
ronment (Figure 60-9).40 Furthermore, porcine left atrial 
mapping, radiofrequency ablation at the PV ostia, and AV node 
ablation were demonstrated under MRI guidance (see Figure 
60-9).41 These and other experiments have demonstrated the 
potential for truly interventional MRI for electrophysiology pro-
cedures. However, much work is still necessary before this 
imaging approach is ready for clinical use, (1) improving and 
simplifying the pulse sequences, (2) making the necessary diag-
nostic or therapeutic catheters, sheaths, and guidewires compat-
ible with MRI and visible, and (3) making all the monitoring 
equipment necessary in an EP lab to be compatible with MRI.42

Direct Visually Guided Ablation
Although EAM systems allow the operator to catalogue the loca-
tion of the ablation lesions, generating a continuous contiguous 
lesion set, as necessary for PV isolation, is certainly not assured 
by a continuous line of lesion markers on the anatomical map. 
To this end, one approach to achieving continuous lesions is 
direct visual guidance; as such, there is a visually guided laser 
balloon ablation catheter that is equipped with an endoscope that 

Figure	60-9.  Interventional magnetic resonance imaging (MRI). A, This MRI-compatible catheter was constructed with five coils to allow for active tracking with MRI. B, 
This allows for real-time visualization of the catheter atop two-dimensional (2D) planar MRI images or segmented three-dimensional (3D) volume reconstructions (inset). 
C, In this porcine model of healed myocardial infarction, a voltage amplitude map of the anteroapical left ventricle (LV) myocardial scar is projected onto the segmented 
3D LV anatomy. D, During LA-PV mapping, the catheter can again be visualized on the 2D planar MRI image. E, The catheter is depicted within the 3D volume reconstruc-
tion of the LA-PVs during peri-PV radiofrequency ablation. F, On gross pathologic examination, the corresponding ablation lesions are present. 
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capable of completing the requisite task, the approach one ulti-
mately chooses will be based on the practicality of the workflow, 
the attendant radiation exposure to both the patient and EP lab 
staff, and increasingly importantly, the cost associated with the 
technology. Indeed, as economic pressures continue to supervene 
in health care, the ability to obtain exquisite pictures will not be 
sufficient justification for the routine use of any imaging technol-
ogy during EP procedures in the absence of tangible benefits and 
demonstrated cost effectiveness.

magnetic- and impedance-based sensors, as well as volumetric 
preprocedure and intraprocedural imaging modalities derived 
from CT, MRI, ICE, and rotational angiography. The future 
might involve additional refinements in these technologies, or 
perhaps other real-time imaging modalities such as interventional 
MRI with intraprocedural lesion imaging, robotically controlled 
collimated ultrasound for both imaging and ablation, or endo-
scopically driven direct visual imaging of the target tissue. 
Although most, if not all, of these approaches will likely be 

Figure	60-10.  Pulmonary vein (PV) isolation with a visually guided laser catheter. A, The compliant balloon of this catheter can be inflated to variable dimension. B, The 
projected green arc or spot can be easily maneuvered circumferentially around the balloon to direct the location of laser ablation. C, In this in vivo image, the tip of the 
catheter is within the left superior PV. The aiming beam is projected onto the blanched tissue while blood is red. The laser is projected to the same location of the aiming 
beam to ablate the visualized tissue. D, In this porcine model, a contrast injection outlines the right superior PV. E, After visually guided laser ablation, this gross pathologic 
specimen reveals continuous circumferential lines of ablation around the right and left superior PVs. 
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involvement is determined by the underlying genotype. In 
patients harboring plakophilin mutations (PKP2), LV abnormal-
ity often occurs in the form of focal epicardial fat infiltration of 
the LV lateral wall with preserved LV function.5 On the other 
hand, mutations in the desmoplakin (DSP) gene are associated 
with LV functional involvement. ARVD/C is also associated with 
RV mechanical dyssynchrony in up to 50% of cases, and with RV 
remodeling.6 Minor MRI abnormalities in RV structure, espe-
cially in the RV outflow tract, have been reported in up to 60% 
of mutation carriers and in none of the noncarriers5; however, 
the prognostic value of these findings remains unclear.

Cardiac Sarcoidosis

Sarcoidosis is a multisystem granulomatous disease of unknown 
origin that is characterized by the presence of noncaseating gran-
ulomas in involved organs. Manifestations of cardiac sarcoidosis 
include conduction block, dilated cardiomyopathy (DCM), heart 
failure, ventricular arrhythmia, and SCD. Diagnostic reliance of 
the criteria on subjective assessment of LV wall thinning, wall 
motion abnormalities, and dilatation of the LV on echocardiog-
raphy turned out to be insensitive for diagnosis.7 For example, at 
least some of the patients previously diagnosed with DCM are 
re-diagnosed with cardiac sarcoidosis once myocardial tissue is 
available for histologic analysis after ventricular assist device 
implantation.8 Technical advances in cardiac MRI have improved 
its capability to image the myocardial scar associated with cardiac 
sarcoidosis, and cardiac MRI plays a critical role in the diagnosis 
of cardiac sarcoidosis in the 2006 updated diagnostic criteria put 
forth by the Ministry of Health, Labor, and Welfare of Japan (Box 
61-2).9 Diagnostic workup of cardiac sarcoidosis involves cardiac 
MRI with LGE to detect myocardial damage (Figure 61-1, B), 
and 18F-fluorodeoxyglucose (FDG)-positron emission tomogra-
phy (PET) to detect disease activity.10,11 MRI is sensitive for 
cardiac involvement, and a positive MRI finding is associated 
with future adverse events including cardiac death.12

Myocarditis

Severe myocarditis presents as DCM, heart failure, ventricular 
arrhythmia, and SCD. Cardiac MRI provides valuable clinical 
information on abnormal tissue characteristics associated with 
myocarditis,13 including (1) intracellular and interstitial edema 
(T2-weighted edema imaging), (2) hyperemia and capillary 
leakage (myocardial early gadolinium enhancement [EGEr]), and 
(3) necrosis and fibrosis (LGE).14 T2-weighted edema imaging is 
used to evaluate initial changes in myocardial tissue during the 
first phase of myocardial inflammation.15,16 Myocardial edema 
appears as an area of high signal intensity on T2-weighted 
images. EGEr uses T1-weighted images that are obtained both 
before and within the first minutes after di-N-methylglucamine 
salt of gadopentetate (Gd-DTPA) injection.14 Gd-DTPA 
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Cardiac computed tomography (CT) and magnetic resonance 
imaging (MRI) have become essential tools for evaluating patients 
with cardiac arrhythmias. Multidetector CT (MDCT) and MRI 
have complementary advantages; MDCT provides crucial struc-
tural information with high resolution within a short acquisition 
time, whereas MRI has unparalleled soft tissue contrast resolu-
tion, particularly with the use of late gadolinium enhancement 
(LGE). Of essence is the ability of these imaging modalities to 
identify the regions of abnormal tissue characteristics, which 
often coincide with regions with abnormal electrophysiology. 
This critical advantage bridges arrhythmia and imaging through 
correlation between anatomical and electrophysiological sub-
strates, and has accelerated the evolution of image-based electro-
physiological intervention.

Diagnosis

Arrhythmogenic Right Ventricular Dysplasia/
Cardiomyopathy (ARVD/C)

ARVD/C is a genetic disease characterized by fibrofatty infiltra-
tion of the right ventricle (RV) and less commonly the left ven-
tricle (LV). An implantable cardioverter-defibrillator (ICD) 
provides reasonable therapy for patients who have one or more 
risk factors for sudden cardiac death (SCD), including inducible 
ventricular tachycardia (VT) during electrophysiological testing.1 
Therefore, the diagnosis of ARVD/C has a significant impact not 
only on the proband with clinical events but also on the family 
members. Cardiac MRI plays a critical role in the diagnosis of 
ARVD/C in recently revised diagnostic criteria (Box 61-1).2 MRI 
overcomes the limitations of conventional imaging modalities 
such as echocardiography and provides multiplanar images of the 
right ventricle, allowing accurate evaluation of global and regional 
RV function. Further, MRI provides RV tissue characterization 
by depicting both fat infiltration and fibrosis (Figure 61-1, A). 
Although detecting RV fibrosis is challenging because of the thin 
wall of the RV, quantitative evaluation of the RV ejection fraction 
(EF) by cardiac MRI provides high sensitivity and specificity.3 
The sensitivity of cardiac MRI ranges from 79% to 89% for 
major criteria and from 68% to 78% for minor criteria, with 
specificity of 96% to 100%.1 ARVD/C is associated with regional 
LV dysfunction; however, the overall LVEF is preserved.4 Inde-
pendent LV involvement is rare, and the pattern of LV 
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Prognosis

Hypertrophic Cardiomyopathy (HCM)

Most individuals with HCM are asymptomatic, and the first 
manifestation of the condition may be SCD, which is generally 
related to ventricular arrhythmia triggered by factors such as 
ischemia, outflow obstruction, or atrial fibrillation.18 Current 
guidelines recommend ICD implantation for patients with HCM 
who have one or more major risk factors for SCD.1 Recent 
advances in MRI technologies have demonstrated that myocar-
dial fibrosis detected by LGE is a relatively early manifestation 
of HCM, and that the presence of fibrosis may itself represent a 
high risk for SCD in patients without conventional risk factors 
(Figure 61-1, C).19 In patients with HCM, myocardial fibrosis 
measured by LGE is associated with increased frequency of ven-
tricular premature contractions and nonsustained VT on Holter 
monitoring.20 LGE is also an independent predictor of adverse 
outcomes, including cardiovascular death, unplanned cardiovas-
cular admission, sustained VT or ventricular fibrillation (VF), or 
appropriate ICD therapy.21 These findings suggest that routine 
use of cardiac MRI in patients with HCM may improve risk 
stratification.

Ischemic Cardiomyopathy (ICM)

Ventricular arrhythmia associated with myocardial scar in patients 
with ICM is a life-threatening arrhythmia that remains one of 
the most challenging clinical problems. Cardiac MRI is an 
extremely powerful tool for predicting ventricular arrhythmia 
and SCD in patients with ICM (Figure 61-1, D). Schmidt et al22 
studied the relationship between the arrhythmic substrate and the 
heterogeneous zone (HZ) in the infarct periphery, with interme-
diate signal intensity between the scar and the normal myocar-
dium, and found that the HZ volume identified by LGE is an 
important clinical predictor of inducible VT at the time of an 
electrophysiological study (EPS). Other groups also found that 
the HZ volume is an independent predictor of appropriate ICD 
therapy23 and major cardiovascular events.24 These findings 

Figure	 61-1.  Late Gadolinium Enhancement (LGE) of the Myocardium (white arrows)  A,  Arrhythmogenic  right  ventricular  dysplasia/cardiomyopathy 
(ARVD/C). B, Cardiac sarcoidosis. C, Hypertrophic cardiomyopathy (HCM). D, Ischemic cardiomyopathy (ICM). E, Nonischemic cardiomyopathy (NICM). 

A B

D E

C

Box 61-1	 Magnetic	Resonance	Imaging	Criteria	for	Global	or	
Regional	Dysfunction	and	Structural	Alterations

Major
•	 Regional	RV	akinesia	or	dyskinesia	or	dyssynchronous	RV	

contraction	and
•	 One	of	the	following:

•	 Ratio	of	RV	end-diastolic	volume	to	BSA	≥110	mL/m2	
(male)	or	≥100	mL/m2	(female)	or

•	 RV	ejection	fraction	≤40%

Minor
•	 Regional	RV	akinesia	or	dyskinesia	or	dyssynchronous	RV	

contraction	and
•	 One	of	the	following:

•	 Ratio	of	RV	end-diastolic	volume	to	BSA	≥100	to	
<110	mL/m2	(male)	or	≥90	to	<100	mL/m2	(female)	or

•	 RV	ejection	fraction	>40%	to	≤45%	

2010	Revised	ARVC/D	Task	Force	Criteria.2

Definite	diagnosis:	2	major	or	1	major	and	2	minor	criteria	or	4	minor	from	
different	categories;	borderline:	1	major	and	1	minor	or	3	minor	criteria	from	
different	categories;	possible:	1	major	or	2	minor	criteria	from	different	
categories.	BSA,	Body	surface	area;	RV,	right	ventricular.

accumulates in the myocardium, with hyperemia and capillary 
leakage during the early washout period. Because enhancement 
is visually subtle in most cases, quantitative analysis of myocardial 
EGEr is usually required. Several studies have confirmed the 
diagnostic value of this sequence, although it is prone to artifacts 
that decrease specificity.15 LGE allows visualization of the myo-
cardium with necrosis and fibrosis. In myocarditis, LGE shows 
two patterns of myocardial damage: (1) an intramural, rim-like 
pattern in the septal wall; and (2) a patchy subepicardial distribu-
tion in the free LV lateral wall.17 However, LGE cannot differ-
entiate between acute and chronic inflammation. The combination 
of these different MRI techniques provides high sensitivity and 
specificity.14,15
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suggest that the HZ identified by LGE represents the HZ at the 
tissue level, defined as a highly complex mixture of scar and 
normal-appearing tissue in transition between the scar and the 
preserved normal tissues, which creates the regions of slow con-
duction and serves as the substrate for reentry circuits. Our labo-
ratory also demonstrated that cardiac MRI can identify the 
distinct differences in scar structure between the heart with and 
the heart without VT.25 The heart without inducible VT is char-
acterized by smooth scar edges with very few islands of viable 
tissue within the scar, whereas the heart with inducible VT is 
characterized by complex, irregular edges with substantial viable 
tissue intermingled with the scar. Therefore, cardiac MRI with 
evaluation of the structure and the extent of the scar provides an 
important additional prognostic value that identifies the patient 
population at risk for ventricular arrhythmia and SCD.

Nonischemic Cardiomyopathy (NICM)

The pathogenesis of NICM with ventricular dilatation and 
reduced cardiac function in the absence of flow-limiting coronary 
artery disease (CAD) can be genetic, inflammatory, toxic, or viral. 
However, in the vast majority of cases, the origin is unclear. Our 
laboratory demonstrated for the first time that the midwall 
NICM enhancement pattern is associated with inducible VT26 
(Figure 61-1, E). The presence of the myocardial scar is observed 
in up to 42% of patients with NICM.27 In patients with newly 
diagnosed NICM, the extent of myocardial scar as quantified by 
LGE is independently associated with lack of response to medical 
therapy, as well as with the combined end point of mortality and 
hospitalizations.28 The transmural extent of the myocardial scar 
predicts inducibility of VT at the time of EPS, and the presence 
of myocardial scar predicts the composite end point of hospital-
ization for heart failure, appropriate ICD firing, and cardiac 
death.27

Procedure Guidance

Atrial Fibrillation (AF)

In patients undergoing catheter ablation of AF (pulmonary vein 
isolation [PVI]), preprocedural CT and MRI of the heart not 
only provides an anatomical shell of the left atrium (LA) to merge 
into the electroanatomical mapping system to guide the ablation 
procedure, but also reveals important anatomical information 
that contributes to preprocedural planning. For example, prepro-
cedural imaging identifies the number and relative locations of 
pulmonary vein branches, and detects pulmonary vein stenosis in 
patients who have undergone PVI in the past. Cardiac CT identi-
fies the relative location of the esophagus with reference to the 
LA to minimize the risk of atrioesophageal fistula as a complica-
tion of ablation (Figure 61-2). Cardiac CT may also be used to 
assess for the presence of thrombus in the LA appendage before 
the procedure, but a head-to-head comparison with transesopha-
geal echocardiography revealed that cardiac CT showed high 
interobserver variability and has only modest diagnostic accuracy 
for the detection of LA thrombus.29

Cardiac MRI with LGE serves as a noninvasive means of 
assessing LA myocardial tissue in patients with AF, and may 
provide insight into predicting response to AF ablation and 
disease progression. The extent of the LA scar in pre-ablation 
MRI predicts clinical outcome after AF ablation, where the 
overall size of the scar before AF ablation is a predictor of AF 
recurrence after successful AF ablation.30 For example, those with 
minimal scar (<5% relative to the LA wall volume) had a recur-
rence of rate of up to 14%, whereas those with extensive scar 

Box 61-2	 Guidelines	for	the	Diagnosis	of	Cardiac	Sarcoidosis

Histologic Diagnosis Case
•	 Positive	endomyocardial	biopsy	demonstrating	noncaseating	

epithelioid	cell	granulomas,	and	one	of	the	following:
•	 Positive	biopsy	demonstrating	noncaseating	epithelioid	

cell	granulomas	in	an	extracardiac	organ	or
•	 Clinical	diagnosis	of	extracardiac	sarcoidosis	or
•	 Two	findings	in	the	list	below:

Laboratory Findings Suggestive of Systemic Involvement
•	 Bilateral	hilar	lymphadenopathy
•	 high	serum	ACE
•	 Negative	PPD	test
•	 Increased	67	Ga	uptake	in	any	organ(s)
•	 high	CD4/CD8	ratio	in	BAL
•	 high	serum	or	urine	calcium

Clinical Diagnosis Case
•	 Negative	endomyocardial	biopsy	and
•	 One	finding	in	the	list	above,	and	one	of	the	following:

•	 Two	major	criteria	or
•	 One	major	criterion	and	two	minor	criteria

Major Criteria
•	 Advanced	atrioventricular	block
•	 Basal	thinning	of	the	interventricular	septum
•	 Abnormal	67Ga	uptake	in	the	heart
•	 Depressed	LVEF	(<50%)

Minor Criteria
•	 Electrocardiography (ECG):	ventricular	arrhythmia	(ventricular	

tachycardia,	multifocal	or	frequent	PVCs),	RBBB,	axis	
deviation,	or	abnormal	Q	wave

•	 Echocardiography:	Regional	wall	motion	abnormality	or	
structural	abnormality	(ventricular	aneurysm,	hypertrophy)

•	 Myocardial perfusion imaging (MPI):	perfusion	defect	in	201Tl,	
99mTc-MIBI,	or	99mTc-tetrofosmin	MPI

•	 Cardiac MRI:	late	gadolinium	enhancement	(LGE)	of	the	
myocardium

•	 Endomyocardial biopsy:	interstitial	fibrosis	or	monocyte	
infiltration	above	the	moderate	grade

Notes
1.	 Coronary	angiogram	should	be	used	when	CAD	needs	to	

be	ruled	out.
2.	 Follow-up	ECG	and	echocardiography	on	a	regular	basis	

are	recommended	for	patients	with	extracardiac	
sarcoidosis,	because	cardiac	involvement	of	sarcoidosis	
may	not	be	apparent	at	the	time	of	diagnosis	of	
extracardiac	sarcoidosis.

3.	 Abnormal	uptake	in	the	heart	with	18F-FDG	
(fluorodeoxyglucose)-PET	has	a	high	diagnostic	value.

4.	 Some	cases	of	cardiac	sarcoidosis	present	with	complete	
heart	block	with	no	minor	criteria.

5.	 Some	develop	cardiac	sarcoidosis	immediately	after	
pericarditis,	involving	ST	elevation	and	pericardial	effusion.

6.	 Diagnostic	yield	of	endomyocardial	biopsy	for	
noncaseating	epithelioid	cell	granulomas	is	not	high.

ACE,	Angiotensin-converting	enzyme;	PPD,	purified	protein	derivative;	Ga,	
gallium;	Tl,	thallium;	Tc,	technetium;	CAD,	coronary	artery	disease;	LVEF,	left	
ventricular	ejection	fraction;	PVC,	premature	ventricular	complex;	RBBB,	right	
bundle	branch	block.
2006	Updated	Diagnostic	Criteria	by	the	Ministry	of	health,	Labor,	and	Welfare	
of	Japan.9
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identifies epicardial fat that can mimic scar tissue during epicar-
dial voltage mapping.36

The critical advantage of cardiac MRI in VT ablation is its 
ability to identify the scar regions with abnormal electrophysiol-
ogy. Another important advantage of cardiac MRI is that it can 
allow visualization of ablation lesions for prediction of clinical 
outcomes37 (Figure 61-4). Moreover, cardiac MRI can quantify 
the tissue temperature to assess the efficacy of ablation (Figure 
61-5).38 These advantages motivated the integration of MRI scar 
information into the standard electroanatomical mapping system 
to facilitate target localization for VT ablation procedures,39 thus 
accelerating the evolution of image-based electrophysiological 
intervention (Figure 61-6). MRI scar integration has been applied 
to VT ablation procedures associated with both ICM40 and 
NICM.41 The value of MRI scar integration for guiding VT 
ablation is particularly high in patients with NICM, for whom 
no information as to the presence or location of the scar is 
obtained before ablation when a conventional ablation approach 
is used.41 MRI scar integration has provided quantitative informa-
tion as to the optimal VT ablation target. A significant correla-
tion has been noted between local bipolar voltage in the standard 
electroanatomical mapping system and scar transmurality as 
quantified by LGE.42 Critical sites for maintenance of VT and 
central common pathways for reentry are associated with >25% 
and >75% scar transmurality, respectively.43 The HZ derived 
from LGE, which appears to serve as a substrate for slow conduc-
tion, is found in the central common pathway within reentry VT 
circuits44 (Figure 61-7). Furthermore, successful VT ablation 
sites are localized within the HZ, and incomplete ablation of HZ 
is associated with VT recurrence.25 These findings suggest that 
MRI can identify the anatomical substrates that are critical for 
maintenance of VT, thus serving as an optimal target for ablation. 
In addition, the image-electrophysiology correlation may allow 
prediction of the VT circuit and/or optimal ablation using MRI-
based computational simulation. Using geometry-based simula-
tion, Ciaccio et al demonstrated that scar geometry based on 
MRI predicts the reentry VT circuit in a dog model of myocar-
dial infarction (MI).45 Ng et al also showed the feasibility of 
MRI-based mathematical modeling to predict VT circuits in a 
porcine model of MI.46 Furthermore, using sophisticated finite 
element whole heart electrophysiology modeling, our laboratory 
demonstrated that computational simulation accurately predicts 
successful ablation targets in human patients.47 Last real-time 
MRI-guided electrophysiological intervention is another emerg-
ing application that can be used to take advantage of MRI tech-
nology to guide VT ablation.48

A potential limitation of cardiac MRI in guiding VT ablation 
is the fact that most patients who are referred for VT ablation 
have an ICD, which is traditionally considered as a contraindica-
tion for MRI. Our laboratory demonstrated the safety of MRI in 
patients with cardiac implantable electrical devices with appro-
priate electrophysiological monitoring during MRI.49 However, 
susceptibility artifacts from the device, particularly ICDs 
implanted in the left infraclavicular region, could have a signifi-
cant impact on LGE assessment of the anterior and apical LV.50 
The development of artifact suppression methods is essential for 
improving the utility of MRI-guided VT ablation.

Mechanical Dyssynchrony and Cardiac 
Resynchronization Therapy (CRT)

Cardiac CT and MRI provide essential information for candidate 
selection and for preprocedural planning for CRT. For example, 
cardiac CT can define the coronary sinus anatomy, which is 
extremely variable and often lacks an appropriate branch for 
optimal lead placement.51 On the other hand, cardiac MRI can 
quantify myocardial scar distribution with LGE, particularly in 

(>35%) had a recurrence rate of up to 75%.30,31 LGE also allows 
noninvasive identification of myocardial scar induced by RF abla-
tion following AF ablation.32 RF-induced scar appears to form by 
3 months post ablation. At 24 h post ablation, LGE appears 
consistent with a transient inflammatory response rather than 
with stable LA scar formation.33 AF recurrence during the first 
year is associated with a lesser degree of pulmonary vein (PV) 
and left atrial scarring on LGE.34 Circumferential PV antral scar-
ring predicts ablation success in mild LA fibrosis, and posterior 
wall and septal scarring is needed for moderate fibrosis. This may 
facilitate selection of the proper candidate and strategy in AF 
ablation.30 A visual and quantitative correspondence was noted 
between CARTO ablation sites and the LGE scar, but for 20% 
of CARTO ablation sites, corresponding LGE was visible.35

Ventricular Tachycardia (VT)

In patients undergoing catheter ablation of scar-related VT, pre-
procedural cardiac CT and MRI provide important anatomical 
information. For example, cardiac CT identifies the locations of 
myocardial thinning, aneurysm, and calcification, which corre-
spond with the myocardial scar. In addition, the multiplanar 
reformat feature allows preprocedural identification of optimal 
epicardial access location (Figure 61-3). Moreover, cardiac CT 

Figure	 61-2.  Three-Dimensional Volume-Rendered Computed 
Tomography (CT) Image A, Pre-ablation image, showing a posterior view of 
the  left atrium  (cyan)  and  the  left atrial appendage  (light gray). Distal pulmonary 
vein  branches  are  removed. The  image  shows  four  small  right  pulmonary  veins 
entering into the left atrium—a common anatomical variation. The manually seg-
mented esophagus (purple)  is also shown to demonstrate the relative anatomical 
relationship with the left atrium. B, Post-ablation image, showing ablation points 
(red dots). 

A

B
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Cardiac MRI played a critical role in improving our under-
standing of the pathophysiology of mechanical dyssynchrony53 
(Figure 61-8). A variety of MRI-derived indices have been pro-
posed to quantify mechanical dyssynchrony and to predict the 
response to CRT. Tissue synchronization index (TSI), which 

patients with ICM. The transmurality of the myocardial scar is 
an important predictor of lack of response to CRT. The presence 
of a posterolateral scar is an independent predictor of major 
cardiovascular events, and multi-site LV pacing may be beneficial 
in these patients.52

Figure	61-3.  Computed Tomography (CT)-Guided Preprocedural Identification of Optimal Epicardial Access Location for Ventricular Tachy-
cardia (VT) Ablation Images from a 28-year-old woman with arrhythmogenic right ventricular dysplasia/cardiomyopathy (ARVD/C) who was referred for epicardial VT 
ablation. A, Coronal (anteroposterior), (B) sagittal (lateral), (C) axial, and (D) volume-rendered images of the preprocedural CT are shown. The yellow arrow indicates optimal 
epicardial access from the subxiphoid approach. E shows the intraprocedural image of epicardial electroanatomical mapping. 
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Figure	61-4.  Magnetic Resonance Imaging (MRI) Visualization of Ablation Lesion Necrotic cavities within high-energy radiofrequency (RF) ablation lesions 
and corresponding pathologic specimens. Typical appearance of intralesional necrotic cavities as areas of increased signal intensity on T2-weighted magnetic resonance 
images  (A)  and  decreased  signal  intensity  on T1-weighted  magnetic  resonance  images  (B),  corresponding  gross  pathology  (C),  and  histology  with  Masson  trichrome 
stain (D). 

(Figure	reproduced	with	permission	from	Dickfeld	T,	Kato	R,	Zviman	M,	et	al:	Characterization	of	acute	and	subacute	radiofrequency	ablation	lesions	with	nonenhanced	magnetic	
resonance	imaging.	heart	Rhythm	4:208–214,	2007.)

T1-weighted MRI T2-weighted MRI Gross pathology Histology
(Masson Trichrome)

A B C D
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Figure	61-5.  Magnetic Resonance (MR) Thermography A-C demonstrate an expanding thermal lesion as radiofrequency (RF) power increased, which is no longer 
visible by 60 seconds after RF power is stopped (D). The heating location (C) corresponds to the lesion location on late gadolinium enhancement (LGE) (E) and pathology 
(F). The transmural lesion extent by thermography was within 20% of that obtained by pathology and LGE. The red lesion border indicates 50° C, chosen to correspond to 
irreversible tissue damage. 

(Figure	modified	with	permission	from	Kolandaivelu	A,	Zviman	MM,	Castro	V,	et	al:	Noninvasive	assessment	of	tissue	heating	during	cardiac	radiofrequency	ablation	using	MRI	
thermography.	Circ	Arrhythm	Electrophysiol	3:521–529,	2010.)
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Figure	61-6.  Scar Integration A, Short-axis late gadolinium enhancement (LGE) images of a patient with an implantable cardioverter-defibrillator (ICD). ICD results in 
high-intensity artifact, affecting the anterior wall.  ICD lead seen as low-intensity signal  in inferior right ventricle (RV). Transmural LGE seen in inferior wall of  left ventricle 
(LV).  B,  Registration  of  LGE  images  with  the  CARTO  electroanatomical  mapping  system.  LV  voltage  map  is  aligned  with  magnetic  resonance  imaging  (MRI)-extracted 
endocardial shell (turquoise). Rotational errors are corrected by aligning the RV voltage map with the reconstructed MRI RV slice (red). After integration of the MRI-extracted 
epicardial shell (blue mesh), an embedded MRI-derived transmural scar (brown) is visible within the myocardial wall. Endo, Endocardial; Epi, epicardial. 

(Figure	reproduced	with	permission	from	Dickfeld	T,	Tian	J,	Ahmad	G,	et	al:	MRI-guided	ventricular	 tachycardia	ablation:	 Integration	of	 late	gadolinium-enhanced	3D	scar	 in	
patients	with	implantable	cardioverter-defibrillators.	Circ	Arrhythm	Electrophysiol	4:172–184,	2011.)
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represents the deviation of radial wall motion in LV short-axis 
cine MRI from an arbitrarily fitted sine function, is a powerful 
predictor of major cardiovascular events after CRT, particularly 
when combined with the presence of posterolateral scar.54 The 
circumferential uniformity ratio estimate (CURE), which esti-
mates circumferential mechanical dyssynchrony on the basis of 
tagged cine MRI, predicts improved function class with 90% 
accuracy, and accuracy was improved to 95% when LGE data 
were added (% total scar <15%).55 The regional vector of cir-
cumferential strain variance (RVV), based on tagged cine MRI, 
predicts response to CRT independently of LGE and the origin 
of heart failure (ICM vs. NICM).56 Cardiac CT is also used to 
assess mechanical dyssynchrony on the basis of changes in wall 
thickness over time, but its ability to predict CRT response 
remains unclear.57

Summary

Cardiac CT and MRI play a unique role in cardiac electrophysi-
ology. Cardiac MRI is the imaging modality of choice for evaluat-
ing patients suspected of having ARVD/C, cardiac sarcoidosis, 
and myocarditis. Cardiac MRI is also valuable for risk stratifica-
tion of patients with HCM, ICM, and NICM. Cardiac CT and 
MRI play an important role in guiding ablation procedures for 
complex arrhythmias, including AF and VT, and in candidate 
selection for cardiac resynchronization therapy. Technical 
advances in cardiac CT and MRI will continue to expand their 
role in cardiac electrophysiology.

Figure	61-7.  Epicardial Reentry Ventricular Tachycardia (VT) Circuit 
Registered With Magnetic Resonance Imaging (MRI)-Derived Scar 
The central common pathway (circumscribed by a broken red line) was located within 
the heterogeneous zone (HZ) in the anterior wall (see the late gadolinium enhance-
ment [LGE] image on the right). 

(Figure	reproduced	with	permission	from	Ashikaga	h,	Sasano	T,	Dong	J,	et	al:	Mag-
netic	 resonance-based	 anatomical	 analysis	 of	 scar-related	 ventricular	 tachycardia:	
Implications	for	catheter	ablation.	Circ	Res	101:939–947,	2007.)
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Figure	61-8.  Spatiotemporal Circumferential Strain Maps Derived from Tagged Magnetic Resonance Imaging (MRI)  In the normal subject, the 
progression of strain versus time (negative strain represents systole) is uniform in each of the 24 segments in each slice (A), and synchronous negative strain is seen for 
each segment along the circumference of the left ventricle (B). In the subject with mechanical dyssynchrony and cardiomyopathy, strain versus time maps show variable 
timing of contraction (blue arrows = negative strain) and stretch (orange arrows = positive strain) in septal versus lateral segments (C). In this subject, some segments have 
positive strain (stretch) and others have negative strain (contraction) during systole (D). 
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transducer is mounted on a 9 French, nonsteerable catheter and 
emits an imaging beam at a 15° forward angle, perpendicular to 
the long axis of the catheter. The transducer is typically delivered 
through a curved or steerable introducer sheath into the chamber 
of interest. The transducer rotates at 1800 rpm and has a fixed, 
9-MHz frequency; it produces a 360° imaging plane perpendicu-
lar to the axis of the catheter. Limited far-field resolution neces-
sitates imaging proximal to the structure of interest.

The phased array ICE catheter contains a 64-element trans-
ducer with variable frequency ranging from 5 to 10 MHz, thereby 
providing greater flexibility to image remote structures (up to 
15 cm). The phased array transducer is capable of full spectral 
and color Doppler measurements, greatly enhancing achievable 
physiological data. The transducer is mounted on a bidirectional 
or multidirectional 8 to 10 French catheter. The most commonly 
used transducer is the AcuNav™ (Siemens Medical, Mountain 
View, California) system, which can be deflected in four direc-
tions (anterior, posterior, right, and left) in addition to providing 
360° axial rotation. Unless otherwise indicated, the remainder of 
this chapter describes imaging with the phased array ICE system.

Basic ICE Imaging Planes

Although imaging with ICE requires a modest learning curve, it 
is a logical extension for operators with basic catheter manipula-
tion and echocardiography skills. Most new operators find the 
images somewhat disorienting when taken out of context. Only 
after an individual echo “view” is integrated mentally with the 
operator’s inherent knowledge of intracardiac anatomy does 
obtaining and interpreting ICE images become intuitive. It is of 
paramount importance to realize that the infinite potential ori-
entations of the transducer within the cardiac chambers produce 
infinite possible imaging planes. To avoid confusion, it is useful 
to learn a few fiducial imaging planes from which an ICE survey 
is easily generated. The cardinal imaging plane or “home view” 
is obtained by placing the ICE catheter in a neutral, mid–right 
atrial position and imaging through the tricuspid valve. Other 
relevant structures are easily viewed with gentle clockwise (CW) 
rotation of the imaging catheter along its axis.

Sinus Node Modification

Among the earliest reported clinical applications for ICE was 
guiding sinus node modification, during which the superior 
lateral crista terminalis (CT) is targeted. Localizing catheters 
proximate to the CT with the use of fluoroscopic guidance alone 
is often inaccurate, with mean distances of >1 cm in more than 
50% of cases.1 With ICE, the CT can be precisely identified, 
thereby avoiding delivery of ineffective lesions. ICE can also be 
used to evaluate the diameter of the junction of the superior vena 
cava and the right atrium, thereby avoiding excessive narrowing 
during ablation. Additionally, the presence of echointensity 
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Rationale

The increasing complexity of contemporary catheter ablation 
procedures has created an important niche for real-time imaging 
modalities in the EP laboratory. Traditional modalities such as 
fluoroscopy provide limited anatomical detail and incur signifi-
cant potential patient and provider exposure risk. The trend 
toward anatomically based ablation targets and procedural end 
points subsumes an intimate knowledge of the specific anatomical 
variations of the individual patient. Integrating pre-acquired two- 
or three-dimensional images (e.g., tomographic reconstructions) 
can be quite useful for anatomical characterization, but can inher-
ently lack real-time feedback for temporal changes that occur 
during the procedure.

Uniquely suited for EP procedures, intracardiac echocardiog-
raphy (ICE) is capable of providing substantial real-time data 
with relative ease. Indeed ICE provides both physiological  
and anatomical data that facilitate the following important 
functions:
• Characterization of anatomy and variants
• Positioning of intracardiac catheters
• Confirmation of catheter contact
• Assessment of ablation lesion creation
• Visualization of arrhythmia substrate
• Detection and prevention of complications

This chapter provides an introduction to and comparison of 
currently available ICE platforms. Core concepts regarding cath-
eter manipulation and image optimization are reviewed. Last, the 
use of ICE in specific EP procedures is reviewed.

ICE Platforms

Two types of ICE transducers are commercially available: 
mechanical (radial) and phased array systems. The radial ICE 
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Figure	62-1.  Images are taken (A) before and (B) after sinus node modification for inappropriate sinus tachycardia. The ICE catheter is positioned within the superior vena 
cava (SVC) just above its origin. The superior portion of the crista terminalis (CT) is viewed in the near-field. After ablation, increased thickening and echointensity of the 
CT are noted. The appearance of an echocardiographic clear space (ECS) adjacent to the ablation catheter (A) represents transmural extension of the lesion to the epicardium 
and is correlated with acute heart rate slowing and an inferior shift in sinus rhythm activation. 

A

CT

CT

SVC

ECS

A

B

extending to the epicardial surface, often coupled with the 
appearance of an adjacent echodense region (representing epicar-
dial edema), correlates strongly with the achievement of acute 
heart rate slowing during ablation2 (Figure 62-1).

Atrial Fibrillation Ablation

Pulmonary Vein (PV) Anatomy

The most complete integration of ICE in EP is achieved with 
atrial fibrillation (AF) ablation. Before the left atrium (LA) is 
accessed, full characterization of the PVs is easily achieved from 
a right atrial transseptal view. At 60° CW rotation from the home 
view, the left atrial appendage is visualized. Continued rotation 
allows characterization of the left PVs. The right PVs are directed 
180° posteriorly from the home view.

Visualization of the right superior PV is often challenging 
because of its septal location; this can be overcome by (1) distend-
ing the interatrial septum toward the LA; (2) passing the imaging 
catheter into the LA through a transseptal defect; or (3) deflect-
ing the transducer toward the tricuspid annulus.

Anatomical variations in PV anatomy are common and can be 
fully characterized with ICE, thereby avoiding inadvertently 
ignoring or damaging them during ablation. The diameter and 
orientation of the veins are recorded, and baseline pulse wave 
Doppler flow velocities are measured (Figure 62-2). If a circular 
mapping catheter is used to guide PV isolation, determination of 
the PV ostial diameter with ICE is useful in selecting an appro-
priate size.

Left Atrial Appendage (LAA) Visualization
Characterization of the LAA is routinely performed before LA 
ablation in patients with inadequate preoperative anticoagulation 
and/or persistent AF. The advent of LAA occlusion devices pro-
vides another potential niche for ICE imaging. The LAA can be 
viewed with ICE from several different imaging planes: (1) from 
the right atrium across the atrial septum; (2) from the left atrium; 
(3) from the coronary sinus; or (4) from the pulmonary artery. The 
recent Intra-Cardiac Echocardiography–guided Cardioversion to 
Help Interventional Procedures Study (ICE-CHIP) study pro-
spectively compared LAA imaging with transesophageal echo 
(TEE) versus phased array ICE; the study found incomplete LAA 
imaging with ICE in 15% of patients, as well as a lower sensitivity 
to detect LAA thrombus compared with TEE.3 The comparative 
image quality in ICE-CHIP was potentially biased by the exclu-
sive use of a right atrial imaging plane with ICE. Other reports 

have suggested that the aforementioned alternative imaging 
planes allow imaging more proximate to the LAA, and thus 
provide enhanced tissue characterization.

Three-Dimensional Image Integration
Integration of preacquired tomographic images with electroana-
tomical (EA) mapping systems is widely used to facilitate AF 
ablation. Accurate registration of these images can be challeng-
ing, in part because of the complex topography of the LA. ICE 
can facilitate this process by providing real-time feedback regard-
ing registration quality by allowing visualization of the position-
ing of intracardiac catheters at fiducial locations (e.g., the ligament 
of Marshall, the PV carina) (Figure 62-3). If misalignment of the 
three-dimensional (3D) geometry is noted, reregistration is easily 
performed to improve spatial accuracy.

Integration of phased array 2D ICE with EA mapping allows 
the creation of 3D geometries that require neither fluoroscopy 
nor point-to-point mapping (CARTO Sound™, Biosense 
Webster, Inc., Diamond Bar, California). With this technology, 
the position of the ICE catheter is localized relative to the  
skin patches; tracing the border of the chamber of interest  
creates sequential 2D contours that are interpolated and rendered 
in 3D space. This technique produces a 3D geometry that  
is spatially accurate compared with point-to-point mapping,  
and can be used as a stand-alone map to guide ablation, or as a 
reference with which to co-register a preacquired tomographic 
image.4

Transseptal Puncture

Although transseptal puncture can be safely performed under 
fluoroscopic guidance, the integration of ICE has greatly 
enhanced both the learning curve and operator comfort with the 
procedure. Whether radial or phased array ICE is used, the posi-
tion of the transseptal needle relative to critical adjacent struc-
tures (e.g., aortic root) is easily visualized; this is particularly 
critical with increasing use of dual systemic anticoagulation for 
AF ablation. The fossa ovalis is visualized with the ICE catheter 
in a mid-RA position and gently rotated in a CW fashion 
(approximately 45° to 90° from the home view).

ICE provides important context regarding not only the posi-
tion, but also the direction of needle crossing, by allowing  
visualization of far-field structures (Figure 62-4). Abnormalities 
of the interatrial septum such as lipomatous hypertrophy or  
aneurysm can be fully characterized to optimize the individual 
crossing strategy. Patients with prior surgical patching or percu-
taneous closure devices may provide specific challenges to sheath 
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the position of the ablation catheter in real time on the 2D echo 
slice. The development of probes capable of 3D imaging may 
provide even greater anatomical context, although with a con-
comitant reduction in spatial resolution.5

Ventricular Tachycardia Ablation

Left Ventricular Outflow Tract Ablation

Ablation of ventricular arrhythmias (VAs) arising from the left 
ventricular (LV) ostium presents unique challenges, in part 
because of the complex anatomical relationships.6 Traditional 
aortic root mapping using a combination of fluoroscopy and 
intracardiac electrogram (EGM) characteristics is limited by its 
variable position and angulation. Because most of the arrhyth-
mias targeted from the aortic root actually originate from the LV 
ostium, it is important to sample the entire surface of the adjacent 
aortic root. Incorporating ICE into these procedures allows the 
operator to determine not only which cusp is being sampled but 
also the precise aspect of the cusp.

The LV outflow tract (OT) may be visualized from the right 
atrium (30° CW rotation from the “home view”) or from the 
right ventricle (RV) (Figure 62-5). With imaging from the RA, 
the aortic root is seen in long axis. This view allows the operator 
to determine the depth of sampling within the aortic root (e.g., 
sinotubular junction, cusp nadir), as well as whether the ablation 
catheter is located above, below, or at the level of the valve plane. 
The long axis view also allows the operator to determine the 

crossing; ICE allows the operator to rapidly characterize these 
cases.

Assessing Catheter Positioning and Contact
During AF ablation, ICE is quite useful during positioning of the 
ablation and circular mapping of catheters relative to the PV 
orifice. Rotating the imaging plane CW from the left PVs  
or counterclockwise (CCW) from the right PVs can allow  
identification of the course of the esophagus along the posterior 
LA wall.

It is axiomatic that maintaining catheter contact during abla-
tion is of paramount importance in lesion creation, and the devel-
opment of catheters with contact force–sensing capabilities has 
further underscored this concept. In addition to poor lesion 
quality, inadequate contact may result in undersampling during 
EA mapping, which may result in inaccurate 3D geometries and 
tomographic co-registrations. These registration errors may be 
compounded with multi-electrode mapping techniques. The 
adequacy of intracardiac catheter contact has relied historically 
upon a combination of tactile feedback, electrogram quality, and 
fluoroscopic guidance. Despite these clues, factors such as 
complex intracardiac topography as well as cardiac and respira-
tory motion may prevent consistent contact. ICE is capable of 
displaying the position of any intracardiac catheter relative to the 
myocardium in real time by simply adjusting the angulation of 
the ICE transducer. Because the imaging plane produced with 
currently available ICE platforms is inherently 2D, resolving the 
position and orientation of 3D intracardiac structures inherently 
requires the acquisition and integration of multiple 2D slices. 
The CARTO Sound system facilitates this process by displaying 

Figure	62-2.  Baseline color Doppler imaging of the left common (A), right superior (C), and right inferior (D) pulmonary veins. The ICE catheter is positioned along the 
right atrial aspect of the interatrial septum. Ostial diameter and pulsed wave Doppler flow velocity (B) for each vein are measured both at baseline and after ablation. 
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coronary sinuses are appreciated. The short axis view allows the 
operator to easily determine whether the mapping catheter is 
positioned within a single coronary sinus or between two adjacent 
sinuses.

Integration of 2D ICE and EA mapping with the CARTO 
Sound system enables the rapid creation of detailed reconstruc-
tions of the aortic root (see Figure 62-5). This technique maxi-
mizes root topography with minimal fluoroscopy use, thereby 

vertical distance of the mapping catheter from the coronary arte-
rial ostia. With application of gentle anterior flexion of the ICE 
probe from the “home” view, the catheter can be easily passed 
through the tricuspid annulus into the RV. With 180° CW rota-
tion, a short axis view of the aortic root is obtained. In this posi-
tion, the ICE probe is placed at the inferior aspect of  
the right ventricular outflow tract (RVOT); the close anatomical 
relationships between the RVOT and the right and left  

Figure	62-3.  Registration of pre-acquired CT or MR 3D datasets with electroanatomical (EA) mapping systems is facilitated by ICE. Fiducial locations on the EA map (A, left) 
and a 3D CT dataset  (A,  left)  are co-localized using  real-time  ICE  imaging. Panel  C demonstrates  the circular mapping catheter  (L) positioned at  the ostium of  the  left 
superior  (LS) PV.  In panel  D,  the ablation catheter  (A)  is placed along  the  ridge  (R)  separating  the LS PV and  the  left atrial  appendage  (LAA). Using  this  technique,  the 
accuracy of the 3D registration is optimized. Ao, Aorta; C, carina; E, esophagus; LI, left inferior PV; RI, right inferior PV; RS, right superior PV. 
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Figure	62-4.  With  ICE,  the  location of  transseptal needle crossing can be optimized.  In panel A,  the transseptal  (T) needle  is directed toward the  left atrial appendage 
(LAA). After slight clockwise rotation of the transseptal needle, the apparatus is now directed toward the left pulmonary veins. Panel C shows tenting of a second transseptal 
needle (T2); the sheath from the prior crossing (T1) is located slightly inferiorly. 
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EA mapping by providing a real-time assessment of the adequacy 
of catheter contact along the papillary muscle.7 In this manner, 
precise 3D reconstructions of the papillary muscle can be gener-
ated via point-to-point mapping. The CARTO Sound system is 
capable of producing nonfluoroscopic 3D geometries from 2D 
ICE contours (Figure 62-6).

Visualization of Ablation Lesions

Regional variability in tissue characteristics with echo imaging is 
principally due to differential acoustic impedance (i.e., density) 
between tissues within the imaging sector (e.g., blood-
myocardium, normal muscle-scar).8 The emitted ultrasound 
beam is attenuated as it passes through tissue, making far-field 
structures appear darker for any given transducer frequency. 
When the ultrasound beam encounters a tissue with different 
acoustic impedance, more of the ultrasound beam is reflected and 
detected by the imaging transducer. Regions with increased 
density reflect more of the ultrasound beam and thus appear 
bright or echointense. Because tissue imaging with ICE requires 
the detection of reflected waves from the emitted ultrasound 
beam, spatial resolution is maximized by increasing the number 
of ultrasound beams that reach the region of interest. Practically, 
this is achieved by increasing the number of ultrasound pulses 
emitted (i.e., increasing the transducer frequency) and/or imaging 
structures closer to the ICE transducer (where the emitted beams 
are most closely spaced). Thus, tissue characterization with ICE 
is optimal when structures with differential acoustic impedances 
are imaged in the echo near-field with a high transducer pulse 
frequency.

limiting point-to-point mapping. When creating 2D ICE con-
tours, it is helpful to use complementary long- and short-axis 
imaging planes while avoiding excessive overlap between indi-
vidual contours.

Papillary Muscle Ablation

The RV and LV papillary muscles are increasingly recognized  
as an important source of idiopathic VAs, and are frequently 
encountered barriers to effective ablation in patients with struc-
tural heart disease–related VT. Traditional electroanatomical 
mapping of these structures can be challenging because of their 
complex structure and intracavitary position. Furthermore, 
because each VA originates from a discrete aspect of an individual 
papillary muscle, precise positioning of the ablation catheter is 
required to avoid ineffective lesions.

Full anatomical characterization of the RV and LV papillary 
muscles is possible with ICE. As has been described, this is easily 
accomplished from the “home” view by gently flexing the cath-
eter anteriorly and passing it through the tricuspid annulus. From 
the inferior RVOT, the moderator band and the RV papillary 
apparatus are viewed directly. Gentle CCW rotation of the trans-
ducer demonstrates the insertion of the moderator band into the 
RV free wall. With slow CW rotation from the RV views, the LV 
anterolateral (AL) and posteromedial (PM) papillary muscles are 
seen sequentially. It may be necessary to insert or retract the ICE 
catheter in the RV to view more apical or basal aspects of the 
papillary apparatus (respectively).

As described with aortic root ablation, ICE can be used as a 
2D or a 3D imaging modality for papillary muscle ablation. In 
2D mode, ICE serves as an important adjunct to fluoroscopy and 

Figure	62-5.  The aortic root is viewed with ICE in short axis from the right ventricular outflow tract (A) and in long axis from the right atrium (B). The close spatial relation-
ship between the right and left ventricular outflow tracts is apparent. The short axis view is used to guide mapping within and between the aortic sinuses. The long axis 
view demonstrates the vertical position of the mapping catheter. In panel B, the ablation catheter is looped into the LV and is pulled back against the aortic valve plane. 
Three-dimensional reconstruction of the aortic sinuses (C) using the CARTO Sound™ system clarifies its complex anatomical relationships and facilitates catheter mapping. 
The ablation (A) and ICE (I) catheter positions are displayed in real time. 
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Data describing left atrial fibrosis with delayed enhancement 
cardiac magnetic resonance (MR) have not been replicated with 
ICE, likely because of the limited spatial resolution noted with 
commercially available ICE transducers. Detection of interstitial 
myocardial fibrosis with echocardiography has been previously 
described; however, it required imaging at an extremely high 
transducer frequency.11

Patients with post-infarction VT characteristically have trans-
mural infarctions, often with aneurysm formation. Similar to 
transthoracic echocardiography, post-infarct changes can also be 
visualized with ICE as echointense regions with akinesis and wall 
thinning. By using the CARTO Sound system, diseased myocar-
dial segments can be traced and transposed onto the 3D EA map, 
thereby limiting the extent of point-to-point geometry creation. 
This technique of ICE-guided scar geometry creation has been 
shown to correlate well with bipolar mapping in post-infarction 
patients.12

The heterogeneous, complex 3D substrate distribution 
encountered in patients with nonischemic LV cardiomyopathy-
related VT presents a unique challenge to effective catheter abla-
tion. Full characterization of the substrate in these patients  
is challenging because of the limited field-of-view of bipolar 
electrograms.13 In selected patients, ICE can detect confluent 
regions of intramural or epicardial fibrosis as an echointense 

Local atrial tissue changes during ablation are often visualized 
with ICE; most commonly noted are increased tissue echointen-
sity and wall thickness (Figure 62-7). These changes can occur 
within the first 10 seconds of energy application and persist for 
a variable time duration after energy delivery is terminated.9 
Although data correlating acute tissue changes on ICE with long-
term lesion characteristics are lacking, visualizing these changes 
provides the operator with important additional qualitative feed-
back regarding catheter contact. Transient changes in contractile 
function adjacent to ablation lesions can be demonstrated with 
ICE. The presence of heterogeneous myocardial perfusion with 
ICE after intracoronary contrast administration has also been 
correlated with lesion pathology in an animal model.10

Visualization of Arrhythmia Substrate

Because regions of fibrotic and normal myocardium differ in 
acoustic impedance, it is technically possible to distinguish them 
with ICE. It is axiomatic that larger, more confluent regions of 
fibrosis will be more easily detected. Likewise, imaging of thinner 
structures (e.g., atria) will require a significantly higher spatial 
resolution than is required for thicker structures (e.g., ventricles). 

Figure	62-6.  ICE can facilitate ablation of arrhythmias originating from intracavitary structures such as the papillary muscles. The anterolateral (AL) and posteromedial (PM) 
LV papillary muscles can be traced and displayed as separate endocardial geometries using the CARTO Sound™ module; 3D reconstructions are demonstrated in the RAO 
(A) and LAO (B) projections. The adequacy of catheter contact along the papillary muscle can also be confirmed in real time (C). 

(Images	courtesy	of	Fermin	C.	Garcia,	MD.)
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Figure	62-7.  ICE provides real-time feedback regarding the quality of catheter (Abl) contact during mapping and ablation. Local tissue swelling and increased echointensity 
(arrows) often occur during ablation and persist for a variable duration thereafter. Ao, Aorta; LA, left atrium; LI, left inferior PV; LS, left superior PV; LV, left ventricle. 
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placed in the right ventricle (see Figure 62-8). It is our practice 
to screen for the presence of effusion periodically during the 
ablation procedure or with any change in hemodynamic param-
eters. In the absence of pericardial adhesions (e.g., from prior 
cardiac surgery), most patients have a circumferential fluid col-
lection that is initially seen around the cardiac base. With early 
detection and prompt reversal of anticoagulation, some effusions 
will stabilize without the need for pericardiocentesis. If drainage 
is required, ICE may be used to guide the optimal location for 
pericardial puncture and to document complete resolution.

Pulmonary Vein Stenosis

The incidence of symptomatic PV stenosis requiring interven-
tion after PV isolation (PVI) is approximately 0.3%.17 An approx-
imate 50% reduction in the worldwide incidence of PV stenosis 
has been noted since 2005, most likely because of broad adoption 
of a proximal or antral PV isolation strategy. Nonetheless, rare 
instances of PV stenosis still occur and often incur substantial 
patient morbidity. The incorporation of ICE with antral PV 
isolation may further reduce this incidence of stenosis. Acute 
changes in PV pulsed wave Doppler flow velocity, as well as 
increased turbulence of color Doppler PV flow, correlate with 
narrowing of PV ostial diameter. Particular attention is required 
for patients undergoing repeat PVI procedures, as significant 
baseline ostial narrowing may be present in the absence of clinical 
symptoms. An acute increase in PV pulsed wave Doppler flow 
velocity beyond 100 cm/s is unusually encountered with an antral 
ablation strategy, and should prompt reevaluation of the ablation 
strategy used, as well as close long-term follow-up for clinical 
symptoms.

Summary

In conclusion, ICE is a versatile imaging platform that integrates 
seamlessly with complex EP procedures. ICE can be used as a 
stand-alone 2D modality, or it can be incorporated with EA 
mapping to generate nonfluoroscopic 3D geometries. ICE pro-
vides real-time anatomical and physiological data that enhance 
the safety and efficacy of EP procedures.

stripe “sandwiched” by normal myocardium.14 This distinct 
echocardiographic signature may provide important insight into 
the presence of VT substrate deep to the endocardium, thus 
facilitating the decision to pursue percutaneous epicardial 
mapping.

Detecting and Preventing Complications

The contribution of ICE to enhancing the safety of EP proce-
dures cannot be understated. The real-time imaging and excel-
lent tissue resolution achieved with ICE provide maximal 
sensitivity to detect potential complications and to minimize 
damage by providing rapid, early intervention.

Intracardiac Thrombus

Occult thromboembolism represents an important source of 
morbidity from complex ablation procedures. The importance of 
adequate systemic anticoagulation during left atrial ablation pro-
cedures was reinforced by frequent documentation of sheath-
associated thrombus, the incidence of which was reduced during 
AF ablation by targeting a higher activated clotting time (ACT) 
before left atrial instrumentation.15 Sheath-associated thrombosis 
is occasionally seen despite aggressive anticoagulation, and if 
documented with ICE, corrective measures may prevent systemic 
embolization (Figure 62-8). Mobile thrombus has been docu-
mented with ICE in 30% of patients with implanted pacemaker 
and defibrillator leads, and may increase the risk of both acute 
and chronic embolic complications.16

Pericardial Effusion

The diagnosis of procedure-related pericardial effusion is often 
delayed until hemodynamic compromise occurs. This time lag 
delays both the reversal of systemic anticoagulation and the insti-
tution of corrective measures. Patients with impaired cardiac 
function are at particular risk and may exhibit profound compro-
mise due to systemic hypoperfusion. The presence of intraperi-
cardial fluid can be easily documented with the ICE catheter 

Figure	62-8.  Procedural complications can be detected early with ICE, thereby limiting potential damage. The presence of soft thrombus adherent to vascular sheaths or 
intracardiac leads can be visualized with ICE. Panel A is an ICE image obtained from the RA, demonstrating a large thrombus (T) attached to a transseptal sheath (S) that 
was detected during transseptal puncture;  this occurred despite an activated clotting time (ACT) of 360 seconds and an  international normalized ratio (INR) of 3.2. The 
thrombus was cleared before left atrial crossing with no clinical sequelae. Routine ICE screening during complex ablation procedures may detect asymptomatic pericardial 
effusions (PE) before the development of hemodynamic compromise; this is best accomplished by placing the ICE catheter in the right ventricular outflow tract (B). Panel 
B  demonstrates  a  small  effusion  that  was  detected  in  the  asymptomatic  state;  systemic  anticoagulation  was  reversed,  thereby  avoiding  the  need  for  percutaneous 
drainage. 
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underwent exercise testing.4 Exercise treadmill–induced supra-
ventricular arrhythmia (ETISVA) was noted in 85 subjects (6%). 
An eightfold increase in the relative risk of developing lone atrial 
fibrillation (AF) was noted in subjects with exercise-induced 
ETISVA. In a 5.7-year follow-up, 10% of 85 subjects with 
ETISVA developed AF or paroxysmal supraventricular tachycar-
dia (SVT). Therefore, ETISVA may be a marker for AF or 
paroxysmal SVT during follow-up.

The relationship between exercise and atrial fibrillation is 
particularly relevant to athletes. The overall risk for AF is signifi-
cantly higher in athletes than in controls (odds ratio 5.29, 95% 
confidence interval [CI] 3.57 to 7.85, P = .0001).5 Endurance 
sports increase preload, which increases atrial pressure and there-
fore shortens atrial refractory periods and increases the disper-
sion of atrial refractoriness. Increased vagal tone in athletes, 
sympathetic surges during exercise, and fluid and electrolyte 
changes during exercise may also contribute to the development 
of atrial arrhythmias.6 Anatomically, athletes may have larger left 
atrial dimensions and fibrosis secondary to chronic systemic 
inflammation from excessive endurance exercise.7

In patients with no structural heart disease, treatment is gen-
erally targeted at addressing the trigger for the arrhythmia. A 
reduction in exercise intensity or duration is often highly effective 
in reducing arrhythmia burden.8 However, many patients, espe-
cially competitive athletes, may be unwilling or unable to reduce 
or refrain from exercise. In these cases, β-blockers, antiarrhyth-
mics, and catheter ablation can be considered.

In a study of 5375 patients with known or suspected coronary 
artery disease (CAD), 24% of patients developed atrial ectopy, 
3.4% developed SVT, and 0.8% developed AF upon treadmill 
testing.9 Exercise treadmill–induced supraventricular arrhyth-
mias were not predictive of any end point.

Exercise-Induced Ventricular Arrhythmias

Apparently Healthy Subjects

Asymptomatic patients without prior evidence of CAD have  
been noted to have variable rates of ventricular ectopy. In the 
Advisory Group for Aerospace Research and Development study 
of 1640 healthy aviators, the prevalence of PVCs (other than 
single or occasional) increased with age: 6.6% for ages 20 to 29, 
7.6% for ages 30 to 39, and 13.1% for ages 40 to 53.10 The per-
centages of patients with three or more consecutive PVCs were 
0.8% for ages 20 to 29, 1.0% for ages 30 to 39, and 3.5% for 
ages 40 to 53. In another study of 597 male and 325 female 
healthy adult volunteers, only 1.1% of the patients had exercise 
treadmill–induced ventricular arrhythmias (ETIVAs).11 These 
episodes were typically asymptomatic, short, and limited to 3 to 
6 beats, usually near peak exercise. The prognostic significance 
of ventricular ectopy in asymptomatic healthy individuals remains 
controversial.
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Several physiological changes that occur during exercise may 
precipitate cardiac arrhythmias. Activation of the sympathetic 
nervous system results in an increase in circulating catechol-
amines.1 Increased automaticity and enhanced triggered activity 
may increase the likelihood of arrhythmias. The presence of 
premature beats during exercise can lead to initiation of reentrant 
supraventricular and ventricular arrhythmias. Important factors 
in arrhythmogenicity include electrolyte shifts, baroreceptor acti-
vation, myocardial stretch, ischemia, and genetic predisposition.

Exercise can increase potassium levels, decrease pH, and raise 
catecholamines.2 These catecholamines may counterbalance the 
harmful cardiac effects of hyperkalemia and acidosis and improve 
action potential characteristics in potassium-depolarized ven-
tricular myocytes.3 In normal myocardial tissue, hyperkalemia 
decreases the incidence of norepinephrine-induced arrhythmias. 
However in ischemic or infarcted tissue, hyperkalemia and cat-
echolamines may jointly potentiate arrhythmias. The heart is also 
at increased risk in the post-exercise period. During this time, 
plasma potassium is low and adrenergic tone is high. An abnor-
mal regulation of sympathovagal balance and electrolytes in 
recovery, compounded with ischemia, may increase the suscepti-
bility to arrhythmias.1 Despite the myriad of physiological 
changes that occur in exercise, in the absence of structural or 
electrical heart disease sudden death due to arrhythmias is 
extremely rate.

Exercise-Induced Atrial Arrhythmias

Exercise-induced atrial arrhythmias are less common than  
ventricular arrhythmias. In the Baltimore Longitudinal Study  
of Aging, 1383 asymptomatic volunteers aged 20 to 94 years 
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pulmonary artery (ALCAPA) who reached adulthood, would also 
be at risk for exercise-induced arrhythmias.

Outflow Tract Ventricular Tachycardia

Outflow tract VT should be considered in patients with a struc-
turally normal heart and a QRS in VT that features a left bundle 
branch block morphology and an inferior axis. Most outflow tract 
VTs originate from the RVOT (80%), and the remainder origi-
nate from the left ventricular outflow tract (LVOT).20 RVOT VT 
has a left bundle branch QRS morphology and an inferior axis, 
with an R/S transition typically in V3 or V4. LVOT VT may also 
have left bundle branch QRS morphology but with small R waves 
in V1 and an earlier R/S transition. Lerman and collegues have 
determined that outflow tract VTs are the product of triggered 
activity secondary to cyclic adenosine monophosphate–mediated 
delayed afterdepolarizations. 21 The VT is adrenergically medi-
ated and is sensitive to perturbations that lower intracellular 
calcium such as adenosine and verapamil. The diagnosis of idio-
pathic VT is one of exclusion; therefore other causes of left 
bundle branch block (LBBB) pattern VT should be considered.

Clinically, outflow tract VT accounts for the vast majority of 
idiopathic VTs. The age of presentation is usually 30 to 50 years, 
and patients usually have a benign clinical course.20 The most 
common complaint among patients is palpitations (48% to 80%), 
followed by presyncope or light-headedness (28% to 50%). 
Syncope is rare (<10%) and SCD is extremely rare. However, 
some patients may develop cardiomyopathy from incessant repet-
itive monomorphic VT or from a high burden of ventricular 
premature complexes (VPCs). Ablation of the focus usually nor-
malizes left ventricular function in a few months.

The spectrum of outflow tract VT includes three clinical 
subtypes.22 Patients may have repetitive monomorphic VPCs, 
repetitive nonsustained monomorphic VT, or exercise-induced 
sustained VT. Patients may present with a predominance of one 
type; however, significant overlap has been noted, and it is 
believed that the subtypes share the same cellular mechanism. 
Generally, outflow tract tachycardias are provoked by exercise, 
and treadmill testing is useful in reproducing the clinical VT. 
Approximately 70% of patients who present with sustained VT 
will have VT induced by exercise testing.22 However, in patients 
who present with monomorphic nonsustained ventricular tachy-
cardia (NSVT) or VPCs on monitoring, exercise testing may 
induce sustained VT in only 10%. Overall, exercise testing repro-
duces VT in less than 50% of patients with clinical VT. As a 
result, exercise testing may not be a reliable indicator of β-blocker 
or antiarrhythmic efficacy, and ambulatory monitoring would be 
an appropriate adjunct.

Two responses of outflow tract VT to exercise testing have 
been reported. In the first case, VT occurs during acceleration 
of the heart rate with exercise. A progression from VPCs to salvos 
of NSVT to sustained VT may be observed. In contrast, patients 
with repetitive monomorphic VT may have suppression of their 
VT during exercise and development of VT during the recovery 
phase of exercise.23 These responses indicate that a critical 
window of heart rates is required for VT initiation. This cycle 
length dependence of ventricular ectopy may also be observed on 
ambulatory monitoring. 23,24

In general, patients with exercise-induced outflow tract VTs 
have no structural heart disease. In contrast, patients with post-
infarction septal VTs will have a history of coronary disease and 
myocardial infarction. Bundle branch reentry VT is usually seen 
in the setting of structural heart disease, most commonly a dilated 
cardiomyopathy.25 Patients with antidromic atrioventricular 
reciprocating tachycardia (AVRT) using an atriofascicular bypass 
tract might also demonstrate an LBBB morphology VT, although 

Coronary Artery Disease

ETIVA appears to be more common in patients with known 
CAD. The prevalence of any ventricular arrhythmias (including 
simple PVCs) in patients with CAD ranges from 10% to 40%, 
with most studies ranging between 20% and 30%. Excluding 
simple PVCs, the prevalence of more complex ventricular 
arrhythmias is lower. Whether or not ETIVA in patients with 
known coronary artery disease is associated with a worse prog-
nosis is unclear.

In a population of veterans referred for exercise stress testing, 
the risk of mortality in patients with resting (pre-exercise) PVCs 
and ETIVA was increased.12 The combination of rest PVCs 
and ETIVA carries the highest risk.1 These variables were inde-
pendent predictors of cardiovascular mortality after adjustment 
for other clinical and exercise test variables, which included 
exercise-induced ischemia. However it is possible that additional 
adjustment for left ventricular functional abnormalities or coro-
nary disease burden might have mitigated the association. 
Regardless, patients found to have arrhythmias during exercise 
testing should undergo an evaluation of their left ventricular 
function.

Coronary Anomalies

Congenital coronary anomalies are implicated in 10% to 20% of 
all deaths in young athletes.13 The right coronary artery arising 
from the left coronary sinus is more common than the left coro-
nary artery arising from the anterior sinus, although the latter is 
a more common cause of sudden death. Of the four types of 
anomalous left coronary arteries, the interarterial type is the only 
type that places the patient at increased risk for sudden death. In 
this variant, the left coronary artery arises from the right cusp 
and passes anteriorly between the aorta and the right ventricular 
outflow tract (RVOT). Similarly, an interarterial course of an 
anomalous right coronary artery that arises from the left cusp 
would also put patients at risk for sudden cardiac death (SCD). 
However, the larger territory supplied by the left coronary artery 
results in increased risk over right coronary artery anomalies. 
SCD associated with or shortly after vigorous exercise is very 
unusual after the patient is >35 years of age.

Angelini et al report that the incidence of anomalous coronary 
arteries was 1.07% (right anomalous coronary from the left coro-
nary sinus in 0.92%; left anomalous coronary from the right 
coronary sinus in 0.15%).14 Davis et al. report a prevalence of 
0.17% for anomalous origins of coronary arteries among 2388 
children and adolescents.15 Among 1686 coronary anomalies 
found in 126,595 adult coronary angiograms, Yamanaka and 
Hobbs reported an incidence of 0.17% for anomalous left coro-
nary arteries and 0.107% for anomalous right coronary 
arteries.16

The mechanism by which the coronary anomaly causes SCD 
is hypothesized to be a sudden occlusion of the vessel that may 
involve damage, thrombosis, or spasm, resulting in severe myo-
cardial ischemia and ventricular tachycardia/fibrillation.17 During 
exercise, increased dP/dt and stroke volume may result in 
increased systolic expansion of the proximal aorta and pulmonary 
artery, which could collapse the proximal anomalous coronary 
artery. Because exercise results in a greater percentage of time 
spent in systole, which is when compression occurs, SCD most 
frequently occurs with or shortly after exercise.

Other coronary anomalies may also be implicated in arrhyth-
mias and sudden death. Patients with a single coronary artery that 
divides into all three major branches are at risk for SCD during 
athletic activity.18,19 Patients with hypoplasia of portions of the 
coronary tree or with coronary fistulas, or the small minority of 
patients with an anomalous left coronary artery arising from the 
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Ventricular arrhythmias can occur during exercise, and SCD 

is thought to be due to acceleration of VT with degeneration into 
ventricular fibrillation. The most common arrhythmia is sus-
tained or nonsustained monomorphic VT from the right ven-
tricle, therefore manifesting a left bundle branch pattern. Usually 
the VT seen in ARVD will be of left bundle branch morphology 
with a superior rather than inferior axis. However, preferential 
or isolated outflow tract involvement has been described. Exer-
cise testing may demonstrate monomorphic VT in up to 50% to 
60% of patients. Exercise is thought to impart increased stress 
on the right ventricle and may increase right ventricular dilata-
tion and worsen the manifestations of ARVD. Accordingly, 
patients with ARVD should not engage in competitive sports or 
endurance training and should not participate in any activities 
that cause palpitations, presyncope, or syncope.34

The diagnosis of ARVD consists of the fulfillment of multiple 
criteria.35 ECG findings suggestive of ARVD include the pres-
ence of right ventricular (RV) conduction delay, precordial T 
wave inversions, and epsilon waves.35,36 The presence of notching 
in the QRS complex of the LBBB VT may also suggest ARVD.37 
Treadmill exercise testing may be used to elicit the characteristic 
LBBB morphology of ventricular tachycardia of ARVD. Nonsus-
tained or sustained VT of LBBB morphology with a superior axis 
fulfills a major criterion for the diagnosis of ARVD, whereas an 
inferior axis fulfills a minor criterion.35 Other corroborative data 
are needed for the diagnosis of ARVD, and the usual diagnostic 
work-up for ARVD consists of a signal-averaged ECG, echocar-
diogram, cardiac magnetic resonance imaging (MRI), a detailed 
family history, and, if needed, invasive electroanatomic mapping 
of the right ventricle.

In addition to exercise restriction, treatment for ARVD 
involves implantation of an implantable cardioverter-defibrillator 
(ICD) in patients deemed at high risk for arrhythmic events and 
for secondary prevention of SCD.38 Medical management with 
antiarrhythmics or sotalol may be used in those who are not 
candidates for ICD therapy and in those with frequent shocks. 
Radiofrequency ablation also plays a role in patients with recur-
rent ventricular arrhythmias.

Hypertrophic Cardiomyopathy

Described in further detail in Chapter 86, hypertrophic cardio-
myopathy (HCM) is a disease of left ventricular hypertrophy with 
a spectrum of clinical manifestations and hemodynamic abnor-
malities that are most often caused by mutations in one of several 
sarcomere genes. The mechanism of SCD in HCM patients is 
likely multifactorial but ultimately results from ventricular 
tachyarrhythmias. The arrhythmia is thought to result from elec-
trical instability and distorted electrophysiological propagation 
from the disorganized arrangement of cardiac muscle cells of 
HCM. Findings of increased SCD during the afternoon hours in 
athletes support an exercise-induced mechanism.34 This is also 
supported by findings of sinus tachycardia preceding VT/VF 
events in stored ICD events, which suggest that high sympathetic 
drive is proarrhythmic when a susceptible substrate is present.39

Risk stratification for SCD involves an assessment of family 
history of SCD, a personal history of syncope, determination of 
left ventricular wall thickness, assessment of the blood pressure 
response and outflow tract gradient to treadmill exercise, and 
NSVT on Holter monitoring.

Although NSVT during Holter monitoring has been demon-
strated to be a useful prognostic factor, ventricular arrhythmias 
induced during exercise testing have not been well established as 
a prognostic indicator of SCD. In a study of 263 patients with 
HCM who underwent exercise testing, 3.0% of patients had new 
nonsustained atrial arrhythmias and 4.2% had nonsustained 

the axis is usually leftward.26 The triggered activity of outflow 
tract VT also differs from the reentry mechanisms of post-
infarction VT, bundle branch reentry VT, and antidromic AVRT 
using an atriofascicular bypass tract. Although they characteristi-
cally have exercise-induced VT, patients with catecholaminergic 
polymorphic ventricular tachycardia (CPVT) will have polymor-
phic ventricular ectopy and will manifest bidirectional VT. Last, 
outflow tract morphology VTs may be a manifestation of arrhyth-
mogenic right ventricular dysplasia (ARVD), although the mor-
phology of VT is often varied in ARVD.

In addition to exercise, ventricular ectopy, including sustained 
VT, can be provoked by emotional stress. High levels of sympa-
thetic tone contribute to arrhythmogenicity. This is also illus-
trated in the circadian variations in episodes of VT, ventricular 
runs (2 to 4 beats), and VPCs. Hayashi et al. demonstrated that 
peaks for these ventricular arrhythmias occurred around 7 am and 
6 pm.27 β-Blockers completely eliminated VT episodes and 
blunted ventricular runs; however rates of single VPCs were 
similar to those before β-blockade therapy.

Idiopathic Left Ventricular Tachycardia

Approximately 10% of idiopathic VTs originate from the fascicles 
of the left ventricle. These arrhythmias are referred to as fascicular 
VT or verapamil-sensitive VT.28 This condition should be consid-
ered in the differential diagnosis of right bundle branch block 
(RBBB) with left anterior fascicular block pattern VT. Less com-
monly, a left posterior block pattern may be seen (5% to 10%).28 
The usual age of presentation is between 15 and 40 years, and 
patients usually have normal resting electrocardiogram (ECG) 
and left ventricular function.29 Although verapamil-sensitive VT 
was originally described at rest, VT is sensitive to exercise or 
emotional stress, is frequently precipitated by exercise, and may 
be seen during or after exertion.

This reentrant arrhythmia is believed to involve the posterior 
Purkinje system with the left posterior fascicle as one limb and 
abnormal Purkinje tissue with slow, decremental conduction as 
the other limb.30 In the small percentage of patients with RBBB 
and a right inferior axis VT (left posterior block pattern), the left 
anterior fascicle is thought to be the involved Purkinje system 
and the site of ventricular exit.31 The circuit is sensitive to cate-
cholamines as evidenced by induction by exercise, and induction 
during electrophysiological testing is facilitated by isoproterenol 
infusion. Whereas adenosine has no effect on the arrhythmia, 
administration of verapamil slows the VT rate and then termi-
nates it.32

Patients suspected to have verapamil-sensitive VT should 
undergo an evaluation to exclude structural heart disease. An 
echocardiogram, a stress test, and/or cardiac catheterization may 
be indicated depending on the clinical suspicion for coronary 
disease. Medical treatment for verapamil-sensitive VT involves 
verapamil; however patients with severe or recurrent symptoms 
can undergo catheter-based ablation with high rates of success.33

Arrhythmogenic Right Ventricular Dysplasia

Patchy replacement of right ventricular myocardium by fibrofatty 
tissue is the hallmark of arrhythmogenic right ventricular dyspla-
sia (ARVD) and provides a substrate for reentrant ventricular 
arrhythmias. Generally, this fibrofatty replacement preferentially 
affects the free wall of the right ventricle; however, the disorder 
can affect the outflow tract, left ventricle, and septum. ARVD is 
more common in males and predominantly affects young adults, 
with a mean age of diagnosis around 30 years.
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3 minutes of recovery) − (QTc baseline) ≥30 ms, reliably distin-
guished patients with manifest or concealed LQT-1 from those 
with LQT-2 and LQT-3.

Clinically, 40% of LQT-1 patients will become symptomatic 
by age 10, and very few will develop symptoms for the first time 
after the age of 20. As a result, asymptomatic adults who are 
diagnosed in adulthood may be at low risk for events. Regardless, 
β-blockers are the treatment of choice and are extremely effective 
in reducing symptoms and lethal events. Patients who have recur-
rences despite maximal β-blocker therapy may be considered for 
ICD implantation or left stellate ganglion ablation.

Catecholaminergic Polymorphic  
Ventricular Tachycardia

Catecholaminergic polymorphic ventricular tachycardia (CPVT) 
is a rare inherited syndrome that is characterized by adrenergi-
cally induced supraventricular and ventricular arrhythmias in 
structurally normal hearts and is associated with syncope and 
sudden death. It typically manifests in children and adolescents 
and provokes symptoms in up to 80% of patients younger than 
40 years of age.51 SCD is often the first manifestation of the 
disease, which carries a 30% to 40% overall mortality by age 40.51

The basis for the overwhelming majority of cases of CPVT is 
a mutation in the cardiac ryanodine receptor RyR2, which is 
inherited in an autosomal dominant fashion.52 Mutations in the 
ryanodine receptor are implicated in the uncontrolled release of 
calcium from the sarcoplasmic reticulum in cardiomyocytes 
during electrical diastole, which produces delayed afterdepolar-
izations and cardiac arrhythmias.53 Genetic screening allows suc-
cessful genotyping of CPVT in approximately 50% to 60% of 
patients with a definitive clinical diagnosis of CPVT.

Exercise testing is particularly useful in the evaluation of 
patients with CPVT. One of the diagnostic findings in CPVT is 
the progressive increase in supraventricular and ventricular 
arrhythmias that parallels increases in exercise workload. Ectopic 
supraventricular beats and polymorphic PVCs usually begin at a 
heart rate of approximately 100 to 110 beats/min. Supraventricu-
lar arrhythmias include isolated atrial ectopic beats and can prog-
ress to nonsustained SVT or even short runs of atrial fibrillation. 
Ventricular ectopic beats also progress during exercise into 
bigeminy, couplets, and runs of bidirectional VT. Continuation 
of exercise may result in faster and more disorganized VT, which 
could degenerate into VF. During the recovery phase, these 
arrhythmias gradually diminish.

The hallmark of CPVT is bidirectional ventricular tachycar-
dia, where the beat-to-beat axis rotates 180 degrees each beat (see 
Figure 63-1). This contrasts with torsades de pointes, where the 
QRS axis gradually and chaotically rotates around the baseline. 
However, a small minority of CPVT patients have been noted to 
show irregular polymorphic VT. The vast majority of the initiat-
ing beat of VT has been localized to the RVOT.54 The second 
most common source was the LVOT. The morphology of the 
initiating beat of bidirectional VT is generally reproducible in 
80% of patients with multiple episodes of VT.

In general, CPVT patients have a normal ECG at baseline 
but may demonstrate prominent U waves and slower resting 
heart rates. A normal QT interval is useful in distinguishing 
CPVT from long QT patients. However, some long QT patients 
exhibit borderline QT prolongation, and a couple of long QT 
syndromes share CPVT-type phenotypes. Adrenergically trig-
gered bidirectional VT is also seen in long QT-4 (a mutation in 
the ANK2 gene, which codes for cardiac ankyrin-B) and long 
QT-7, otherwise known as Andersen-Tawil syndrome (a muta-
tion in KCNJ2, which codes for a potassium channel). LQT-4 is 
associated with mild QTc prolongation, AF, sinus bradycardia, 

ventricular arrhythmias.40 In a larger series by Gimeno et al. of 
1380 patients referred to a cardiomyopathy clinic, only 27 (2.0%) 
had NSVT (defined as 3 or more consecutive beats at a rate of 
≥120 beats/min) or VF during exercise testing.41 Although NSVT 
was not frequent, researchers found that the hazard ratio for 
exercise-induced NSVT/VF (HR = 3.14) in predicting SCD or 
appropriate ICD discharge was higher than that of all other 
predictors (HR = 2.57 for NSVT on Holter; HR = 1.79 for family 
history of SCD). High rates of SCD or ICD discharge in patients 
with exercise-induced ventricular arrhythmia suggest that tread-
mill exercise may be a useful tool for assessing SCD risk in HCM.

Prevention of ventricular tachyarrhythmias and prevention of 
SCD involve the use of ICDs.42 The risk of SCD may also be 
reduced with septal myectomy in patients with symptomatic 
LVOT obstruction, although septal ablation has not been found 
to yield similar results.43 Pharmacologic agents such as antiar-
rhythmic drugs or negative inotropes have little impact on the 
incidence of SCD. Last, because of the potential risk of SCD 
associated with exercise in HCM patients, activity restriction is 
advised.34

Long QT Syndrome

Detailed discussion of long QT syndrome (LQTS) is found in 
other chapters; however, we will discuss here some of the distin-
guishing features of LQT-1 that pertain to exercise. LQT-4 and 
LQT-7 will be discussed in the following section, given some 
overlapping features with CPVT. The most common LQTS is 
LQT-1, which is the type whose events are most often triggered 
by adrenergic stimuli and exercise. Events in LQT-2 patients are 
less often triggered by adrenergic stimulation, and events in 
LQT-3 patients usually occur during rest or sleep.44 LQT-1 
should be considered in patients who have a prolonged QTc and 
a history of syncope with stress. The T wave morphology in 
LQT-1 is typically broad-based and high in amplitude. This 
contrasts with the precordial biphasic T wave pattern of LQT-2 
and the long isoelectrical ST-T segment of LQT-3.

Arrhythmic events in LQT-1 generally occur at relatively 
elevated heart rates. Tan et al. observed an average sinus heart 
rate of 98 beats/min before torsades de pointes for LQT-1 in 
contrast to an average of 73 beats/min for LQT-2.45 The preced-
ing TdP in LQT-1 is not pause dependent, unlike that in LQT-2 
patients.46

The defect in LQT-1 is a mutation in KCNQ1, resulting in 
loss-of-function in IKs.47 At fast heart rates, IKs is the most impor-
tant current that shortens the action potential.48 As a result, the 
dysfunctional IKs in LQT-1 patients results in an inability to 
appropriately shorten QTc during exercise.47 This particular 
response to exercise and adrenergic stimulation is of particular 
interest in exercise stress testing and epinephrine QT stress 
testing.

Observation of a paradoxical prolongation of the uncorrected 
QT interval by >30 ms during infusion of low-dose epinephrine 
suggests a diagnosis of LQT-1.49 Epinephrine QT stress testing 
has been demonstrated to have a positive predictive value of 76% 
and a negative predictive value of 96% for LQT-1, even when 
the baseline ECG has a normal QTc.49

Ackerman and associates analyzed 243 treadmill tests of 
patients studied for LQTS and reported good diagnostic accu-
racy of treadmill testing for the diagnosis of LQT-1.50 During 
exercise, QTc decreases in LQT-2, LQT-3, and control patients. 
In contrast, LQT-1 patients essentially have unchanged QTc 
durations. Additionally, the QTc of concealed LQT-1 patients 
actually increased at peak exercise (Figure 63-1). Investigators 
found that an absolute QTc ≥460 ms during the recovery phase 
or a paradoxical increase in QTc, which was defined as (QTc at 
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Figure 63-1  Exercise response in catecholaminergic polymorphic ventricular tachycardia (CPVT) and long QT syndrome type 1 (LQT-1). 
A, Bidirectional ventricular tachycardia (alternating QRS axis) during exercise in a patient with CPVT. B, Paradoxical QT prolongation during exercise in a patient with LQT-1. 
C, Mechanisms of arrhythmogenesis. In CPVT (left), mutations (white zigzag line) in either the ryanodine receptor (RyR) or the calsequestrin gene make calcium leak. Excess 
calcium is transported by the Na+/Ca2+ exchanger (NCX), which brings in three sodium ions for each calcium, thereby generating a slow depolarization (transient inward 
current)  that  can  reach  threshold  and  generate  a  delayed  afterdepolarization  (DAD).  In  long  QT  syndrome  (right),  a  mutated  potassium  channel  (zigzag line)  does  not 
enhance IKs on phosphorylation, and the action potential prolongs, which can lead to early afterdepolarizations (EADs). APD, Action potential duration; cAMP, cyclic adenosine 
monophosphate; PKA, protein kinase A; PP1, protein phosphatase 1. 

(A, From Francis J, Sankar V, Nair VK, Priori SG: Catecholaminergic polymorphic ventricular tachycardia. Heart Rhythm 2:550-554, 2005. B, From Takenaka K, Ai T, Shimizu W, et al: 
Exercise stress test amplifies genotype-phenotype correlation in the LQT1 and LQT2 forms of the long-QT syndrome. Circulation 107:838-844, 2003.)
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sinus node dysfunction, and polyphasic U waves. Andersen-Tawil 
syndrome is characterized by QT prolongation, prominent U 
waves, facial dysmorphisms, and periodic paralysis. The bidirec-
tional VT rate in Anderson-Tawil syndrome has been reported 
to be much slower than in CPVT.55 Additional features of these 
syndromes, along with genetic testing, help distinguish them 
from CPVT.

A definitive diagnosis of CPVT depends on the finding of 
bidirectional VT in exercise ECG, Holter monitoring, or 

isoproterenol infusion, with a family or personal history of 
syncope during exercise or emotional stress.55 Infusion of isopro-
terenol can also be used to elicit the characteristic arrhythmias, 
although exercise testing is preferred. Monomorphic or polymor-
phic PVCs are insufficient for a diagnosis of CPVT, and further 
testing or monitoring is required for a diagnosis.

The main and most effective therapy for CPVT is β-blockade.38 
Follow-up exercise testing is advised as a method of assessing the 
adequacy of β-blocker dosage. Compelling evidence indicates 
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would warrant dose reduction or discontinuation of the drug. 
Provocation of ventricular tachycardia, preceded by excessive 
QRS widening, has been documented on treadmill exercise 
testing.59 Guidelines recommend that the QRS duration should 
not prolong by more than 50% from baseline and that a QRS 
duration of <120 ms should be maintained.60 To ensure that the 
QRS duration does not exceed these parameters at higher heart 
rates, treadmill testing may be employed to determine the degree 
of maximal QRS prolongation during exercise after the patient 
is fully loaded with flecainide or propafenone.

Conclusion

Multiple mechanisms have been identified for exercise-induced 
arrhythmias. We have provided a brief overview of the various 
causes. Although most of the arrhythmias encountered during 
exercise are benign, familiarity with the differential diagnosis 
allows an assessment of prognosis and appropriate treatment. 
Further pathophysiological and clinical details for each topic are 
explored in the other chapters of this book.

that the addition of flecainide at doses of 150 to 200 mg/day  
is also effective in suppressing ventricular arrhythmias in  
CPVT.56 Implantation of an ICD is indicated in patients who 
have survived cardiac arrest and who have ventricular arrhyth-
mias despite maximally tolerated β-blockade. Finally, left cervical 
sympathetic denervation should be considered for patients  
in whom β-blockers and ICDs are insufficient.57 Patients 
with CPVT are advised against competitive exercise, high-stress 
occupations, and substances that would increase sympathetic 
tone.

Antiarrhythmics and Exercise-Induced 
Ventricular Arrhythmias

Class I sodium channel blocking antiarrhythmic drugs, such as 
flecainide and propafenone, can cause ventricular reentry through 
a use-dependent mechanism. QRS duration increases progres-
sively with increasing levels of exercise while taking flecainide.58 
A QRS increase of approximately 15% to 20% is consistent with 
pharmacologic effect; however further increases in QRS duration 
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data are transformed into a digital format and are analyzed with 
interpretive software, with technologist and physician editing and 
reporting. Additional markers for patient-activated events and 
time correlates are included to allow greater diagnostic accuracy. 
Continuous electrocardiographic monitoring is possible for 24 h 
to a maximum of 72 h with conventional Holter monitors. Novel 
extended-duration continuous recording technologies will be dis-
cussed subsequently. Complete rhythm capture allows documen-
tation of rhythm for symptomatic and asymptomatic events. 
Holter monitoring is useful if the clinical history is suggestive of 
an arrhythmic origin and the symptoms are frequent enough to 
be detected within the period of monitoring. Holter monitoring 
may also yield a rhythm profile to provide evidence of sinus node 
dysfunction or ambient arrhythmias that are potentially signifi-
cant and to assess rate control of atrial fibrillation.

Holter monitoring has several drawbacks. Patients may not 
experience symptoms or cardiac arrhythmias during the usual 
Holter recording periods. In patients with syncope, the likeli-
hood of another syncopal episode occurring during the monitor-
ing period is the major limiting factor. Presyncope is a more 
common event during ambulatory monitoring but is less likely 
to be associated with an arrhythmia.1,2 The ubiquity of presyn-
cope as a symptom in the community makes its usefulness as a 
surrogate for syncope relatively uncertain. The physical size of 
the device may hinder the ability of patients to sleep comfortably 
or to engage in activities that precipitate symptoms. Patients are 
further inconvenienced because the devices have to be removed 
while showering. Observations on Holter monitoring must be 
correlated with clinical context in the absence of symptoms. Sig-
nificant variability is often noted in patient documentation of 
activated events such that accurate symptom–rhythm correlation 
is undermined.

It is not surprising that Holter monitoring has a low diagnos-
tic yield. In several large series using 12 h or more of ambulatory 
monitoring for investigation of syncope, only 4% had recurrence 
of symptoms during monitoring.3,4 The overall diagnostic yield 
of ambulatory or Holter monitoring was 19%. These studies 
reported symptoms that were not associated with arrhythmias in 
15% of cases. The causal relationship between arrhythmia and 
syncope was frequently uncertain. Uncommon asymptomatic 
arrhythmias such as prolonged sinus pauses, atrioventricular 
block (such as Mobitz type II block), and nonsustained ventricu-
lar tachycardia can provide important contributions to the diag-
nosis, instigating further investigations to rule out structural 
heart disease and other precipitating factors. Although these 
observations necessitate prompt attention, it is important to 
interpret the results in the clinical context of the syncopal pre-
sentation and to not unduly exclude common causes of syncope 
such as neurocardiogenic syncope.

It is also important to understand that a normal Holter 
monitor does not exclude an arrhythmic cause for syncope. In 
fact, an arrhythmic cause is typically the case. If the pretest prob-
ability is high for an arrhythmic cause, further investigations such 
as more prolonged monitoring or cardiac electrophysiological 
studies are required. In a study that evaluated extension of ambu-
latory Holter monitoring duration to 72 h,5 an increased number 
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Ambulatory cardiac monitoring to detect arrhythmia became 
practical with the development of Holter monitoring and its 
subsequent derivatives. The clinician is currently armed with an 
array of tools to provide progressively longer durations of  
electrocardiographic (ECG) monitoring, to obtain a rhythm 
profile potentially useful in risk stratification, and to establish a 
symptom rhythm correlation in patients with infrequent symp-
toms (Figure 64-1).

Clinical trials using implantable loop recorders (ILRs) have 
validated a clear role in unexplained syncope and emerging utility 
in a range of conditions including atrial fibrillation, atypical epi-
lepsy, vasovagal syncope, and post–myocardial infarction arrhyth-
mia detection. Advances in design with the potential addition of 
other physiological sensors have strengthened the capability of 
implantable devices, and promise to translate into tools that not 
only detect intermittent arrhythmia in syncope, but assist in 
chronic disease management of common conditions such as atrial 
fibrillation and post–myocardial infarction risk stratification.

Syncope is the prototype condition that is ideally served by 
long-term ambulatory monitoring. The periodic and unpredict-
able nature of events and the high spontaneous remission rate are 
the major obstacles to diagnosis in most patients. Other forms of 
testing in unexplained syncope usually provide a context for 
bedside formulation of a differential diagnosis and prognosis but 
rarely provide a specific diagnosis. Classic “provocative” testing 
with tilt and electrophysiological testing may be negative or may 
yield abnormalities of unknown significance, which is reflected 
in the poor predictive value of both tests. These obvious limita-
tions turn our attention to long-term monitoring as a step toward 
the gold standard of comprehensive physiological assessment 
during spontaneous symptoms. This chapter discusses the techni-
cal aspects and established utility of monitoring devices with a 
focus on syncope, and explores the current and emerging use of 
monitoring technologies.

Short-Term Recording

Holter Monitoring

The Holter monitor is a portable battery-operated device that 
connects to the patient with bipolar electrodes and provides 
recordings from up to 12 electrocardiographic leads. Data are 
stored in the device using analog or digital storage media. The 
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Figure 64-1.  Ambulatory recording during palpitations and presyncope. Note the burst of atrial tachycardia, with associated brief pauses. 

Figure 64-2.  Photograph of the external loop recorder with recording electrodes 
(right). 

of asymptomatic arrhythmias were detected, but the overall diag-
nostic yield was not increased.

In our institution, we typically use Holter monitoring for 
24 h. It is a noninvasive test that provides information to establish 
a rhythm profile in patients and the diagnosis in those with fre-
quent symptoms. The more frequent the symptoms, the higher 
the diagnostic yield. The apparent modest yield of Holter moni-
toring presumably reflects primary care use of the device in 
patients with frequent symptoms, facilitating a symptom–rhythm 
correlation. This leads to selection bias in the referral population, 
leading to an apparent futility in referred patients who, by defini-
tion, have failed short-term monitoring.

Nonelectrode Event Recorders

Transtelephonic monitors are a form of noncontinuous ambula-
tory recording that is convenient for patient use. During symp-
tomatic episodes, the patient activates the device, which then 
records electrocardiographic signals. The recorded event must be 
directly transmitted by an analog telephone line to a receiving 
center (Figures 64-2 and 64-3). The received signal is then con-
verted to an analog recording that is displayed or printed as a 
single lead rhythm strip. The device has solid-state memory 
capacity, allowing recording and storage of electrocardiographic 
signals during symptoms. Electrocardiographic signals are col-
lected prospectively for 1 to 2 minutes upon patient activation. 
The major disadvantages of such devices include the need for 
patient activation; missing asymptomatic arrhythmias, which 
requiring that the symptoms persist long enough for the device 
to record the event; and the inability to record events that sur-
round the onset of symptoms.

New Technology

Patch
Emerging technologies such as the iRhythm device promise 
minimally invasive intermediate-term monitoring without classic 

electrodes and battery systems, enabling a patch-based “all in 
one” system to facilitate 7 to 14 d of monitoring (Figure 64-4). 
These technologies are currently being evaluated with promising 
early results, but larger-scale or comparative studies have not 
been performed. Two prospective comparative trials are under 
way (Holter vs. patch), as is a third trial, which was undertaken 
to validate detection of asymptomatic atrial fibrillation. Publica-
tions are anticipated by the time of the release of this chapter.

Wrist Recorders
Wrist and mobile phone-based recording devices show promise 
as minimally invasive recording devices, with rapidly evolving 
technology. A recent preliminary report indicated the potential 
pulse detection capability of a wrist recording device termed the 
wriskwatch,6 which brought attention to alternate means of 
recording multiple physiological parameters.
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Intermediate-Duration Monitoring

Extended Holter

Continuous ambulatory monitoring with data transmission to a 
central monitoring station staffed by Health Professionals (Car-
dionet, San Diego California) has emerged in the United States 
as a useful resource to extend traditional Holter monitoring 
beyond 48 h. This technique is typically used for 7 to 14 d, and 
has shown incremental benefit over a standard external loop 
recorder in diagnosing or excluding arrhythmia.7 This approach 
also provides the added layer of monitoring center involvement, 
which enhances responsiveness to changes seen during monitor-
ing. Unfortunately, this substantially increases cost.

Long-term compliance can be challenging even with these 
devices because of electrode and skin-related problems and 
waning of patient motivation in the absence of recurrent 
symptoms.

External Loop Recorders

An external loop recorder continuously records and stores a 
single external modified limb lead electrogram with a 4- to 
18-min memory buffer (see Figure 64-2). After the onset of 
spontaneous symptoms, the patient activates the device storing 
the previous 3 to 14 min and the following 1 to 4 min of recorded 
information. The captured rhythm strip subsequently can be 
uploaded and analyzed, often providing critical information 
regarding onset and termination of the arrhythmia (see Figure 
64-2). This system theoretically can be used indefinitely, but in 
practice, use is limited to a few weeks in most individuals because 
of its limitations. The recording device is connected to skin 
electrodes on the patient’s chest wall that need to be removed for 
bathing or showering, and can be uncomfortable during sleep.

A randomized trial has shown diagnostic and cost-effectiveness 
superiority to Holter monitors (22% symptom–rhythm correla-
tion yield for Holter monitoring vs. 56% for the loop recorder; 
P < .01).8 An increment in diagnostic yield is noted when auto-
matic activation is added to patient activation.9 Automatic detec-
tion includes bradycardia, tachycardia, and pauses, as well as atrial 
fibrillation based on algorithms that detect RR irregularity. Data 
on the utility of this technology in detecting or excluding atrial 
fibrillation are limited.

Vest Technology

Multiple vendors now offer wearable monitoring systems that 
have the potential to acquire and transmit multiple physiological 
parameters including ECG. These include vest and shirt tech-
nologies using integrated materials for capture of ECG and respi-
ratory parameters.10 Much of this technology has not completed 
the regulatory process and has not emerged in day-to-day clinical 
care but promises to revolutionize monitoring technologies. The 
interested reader is directed to an in-depth review of emerging 
technologies prepared by Pantelopoulos et al.11

Prolonged Monitoring

Implantable Cardiac Monitors

The implantable loop recorder (ILR) permits prolonged moni-
toring without external electrodes. It is ideally suited to patients 
who require more prolonged monitoring such as those with 

Figure 64-3.  External  loop recorder download from a patient with near syncope 
with palpitations. Wide QRS complex tachycardia is noted at 206 bpm, which sub-
sequently demonstrates underlying atrial flutter with much slower conduction, and 
subsequent  patient  activation  to  capture  the  event.  No  recognized  intervention 
led to an abrupt reduction in conduction rate. 
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Figure 64-4.  Sample patch-based  recording system that allows both acquisition 
and  storage  of  a  single-lead  electrocardiogram  (ECG)  for  7  to  14  d.  See  text  for 
discussion. 
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manufacturer platform. Devices store approximately 40 min of 
ECG in a range of configurable memory buffers that include 
symptomatic and asymptomatic recordings. Data are retrieved by 
interrogation with a standard pacemaker programmer, and the 
Medtronic system can transmit data with remote monitoring 
based on the Medtronic Carelink Network (Medtronic, Minne-
apolis, Minnesota).

Clinical Studies

Several studies have demonstrated the feasibility of the ILR in 
establishing a symptom–rhythm correlation during long-term 
monitoring in patients with syncope.14-19 Pooled data from nine 
smaller studies summarized in the European Society of Cardiol-
ogy (ESC) Guidelines included 506 patients with unexplained 
syncope at the end of a complete conventional investigation. A 
symptom–rhythm correlation was found in 176 patients (35%); 
of these, 56% had asystole (or bradycardia in a few cases) at the 
time of the recorded event, 11% had tachycardia, and 33% had 
no arrhythmia.20

A recent study of a “real-world” experience included 570 
patients monitored for diagnosis of syncope.21 Significant physi-
cal trauma had been experienced in association with a syncopal 
episode by 36% of patients. Average follow-up time after ILR 
implant was 10 ± 6months. Syncope recurred in 19%, 26%, and 
36% after 3, 6, and 12 months, respectively. Of 218 events during 
follow-up, ILR-guided diagnosis was obtained in 170 cases 
(78%), of which 128 (75%) were cardiac. The median number of 
tests performed per patient in the total study population was 13, 
and patients saw an average of 3 consultants before device 
implant. This speaks to the immense and misguided industry of 
evaluation of syncope before evaluation is completed by a syncope 
expert. A structured history followed by targeted investigations 
including early use of progressive monitoring technologies will 
lead to a diagnosis in most patients, without the use of very low-
yield tests such carotid Doppler or brain imaging.22

Several studies have demonstrated the usefulness of prolonged 
cardiac monitoring in select populations. The ISSUE investiga-
tors (International Study on Syncope of Uncertain Etiology) 
assessed 111 patients with presumed vasovagal syncope who 
underwent tilt testing and loop recorder implant, regardless of 
tilt result.23 Syncope recurred in 34% of patients in both tilt-
positive and tilt-negative groups, with marked bradycardia or 
asystole the most common recorded arrhythmia during follow-up 
(46% and 62%, respectively). Tilt testing failed to predict recur-
rence of syncope. The ISSUE2 study performed an ILR implant 
in 443 patients with recurrent syncope in the absence of struc-
tural heart disease, who were presumed to have vasovagal 
syncope.14 Syncope recurred in 143 patients, with a symptom–
rhythm correlation in 102 patients. In those 102 patients, loop 
recorder–directed therapy (predominantly pacing for bradycar-
dia) was associated with a lower risk of syncope recurrence (10% 
vs. 41%; P = .0005). This was not a randomized assessment of 
the benefit of pacing, and it led to the conduct of the ISSUE3 
study, wherein 511 patients over age 40 with recurrent vasovagal 
syncope underwent loop recorder implant. In the 17% with asys-
tolic recurrence, dual-chamber pacemaker therapy was superior 
to the “pacemaker off” approach in prevention of recurrent 
syncope (57% reduction; 95% confidence interval [CI], 4% to 
81%).24 This suggests that prolonged monitoring with an ILR is 
useful in patients with frequent vasovagal syncope who are over 
age 40, if pacemaker therapy is contemplated. This also suggests 
a diminishing role for tilt testing, which has limited correlation 
with spontaneous episodes recorded during extended 
monitoring.

Loop recorders have also shown utility in patients  
with syncope and bundle branch block with negative 

infrequent recurrent symptoms such as syncope. Similar to the 
external loop recorder, it is designed to detect arrhythmia and to 
specifically correlate symptoms with recorded cardiac rhythms. 
The implanted device obviates surface electrodes and accompa-
nying compliance issues.

Implanted loop recorders are manufactured by Medtronic 
(Reveal XT Model 9529, DX Model 9538, Minneapolis, Min-
nesota) and by St. Jude Medical (Confirm Model DM2100, Little 
Canada, Minnesota; Figure 64-5). Both are smaller than a con-
ventional pacemaker generator, record a single-lead ECG without 
a transvenous lead, and have the potential to deliver 3 years of 
battery life. The device is typically inserted into the left chest 
using local anesthetic, usually in a high left parasternal or medial 
pacemaker insertion location.12 Recent evidence suggests that a 
simplified implant procedure halfway between the sternal notch 
and the left breast area on an oblique line consistently results in 
an adequate signal.13 This observation has not been extensively 
validated but certainly simplifies the potential need to map for 
an ideal location. In principle, devices can be implanted anywhere 
in the chest and abdomen where an ECG can be recorded. The 
implant procedure is similar to fashioning a small pacemaker 
pocket. An adequate signal can be obtained anywhere in the left 
thorax, without the need for cutaneous mapping. Although 
mapping is advocated, it is seldom performed, and an adequate 
signal to assess RR intervals is generally obtained. Devices have 
been implanted in the right parasternal location to optimize P 
waves, and in an inframammary or anterior axillary location for 
comfort or cosmetic purposes. These alternate sites typically 
record a lower-amplitude ECG signal. The patient along with a 
spouse, family member, or friend is instructed in use of the activa-
tor at the time of implant. Sterile implant technique is essential. 
Prophylactic antibiotics are generally recommended, although 
efficacy in preventing infection has not been rigorously 
established.

Devices have the ability to automatically detect high and low 
heart rate and pause events, with irregularity algorithms demon-
strating reasonable ability to detect atrial fibrillation. Manual 
activation remains possible if the patient experiences symptoms—
typically syncope, presyncope, or palpitations. The recorded 
bipolar ECG signal is stored in a loop buffer, which stores the 
recorded ECG in several programmable memory bin configura-
tions. Data storage and retrieval are influenced by the 

Figure 64-5.  Implanted loop recorders. The Medtronic Reveal XT (bottom left) with 
patient activator (top left). The St Jude Confirm (bottom center) with patient activator 
(bottom right) with base station in the background. See text for discussion. 
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or atrial fibrillation may have different implications in patients in 
accordance with their index indication for monitoring. The 
ISSUE investigators proposed a useful classification system for 
symptomatic events in loop recorders applied to patients with 
syncope,30 which is summarized in Table 64-1. This is often 
helpful in assigning a probable mechanism of syncope.

Additional Uses of Extended  
Monitoring Technologies

Long-term cardiac monitoring is best suited to patients with 
infrequent intermittent symptoms possibly related to arrhythmia, 

electrophysiological testing.25 Negative electrophysiological 
testing does not exclude a diagnosis of intermittent complete 
atrioventricular (AV) block, and prolonged monitoring or con-
sideration of permanent pacing is reasonable in this population.26 
Syncope in the absence of marked reduction in left ventricular 
function provides grounds for consideration of an ILR if an 
implantable cardioverter-defibrillator (ICD) is not indicated and 
noninvasive testing is inconclusive.27

Two prospective randomized trials compared early use of the 
loop recorder for prolonged monitoring with conventional 
testing in patients without significant structural heart disease 
undergoing a cardiac workup for unexplained syncope.15,28 Con-
ventional testing involved external loop recorders and tilt and 
electrophysiological testing. Both studies showed a higher diag-
nostic yield when an ILR was used. Overall, prolonged monitor-
ing was more likely than conventional testing to result in a 
diagnosis, with a symptom–rhythm correlation obtained in 55% 
compared with a 19% diagnostic yield in RAST (the Randomized 
Assessment of Syncope Trial; P = .0014).28 Both studies also 
showed that up-front use of an implantable strategy was appar-
ently cost-effective compared with conventional testing because 
of the dramatic improvement in diagnostic yield.15,29 These data 
highlight the limitations of conventional diagnostic techniques. 
In patients with infrequent syncope, the ILR is the diagnostic 
tool of choice, especially when noninvasive testing is negative and 
an arrhythmia is suspected.

Event Classification

Interrogation of ILRs after recurrence of syncope often demon-
strates rhythm findings that require clinical correlation and con-
siderable judgment to interpret (Figure 64-6). Nocturnal pauses 

Figure 64-6.  Rhythm  strip  from  a  Medtronic  implanted  loop  recorder  from  a 
77-year-old man with recurrent unexplained syncope and a normal baseline elec-
trocardiogram (ECG). Note that a premature ventricular contraction (PVC) induces 
persistent complete atrioventricular (AV) block without an escape QRS; this is fol-
lowed by sinus slowing, suggesting a secondary cardioinhibitory vagal reaction. 

10:43:57

10:44:11

A

10:44:25

10:44:39

Table 64-1. ISSUE Classification of Detected Rhythm from the ILR

Classification Sinus Rate AV Node Comment

Asystole (RR >3 s)

1A Arrest Normal Progressive sinus bradycardia until sinus arrest, probably 
vasovagal

1B Bradycardia AV block AV block with associated sinus bradycardia, probably vasovagal

1C Normal or tachycardia AV block Abrupt AV block without sinus slowing suggests intrinsic AV 
conduction disease

Bradycardia

2A Decrease >30% Normal Probably vasovagal

2B hR <40 for >10 s Normal Probably vasovagal

Minimal HR Change

3A <10% variation Normal Suggests noncardiac cause: unlikely vasovagal

3B hR increase or decrease 10%-30%, 
not <40 or >120 bpm

Normal Suggests vasovagal

Tachycardia

4A Progressive tachycardia Normal Sinus acceleration suggests orthostatic intolerance or noncardiac 
cause

4B N/A Normal Atrial fibrillation

4C N/A Normal Supraventricular tachycardia

4D N/A Normal Ventricular tachycardia

AV, Atrioventricular; HR, heart rate; ILR, implantable loop recorder; N/A, not applicable.
Adapted from Reference 17.
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or to those in whom an infrequent “silent” arrhythmia is sought. 
Although syncope is a logical first application of this technology, 
many other clinical disease states stand to benefit from the knowl-
edge gained from prolonged monitoring. This includes atypical 
epilepsy, where seizures may serve as evidence of recurrent cere-
bral hypoperfusion in conjunction with syncope, mistaken as a 
primary neurologic event.31

Additional potential uses of the ILR relate to the automatic 
detection feature of the device in patients for risk stratification 
after myocardial infarction. The CARISMA study involved 
implanted ILRs in 297 patients and followed them for 1.9 ± 0.5 
years.32 Predefined arrhythmias were recorded in 137 patients 
(46%), 86% of whom were asymptomatic. The ILR documented 
a 28% incidence of new-onset atrial fibrillation, a 13% incidence 
of nonsustained ventricular tachycardia (≥16 beats), a 10% inci-
dence of high-degree atrioventricular block, a 12% incidence of 
significant sinus node disease, a 3% incidence of sustained ven-
tricular tachycardia, and a 3% incidence of ventricular fibrilla-
tion. Regression analysis showed that high-degree atrioventricular 
block was the most powerful predictor of cardiac death. The 
implications of this study are not completely understood, and the 
ability to alter outcomes remains to be established. It certainly 
demonstrates the incremental detection ability of the ILR in this 
population, suggesting that historic short-term studies have 
grossly underestimated the incidence of potentially relevant 
arrhythmias. Active research in this realm is ongoing.

Finally, strong interest in silent atrial fibrillation as a cause of 
stroke has led to the initiation of several studies to determine the 
presence of asymptomatic atrial fibrillation. Multiple small 
studies have evaluated the usefulness of external monitoring tech-
nologies after ablation, and several larger studies with implanted 
devices measuring both burden of disease and efficacy of an 
antiarrhythmic intervention are expected to report imminently.33 
Although these studies have reported a higher rate of silent atrial 
arrhythmias than was previously suspected, the implications of 
these findings are speculative. A potential use of this technology 
may involve detecting atrial fibrillation in patients who have 
discontinued otherwise indicated antithrombotic therapy, in cases 
where the presence of atrial fibrillation would prompt resump-
tion of therapy. This is an emerging focus of study, particularly 
in the context of the new generation of antithrombotic therapies 
with rapid therapeutic onset and offset, in conjunction with the 
prospect of smaller, easier to implant monitoring devices.

Indications for Prolonged Monitoring

Loop recorders are suited to earlier implementation in the diag-
nostic cascade of syncope, in part because of the low yield of 

other tests incremental to a thoughtful clinical evaluation. As 
stated in the ESC guidelines and in the Canadian Position State-
ment on Syncope, patients with unexplained syncope with a high 
likelihood of recurrence of syncope within 3 years who are at low 
risk of sudden death should be considered for an implanted 
monitor.20,34 An ILR should also be considered in high-risk 
patients if thorough evaluation has not demonstrated a cause of 
syncope (supine or exertional syncope, family history of sudden 
death, preexcited QRS, or repolarization abnormality suggesting 
an inherited syndrome with risk of sudden death).

Future Directions

Recent advances in loop recorder design and the emergence of 
multiple manufacturers are indicative of rekindled interest in 
long-term physiological monitoring for a variety of disease states. 
Enhanced data capture is likely to provide a much larger sample 
of data for analysis, revealing potentially contributing novel 
insights into areas such as risk stratification and arrhythmia 
burden assessment. Improved on-board and off-line diagnostic 
capabilities may provide an early warning or patient alert mecha-
nism for a range of events, including recurrence of atrial fibrilla-
tion or nonsustained ventricular arrhythmia. The notion of 
detection of catastrophic arrhythmia with a device integrated 
with an emergency response system has been raised. Of greater 
interest is the potential to integrate a broader range of physio-
logical sensors into long-term monitoring devices, including but 
not limited to blood pressure, oxygen saturation, chest imped-
ance, and left atrial pressure. Finally, there is a clear prospect of 
miniaturization, which would greatly simplify the implant proce-
dure, particularly if coupled with elimination of reliance on 
highly specialized programmers.

Conclusion

Progressively extended monitoring technologies have signifi-
cantly facilitated the objective of obtaining physiological data 
during spontaneous symptoms in patients with unexplained 
syncope. Long-term monitoring with the ILR has emerged as the 
test of choice in patients with problematic syncope and preserved 
left ventricular function. Prolonged monitoring with external and 
implantable loop recorders has significantly enhanced our ability 
to diagnose intermittent arrhythmias in a variety of clinical set-
tings. Ongoing clinical trials will undoubtedly expand the use of 
prolonged monitoring to other disease states.
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Clinical research has focused on testing these methods relative 
to established cardiac imaging methods.9-11

Limitation in Use of Conventional Displays  
of the 12 Standard ECG Leads for Diagnosis 
of Acute Coronary Syndromes

STEMI diagnosis requires at least 0.1-mV ST elevation in at least 
two contiguous leads.1 Contiguous leads, of course, refers to the 
spatial locations of the leads in the body, rather than their posi-
tions on the ECG display, whether on paper or on screen. 
However, the conventional way of displaying the 12-lead ECG, 
based on the historical development of leads, presents a challenge 
for identifying spatially contiguous limb leads. The standard 
ECG display format provides five potential pairs of contiguous 
chest leads (V1/V2, V2/V3, V3/V4, V4/V5, and V5/V6) but only 
three potential pairs of contiguous limb leads (I/aVL, II/aVF, and 
III/aVF). This difference occurs because only the six chest leads 
are displayed in their orderly sequence, while the six limb leads 
are displayed as two groups, each consisting of three leads. Leads 
I, II, and III are displayed as one group, and aVR, aVL, and aVF 
are displayed as a second group. The six limb leads can, however, 
be integrated into one sequence, creating a similarly logical 
display as that used routinely for the chest leads. This Cabrera 
sequence has been used routinely in Sweden for many years.12 
Spatial contiguity is more readily appreciated in the Cabrera 
sequence format than in the classical display format. In the clas-
sical format, nonspatially contiguous limb leads are displayed 
adjacently; therefore it is possible for “pattern-oriented” ECG 
readers to erroneously consider lead pairs such as I and II as 
contiguous.

Challenges in Considering ECG Limb  
Lead Relationships

Limb leads are strictly related mathematically; all six leads  
can be derived from any pair of two leads (e.g., leads I and II) 
using

Einthoven’s law (i.e., lead II = lead I + lead III at any point in 
time) and the way that electrodes are connected to produce the 
augmented leads aVR, aVL, and aVF. Specifically, the remaining 
four limb leads can be expressed in terms of leads I and II in the 
following way:
III = −I + II
aVR = −(I + II)/2
aVL = (I − III)/2 = I − II/2
aVF = (II + III)/2 = II − I/2
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When a patient presents with symptoms suggesting an acute 
coronary syndrome, the standard 12-lead electrocardiogram 
(ECG) remains the essential diagnostic test. Immediate accuracy 
in interpretation is required for support of the clinical decision 
of triage to the wide range of appropriate therapies, including 
myocardial reperfusion for individuals who indeed have acute 
thrombotic coronary occlusion. With the development of skilled 
emergency medical services, prehospital ECG recording and 
continuous monitoring are increasing in prevalence and in 
importance.

However, few of these patients have the coronary occlusion 
that requires acute reperfusion therapy to salvage myocardium at 
risk for infarction. The key ECG marker is the ST segment 
deviation from the TP segment baseline that meets criteria for 
ST elevation myocardial infarction (STEMI). Although these 
criteria have been clearly defined by expert Standards groups,1 
many other conditions can cause similar ST segment elevation,2 
and many acute coronary occlusions produce ST depression 
rather than ST elevation on standard ECG leads.3

Also, chronic cardiac conditions are often present in these 
patients, such as left or right ventricular hypertrophy or bundle 
branch block, which confound the ability of emergency medical 
personnel to achieve the correct diagnosis.4 These challenges 
have led clinical investigators and manufacturers of electrocar-
diographs used in emergency medical services to explore alterna-
tive display methods with images of the potentially involved 
myocardium. These include designation of location, size, and 
even severity of the acute process and estimation of the relative 
extent of already infarcted and potentially reversibly ischemic 
myocardium.5-8
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Reciprocal ECG Leads

It becomes necessary to introduce the term reciprocal for under-
standing the relationships among the appearances of ECG wave-
forms in different leads. Truly reciprocal views are those 
presenting inverted or “mirror-lake” images. No pair of standard 
ECG leads is separated by 180 degrees; however, “almost  
reciprocal” views are available only in leads such as aVL and III, 
with their positive poles oriented 150 degrees apart. When  
ST elevation indicative of acute ischemia of the anterior left 
ventricular (LV) wall is present in lead aVL, “almost reciprocal” 
ST depression is typically seen in lead III, and when ST elevation 
indicative of acute ischemia of the inferior LV wall is present in 
lead III, “almost reciprocal” ST depression is typically noted in 
lead aVL.

As indicated in the above formulas, lead aVR is the average of 
standard leads I and II with a negative sign. The inverted or 
“reciprocal” lead −aVR is the average of leads I and II and there-
fore fits appropriately in the orderly clockwise Cabrera sequence 
of aVL, I, −aVR, II, aVF, III, as has been mentioned.

Challenges in Considering ECG Chest Lead 
Relationships

The chest leads in their typical orderly display sequence (V1 to 
V6) present a different challenge for their optimal use for diag-
nosis of acute coronary syndromes. When anterior-posterior 
views of cardiac electrical activity are added to the left-right and 
superior-inferior views provided by the limb leads, the chest leads 
provide key diagnostic information about LV regions at risk from 
left anterior descending and left circumflex coronary artery 
occlusions.

ECG recording of the six chest leads requires use of the 
Wilson central terminal14 to provide the negative electrode for 
each lead from the averaged limb lead acquisitions. The positive 
electrode is provided by the additional placement of a positive 
electrode over each of the six bony thoracic landmarks. However, 
unfortunately, Wilson et al. considered this single electrode to 
provide “anterior unipolar leads,” leading to the common  
current mistaken use of the term “anterior leads,” which causes 
the mistaken conception that these leads provide information 
only from the “anterior” myocardium. Also, because placement 
of the positive electrodes is determined by reference to bony 
thoracic landmarks closer to the cardiac source, they lack the 
“equal” inter-lead spacing provided by the Einthoven triangle 
already described for the limb leads. However, it has been dem-
onstrated by Brody et al.15 that the frontal plane triangle is not 
really equi-angular; therefore it becomes feasible to consider that 
approximately 30-degree angles are present between each of the 
six adjacent positive and their six truly reciprocal negative limb 
and chest leads.

ECG Imaging to Overcome These Challenges

Optimal use of the ECG in the clinically challenging emergency 
evaluation of patients with acute coronary syndromes requires a 
change in the way that ECGs are typically interpreted by even 
skilled cardiologists. This can be accomplished by expanding the 
definition of STEMI to include ST depression as “STEMI equiv-
alent”16 and providing an ECG image of a change in the limb 
lead display format to the orderly sequence of aVL, I, −aVR, II, 
aVF, III. This would provide the full five potential pairs of spa-
tially contiguous limb leads (aVL/I, I/−aVR, −aVR/II, II/aVF, 

and aVF/III), just as there are already five potential pairs of spa-
tially contiguous chest leads, as has been noted.

A study by Perron et al.17 of patients with complete acute 
coronary occlusion caused by angioplasty balloon inflation has 
documented that further extension of the positive and negative 
limb and chest lead displays around full 360-degree “clockfaces” 
further increases the accuracy of diagnosis. This ECG image is 
presented in Figure 65-1 for a patient with acute left circumflex 
occlusion. Note that ST elevation is seen only in nonstandard 
leads −V1, −V2, −V3, and −V4. The ST depression in standard 
leads V1, V2, V3, and V4 fulfills STEMI equivalent criteria in at 
least two adjacent leads. For patients with STEMI criteria in only 
a single lead (e.g., aVL or III), threshold ST depression in adja-
cent leads (e.g., −III or −aVL) would indicate positive STEMI 
criteria. In the study by Perron et al.17 an increase in diagnostic 
sensitivity without a decrease in diagnostic specificity continued 
to be achieved by sequential addition of ST elevation thresholds 
of 0.1 mV in 7 of the 12 reciprocal leads: −V1, −V2, −V3, −aVL, 
−I, +aVR, and −III.

Each ECG lead provides only linear or one-dimensional 
observations of the P wave, the QRS complex, the ST segment, 
and the T wave. The imagination of the ECG reader is required 
to relate the durations and amplitudes of these waveforms to their 
myocardial origins.

Nimmermark et al.8 described and validated a method for 
integrating information on ST levels in all 12 ECG leads into 
two graphic displays, called ST maps (Figure 65-2). The spatial 
positions of the 12 standard leads are indicated on the 360-degree 
clockfaces of both frontal and horizontal planes. Concentric 
circles are placed at sequential 0.1-mV distances from the center. 
Points are placed on each lead line at the level of the ST deviation 
on that ECG lead. The points are connected to produce an ST 
map. These side-by-side limb-lead views of the frontal plane and 
chest-lead views of the transverse plane of the patient presented 
in Figure 65-3 provide an ECG image of the anterior location 
and moderate extent of acute ischemia, presumably caused by 
acute left anterior descending artery (LAD) occlusion.

2D Imaging Based on Vectorcardiography

Vectorcardiography (VCG) is a method of developing two-
dimensional (2D) images of cardiac electrical activity by display-
ing the spatial locations of ECG waveforms at each sequential 
time of their duration. Only three orthogonal leads, termed X, 
Y, and Z, are required, with X and Y providing the frontal plane 
image, X and Z the transverse plane, and Y and Z the sagittal 
plane. This ECG imaging method was developed in the mid-20th 
century and was used for several years as a complement to con-
ventional 12-lead electrocardiography. When the necessary 
resources for computer-based processing of ECG and VCG 
signals became available, several studies18-20 described ways of 
mathematically deriving VCGs from 12-lead ECGs and vice 
versa. These are not exact derivations; a VCG can derive only an 
approximation of the 12-lead ECG, and a 12-lead ECG can derive 
only an approximation of the VCG.

Andersen et al.21 used these vectorcardiographic principles to 
develop an alternative to the frontal and transverse planar dis-
plays described by Nimmermark et al.8 ST vectors are derived 
using the ECG-to-VCG transformation approaches mentioned 
previously. Results are presented in frontal and transverse plane 
displays, but contrary to the ST map approach, the Andersen 
display of the “ST compass” contains only arrows that indicate 
vector direction and vector magnitude in each plane.

Transforming ST-J measurements from the 12-lead ECG to 
an ST map and vectorcardiographic measurements to an ST 
compass as described previously are two ways of displaying ST 
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Figure 65-1.  Side-by-side clockface displays of the 12 frontal plane and 12 transverse plane leads from a patient with acute left circumflex 
coronary occlusion The centers of the displays are representative silhouettes of the ventricles. Note that the  leads  intersect at a “center of cardiac electrical activity” 
within the  left ventricular  (LV) cavity. The 12  inverted  leads are designated by minus signs. The arrows  indicate the planar arcs of  the 12  inverted  leads as they progress 
beyond the arcs of the 12 standard leads. 
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Figure 65-2.  ECG recording from a patient with acute LAD occlusion, with the standard 12-lead recording above and the ST maps below ST 
segment deviations  in millimeters appear after each  lead  label above the recording. Limb leads are displayed in the traditional sequence. The ST maps of the  limb and 
chest leads are displayed directly beneath the standard recordings of these leads. The concentric circles represent 1, 2, and 3 mm (1 mm = 0.1 mV) of ST segment deviation, 
whether positive or negative. 
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myocardial region at risk and the final portion infarcted, as shown 
in Figure 65-3. The LV myocardium has been divided into 12 
segments in the Mercator projection model as described by 
Selvester et al.,23 and more recently into 17 segments as explained 
by Cerquiera et al. in the American Heart Association (AHA) 
standard model.24 Both divide the LV circumferentially into 
quadrants, but various terms are used, including anterior, septal or 
anteroseptal, anterior or anterosuperior, posterior, lateral or posterolat-
eral, and inferior or diaphragmatic. The current generally accepted 
terms are septal, anterior, lateral, and inferior.24

Ubachs et al.25 applied heuristic rules on the presence/absence 
of ST deviation in the 12 ECG leads of 11 patients with first-time 
ST elevation infarction to derive a Mercator projection of “myo-
cardial at risk” in each patient. The Mercator projection was then 
transformed to a polar plot and was compared with polar plots 
from SPECT and magnetic resonance imaging (MRI) (Figure 
65-4). Good correspondence between SPECT, MRI, and ECG 
was found in this small material.

Strauss et al.26 used the aforementioned technique of synthe-
sizing a VCG from the 12-lead ECG using data from 32 patients 
in the STAFF III study.11 They displayed the location of the 
vector on a Mercator map as well as on a polar plot .The location 
of the ST vector projected within the SPECT ischemic region 
in 100% of patients with LAD occlusion, 75% of LCx patients, 
and 65% of RCA patients. The size of the vector correlated well 
(P = .68) with the area at risk as assessed by myocardial SPECT 
imaging.

Bacharova et al.27 made a mathematical transformation (the 
DECARTO method) from the ST segment distribution in the 

measurements in a format that is easily taught to and understood 
by health care personnel. These methods concentrate on clarify-
ing for the reader the direction and magnitude of ST-J deviation 
in 3D space. When such a capability is introduced in the ambu-
lance or in the critical care unit (CCU), the map or compass will 
update continuously so that the medical staff may closely follow 
the progression or regression of ST deviations. Alarms can be 
activated when a preset threshold of ST segment deviation is 
surpassed.

3D Imaging Using Mercator or Polar Displays

For several centuries various displays have been used to present 
a 2D map of the three-dimensional earth, including a Mercator 
display of the four circumferential quadrants of the earth verti-
cally, and polar displays of the two hemispheres of the earth 
horizontally.

Methods for representing the LV myocardium in polar or 
“bull’s eye” displays have been used routinely for imaging of the 
distribution of myocardial perfusion in various regions of LV 
myocardium by single-photon emission computed tomography 
(SPECT).22 Both Mercator and polar displays have recently been 
adapted for imaging of acute ischemia and infarction based on 
ECG characteristics of ST segments and QRS complexes, respec-
tively. Indication of the typical locations of the three major coro-
nary arteries provides the framework for relating the 
ECG-indicated sites of their occlusion to both the ischemic 

Figure 65-3.  The standard 12-lead ECG recording of a single cardiac cycle from a patient with early acute anterior infarction is presented 
above both Mercator and polar displays of the images of abnormal QRS complex and ST segment waveforms The ECG images are shown on a 
basic template of the LV myocardium with a typical distribution of its coronary arteries in both Mercator (A) and polar (B) displays. The 12 segments of the Mercator display 
are numbered according to the Selvester sequence,23 and the 17 segments in the polar display are numbered according to the AHA standard.24 Images of the changes in 
the QRS complex in black represent the already infarcted portion of the area at risk, and images of deviation of the ST segment in blue represent the remaining ischemic 
portion. 
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Figure 65-4.  Polar displays of tetrofosmin perfusion SPECT, myocardial thickening MRI, and ST segment deviation ECG images from six 
patients with acute LAD, four with RCA, and one with LCX occlusions Note the similarities in locations of the estimated areas at risk in the images from 
the three modalities. 
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12 leads to a polar plot of left ventricular myocardium. The polar 
plot localizes and estimates the size of the myocardial region 
affected.

Horacek and coworkers28 have shown that body surface poten-
tial maps (BSPMs) of ST-J deviation need not be based on  
large numbers of torso ECG leads. In fact, patterns of ST devia-
tion seen with BSPMs based on 80 to 200 leads are very well 
retained even when the BSPM is based on the 12 leads in the 
conventional ECG. Figure 65-5, A, shows pairs of BSPMs from 
patients with acute coronary occlusion in one of the major coro-
nary arteries,

The so-called inverse problem of electrocardiography  
(deriving epicardial potential distribution from registrations of 
thoracic potential distribution) has been solved on the basis of 
the BSPM that is generated by the 12-lead ECG to produce 
images of epicardial potential distribution; a few examples are 
seen in Figure 65-5, B.

Conclusions and Future Developments

Electrocardiography provides a unique method of conveying to 
emergency medical personnel the status of the ischemic myocar-
dium in patients with suspected acute coronary syndrome (ACS). 
The present situation whereby most decisions are made from the 
standard 12-lead ECG with the leads in noncontiguous sequences 
is certainly very far from optimal. Universal adoption of the 
Cabrera sequence would be one possible way to advance, but the 
methods presented in this chapter provide further steps toward 
an easily assimilated and understood display that reflects all myo-
cardial regions and their ischemia. The finally presented method 
of Horacek et al. accounts for the varying distances between 
torso-placed electrodes and the various LV walls to provide an 
image of acute myocardial ischemia/infarction for clinical prac-
tice in ambulances, in emergency departments, and in coronary 
care units.
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Figure 65-5.  Pairs of recorded body surface maps (Panel A) using 120 torso electrodes and estimated body surface maps using the 12 standard 
ECG leads are shown for five patients with LCX occlusion, two with RCA occlusion, and two with LAD occlusion The dots on each map indicate 
the positions of the six chest leads. Various shades of red indicate ST elevation, and various shades of green indicate ST depression. Note the similarities between actual 
and estimated maps for each patient. Panel B presents polar displays using the AHA 17-segment model.24 From left to right are the calculated epicardial potential distribu-
tions at ST-J based on the actual map, the 12-lead estimated potential distribution, and the SPECT image of myocardial perfusion. Note the similar appearances of images 
of the area at risk in the LCx distribution from actual and ECG estimated distributions, and from the SPECT image. 

(From Refs 28 and 29.)
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Although the utility of tilt table testing remains controversial, 
the test has nonetheless become widely accepted as a valuable 
tool for the evaluation of susceptibility to vasovagal syncope.7 
This chapter summarizes the rationale for and current status of 
head-up tilt table testing as principally applied to evaluation of 
the vasovagal faint.

Transient Loss of Consciousness and Syncope

Syncope is a clinical syndrome, not a specific diagnosis; it is 
characterized by a transient and self-terminating interruption of 
normal global cerebral activity with associated loss of conscious-
ness and postural tone. The underlying cause is a relatively brief 
period (a minute or two at the most) of inadequate delivery of 
oxygen, glucose, and other nutrients to brain tissues.7,8

Although syncope is the most common basis for transient loss 
of consciousness (TLOC), it is but one of many conditions that 
must be considered when a patient presents with an apparent 
collapse. Consequently, before the evaluation proceeds to assess-
ment of possible underlying causes in a patient with presumed 
syncope, careful consideration must be given to distinguishing 
the presenting complaint from the many other forms of TLOC 
or TLOC mimics (e.g., seizures, concussion, psychogenic 
pseudosyncope, malingering). Unfortunately, physicians often 
are uncertain about this distinction, with confusion exacerbated 
by imprecise writing in the medical literature, as has been high-
lighted recently.9,10

Pathophysiology of Loss of Consciousness

Neuronal tissue has limited energy storage capability. Conse-
quently, a well-maintained flow of oxygenated blood to the brain 
is crucial; the autoregulation of cerebrovascular blood flow is 
crucial in this regard. In healthy young persons, cerebral blood 
flow ranges from 50 to 60 mL per 100 g of brain tissue/min, 
representing about 12% to 15% of resting cardiac output. A flow 
of this magnitude easily meets minimum oxygen (O2) require-
ments to sustain consciousness (approximately 3.0 to 3.5 mL 
O2/100 g tissue/min).11,12 However, the safety factor for oxygen 
delivery may be markedly impaired in older individuals; in indi-
viduals with diseases such as hypertension, diabetes mellitus, or 
heart failure; and in those in a hypoxemic state (e.g., chronic 
pulmonary disease) (Figure 66-2).

In general, sudden cessation of cerebral blood flow for 10 
seconds or longer is usually sufficient to cause complete loss of 
consciousness. Furthermore, whatever the heart rate, either a 
decrease in systolic blood pressure to below 60 mm Hg or a fall 
of as little as 20% in cerebral oxygen delivery may trigger syncope 
(see Figure 66-2).
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Historical Background

Head-up tilt table has been used for longer than half a century 
by physiologists and physicians to study heart rate and blood 
pressure adaptations to changes in position, to model responses 
to hemorrhage, to assess the characteristics of orthostatic hypo-
tension, and to evaluate hemodynamic and neuroendocrine 
responses in congestive heart failure, autonomic dysfunction, and 
hypertension. During the course of such studies, incidental 
observations noted that some test subjects experienced total or 
near-total transient loss of consciousness as a result of systemic 
hypotension.1-5 Furthermore, in some cases hypotension was 
associated with impressive degrees of bradycardia, including pro-
longed self-terminating periods of asystole (Figure 66-1). 
However, these early studies did not incorporate a more formal 
assessment of the diagnostic utility of this observation at the time.

The concept of head-up tilt table provocation as a diagnostic 
test for reflex syncope began to evolve only after the landmark 
report by Kenny and colleagues in 1986.6 At first, prolonged 
periods (up to 2 h) of passive head-up posture with the patient 
resting on a tilt table (at 40° to 60°) were used as the sole means 
of provoking vasovagal events. Subsequently, additional interven-
tions were introduced in an attempt to improve the sensitivity of 
the test, although at some detriment to specificity. These inter-
ventions included pharmacologic provocation (primarily isopro-
terenol or nitroglycerin, but also adenosine, edrophonium, and 
clomipramine). Furthermore, certain physical maneuvers includ-
ing carotid sinus massage (at times in conjunction with edropho-
nium) were used in some laboratories. Currently, isoproterenol 
and nitroglycerin remain the most widely used pharmacologic 
provocative agents in diagnostic tilt table testing laboratories. In 
a recent survey, nitroglycerin was more widely used in Europe, 
and isoproterenol was preferred in North America.
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diagnosis of the cause of the syncope. In such cases, the avail-
ability of diagnostic tests becomes important.

Physiological Impact of Upright Posture

Upright posture elicits an orthostatic stress caused by the effects 
of gravity on the distribution of circulating blood volume in the 
body.1,2,4,6-8,11 Initially, as upright posture is achieved, the effects 
of gravity result in shifting of approximately 500 to 1000 mL of 
blood to the lower part of the body and particularly into the 
highly compliant splanchnic bed.11,14 Most of this redistribution 
occurs in the first 10 seconds of upright posture. Subsequently, 
in normal persons, an additional 700 mL of protein-free fluid is 
filtered into the interstitial space in the next 10 min.11 The result 
of these two shifts of fluid within and outside of the vascular space 
is marked reduction of venous return and stroke volume.

Humans attempt to compensate for diminution of stroke 
volume during movement to upright posture by both increasing 
heart rate and constricting resistance and capacitance vessels.11 
Heart rate increase alone, however, is usually insufficient to 
maintain cardiac output and cerebral blood flow during these 
circumstances. Vasoconstriction of systemic blood vessels is 
crucial to maintenance of arterial blood pressure. Prevention of 
syncope requires that the compensatory cardiovascular response 
maintains arterial pressure (in particular, systemic pressure at the 
level of the carotid arteries) at a value at least equal to the 
minimum value needed to guarantee adequate cerebral blood 
flow (approximately 60 mm Hg).12

Short-term cardiovascular adjustments triggered by ortho-
static stress are mediated primarily by the autonomic nervous 
system; the main sensory receptors involved are the arterial 
mechanoreceptors (i.e., baroreceptors responding to pressure, 
stretch, or both) located in the aortic arch and carotid sinuses. 
Mechanoreceptors in the heart walls (both in the atria and in the 
ventricles) and in the lungs (cardiopulmonary receptors) are 
thought to play an additional but more minor role. In the longer 
term, neuroendocrine (e.g., renin-angiotensin system, vasopres-
sin) compensatory mechanisms may be initiated by prolonged 
orthostatic stress, but these adjustments are of lesser concern in 

Figure 66-1.  Electrocardiographic  (ECG)  monitor  recording  obtained  during  a 
spontaneous  vasovagal  faint,  illustrating  a  self-terminating  prolonged  asystolic 
pause. The  patient  was  deemed  to  have  cardioinhibitory  syncope.  Concomitant 
vasodepressor (vasodilatation) also was probably present but could not be docu-
mented by current ambulatory technology. 

16.3 s

Continuous tracing 1 s

Figure 66-2.  Schematic graph illustrating the relation between cerebral blood flow 
(ordinate) and systemic arterial pressure (abscissa) in a “typical” patient and a hyper-
tensive  patient.  Cerebral  flow  is “autoregulated”  over  a  wide  pressure  range  (i.e., 
does not vary over  this pressure  range). The  range  is  influenced by concomitant 
disease conditions such as hypertension, as  indicated here. Below approximately 
60 mm Hg, blood flow falls, which may lead to loss of consciousness. 
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Box 66-1 Neurally Mediated Syncope Syndromes

• Vasovagal syncope (common or emotional faint)
• Carotid sinus syncope
• Situational syncope

• Micturition or postmicturition syncope
• Airway stimulation–induced syncope
• Cough or sneeze syncope
• Gastrointestinal stimulation–induced syncope
• Swallow syncope
• Defecation syncope
• Increased intrathoracic pressure–induced syncope
• Trumpet playing
• Weightlifting
• Glossopharyngeal and trigeminal neuralgia
• Postprandial syncope

• Miscellaneous
• Syncope associated with aortic stenosis
• Syncope accompanying onset of certain tachyarrhythmias 

(atrial fibrillation, paroxysmal supraventricular tachycardia, 
and possibly certain episodes of ventricular tachycardia)

Approach to the Syncope Diagnosis

Many conditions may cause physiological disturbances leading to 
syncope; neurally mediated reflex syncope, orthostatic hypoten-
sion, and tachyarrhythmias or bradyarrhythmias are among the 
more frequent causes. Vasovagal syncope is the most frequent 
form of the neurally mediated reflex faints (Box 66-1), and is the 
most common of all causes of syncope across all age groups. 
Accordingly, its recognition (and, if necessary, preventive treat-
ment) is a problem often encountered by a wide range of medical 
practitioners.

Determining the basis of syncope in a given patient begins 
with both a careful medical history (including reports from wit-
nesses) and a thorough physical examination, the latter incorpo-
rating orthostatic blood pressure measurements in all patients 
and carotid sinus massage in older persons (usually >50 years of 
age).

In the case of vasovagal syncope, the diagnosis can usually be 
established by the medical history without further testing, 
although the history taking may need to include observations 
made by eyewitnesses.7,8 When events surrounding the faint(s) 
are “atypical,” however, even an experienced history taker may 
not be certain of the diagnosis. Furthermore, often it is not pos-
sible to obtain an adequate history (especially in the elderly or 
the very young). In some of these latter instances, absence of 
reliable facts may be due to the patient’s lack of insight, or (espe-
cially in the elderly) to retrograde amnesia for premonitory 
events.13 Furthermore, eyewitnesses may not have been present, 
or their reports may not be sufficiently detailed to establish a 
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terms of the abrupt pathophysiology of vasovagal or orthostatic 
faints.

Reflex activation of central sympathetic outflow to systemic 
blood vessels can be reinforced by local reflex mechanisms (e.g., 
venoarteriolar reflex) and by more global mechanisms such as the 
skeletal muscle pump (even in the absence of overt movement) 
and the respiratory pump. Each of these may play an important 
adjunctive role in the maintenance of arterial pressure by pro-
moting venous return.

Failure of compensatory adjustments to orthostatic stress may, 
in the absence of preexisting volume overload, result in inability 
to maintain central volume (the heart cannot pump what it does 
not receive), reduction of systemic arterial pressure, and inade-
quate cerebrovascular blood flow. If the deficits are sufficiently 
severe, the ultimate outcome is nearly complete or complete loss 
of consciousness caused by systemic hypotension. The outcome, 
when principally due to inadequate maintenance of blood pres-
sure in the face of gravitational stress is usually termed orthostatic 
hypotension or orthostatic syncope. In addition, however, in suscep-
tible persons, an inappropriate set of neural reflex responses may 
be triggered: vasodilatation and severe or “relative” bradycardia—
the vasovagal response.7,11,15

Pathophysiology of Vasovagal Syncope

The vasovagal reflex in humans appears to have a long evolution-
ary history,16 but the basis for the reflex remains uncertain. In this 
regard, several theories have developed, two of which may be 
based on early protective mechanisms. The first relates to protec-
tion from predators by means of “playing dead” (perhaps a par-
ticular advantage for human noncombatants such as women and 
children)—a strategy that is presumed to buy time and set up an 
opportunity for later escape. A second, the so-called “clotting 
hypothesis,” may have been a means of reducing severity of hem-
orrhage by reducing blood pressure and flow. Other theories 
attribute the vasovagal reflex as being (1) the human equivalent 
of the “alarm” reaction in some animals that is marked by heart 
rate slowing and reduced blood pressure; or (2) a means of car-
dioprotection under conditions of extreme stress.16

Whatever the origins of the vasovagal reflex, it is thought to 
be triggered at least in part by excessive stretch of central mecha-
noreceptors (including those residing in the atria and possibly  
in the left ventricle) as intrathoracic circulating volume falls.  
Of note, however, although this mechanism may contribute  
to vasovagal faints triggered by upright posture, other common 
triggers (e.g., pain, emotional upset) are not readily accounted 
for by this explanation. In any event, it is the upright posture–
triggered reflex that forms the basis for the use of tilt table  
testing in the evaluation of patients with suspected vasovagal 
syncope.6,7,17,18

Vasovagal syncope is the most frequently occurring form of a 
larger group of neurally mediated reflex faints that also include 
carotid sinus syndrome and postmicturition syncope (see Box 
66-1). In terms of pathophysiology, carotid sinus syndrome (CSS) 
is perhaps the best understood of the neurally mediated reflex 
syncope syndromes.19 In CSS, excessive stretch of carotid baro-
receptors (perhaps initiated by abrupt neck movements or tight 
collars) provides an increase in afferent signals to the central 
nervous system. Central processing of these signals ultimately 
causes an efferent neural reflex response, resulting in heart rate 
slowing and vascular dilatation to compensate for a perceived 
increase in central arterial pressure. In many cases, concomitant 
denervation of afferent proprioceptive nerves is thought to occur, 
thereby depriving the central nervous system of critical informa-
tion indicating that neck movement was in fact the instigating 
trigger.19,20 Presumably, on the basis of the latter additional 

information, the central response to the afferent signals would be 
modified.

As noted earlier, the pathophysiology of the vasovagal form 
of neurally mediated reflex syncope remains incompletely under-
stood. However, it can be considered in terms of four basic ele-
ments: (1) the afferent limb; (2) central nervous system processing; 
(3) the efferent limb; and (4) feedback loops.18 In brief, central 
and peripheral mechanoreceptors (see earlier) and occasionally 
chemoreceptors (e.g., in the presence of myocardial ischemia) are 
presumed to initiate afferent sensory nerve traffic to the cardio-
vascular modulation center in the brain stem. The manner in 
which sensory processing results in inappropriate vasodilatation 
and/or bradycardia is unknown, but may in part relate to lack of 
concordance among several afferent inputs, analogous to the situ-
ation described earlier for CSS. In any event, systemic hypoten-
sion (ultimately leading to a vasovagal faint, if severe) is primarily 
the result of vasodilatation triggered by a marked reduction in 
sympathetic vasoconstrictor outflow to blood vessels in skeletal 
muscles and substantial increase in venous capacitance, particu-
larly in the splanchnic bed.14 Parasympathetically mediated bra-
dycardia (severe, or “relative,” with respect to the severity of 
hypotension) contributes to the process but plays a lesser role, 
except when prolonged asystole occurs. A poorly understood 
failure of baroreceptor feedback to recognize and interrupt this 
process also appears to be important in facilitating development 
of hypotension.21

Impaired cerebral autoregulatory responses also may contrib-
ute to the development of vasovagal responses in some patients. 
It has been reported that cerebral blood flow velocity can decline 
before arterial pressure and cerebral vasoconstriction, and that in 
some cases, cerebral hypoxia may occur in the absence of systemic 
hypotension. The role of cerebrovascular spasm as a mechanism 
for transiently inadequate cerebral perfusion has been raised, but 
its frequency and importance are unclear.22

Several observations suggest that symptomatic hypotension-
bradycardia associated with a positive result on head-up tilt table 
testing is comparable with spontaneous neural reflex–mediated 
vasovagal syncope. First, both spontaneous and induced syncopal 
episodes tend to be associated with similar premonitory symp-
toms (e.g., nausea, diaphoresis) and signs (e.g., preceding tachy-
cardia followed by relative or marked heart rate slowing, marked 
pallor, loss of postural tone). Second, the temporal sequence of 
blood pressure and heart rate changes during tilt-induced  
syncopal spells parallels that reported for spontaneous episodes 
(Figure 66-3). Finally, measurements of plasma catecholamines 
before and during spontaneous and tilt-induced syncope exhibit 
important similarities. In particular, premonitory increases in 
circulating catecholamines, epinephrine more than norepineph-
rine (i.e., before evident systemic hypotension), appear to char-
acterize both the spontaneous vasovagal faint and tilt-induced 
hypotension-bradycardia.18,23

From a clinical perspective, most vasovagal fainters exhibit 
mixed cardioinhibitory and vasodepressor responses (Box 66-
2).24,25 In some patients, however, the observed response will be 
predominantly cardioinhibitory, with hypotension caused by a 
prolonged asystolic pause. On rare occasions, a pure vasodepres-
sor response may be observed, although even in these cases the 
concomitant tachycardia is less than that expected for the severity 
of hypotension.

Classification of the various types of vasovagal responses is 
difficult, and its clinical usefulness is doubtful; as was demon-
strated in the International Study on Syncope of Uncertain Etiol-
ogy (ISSUE), heart rate–blood pressure features recorded during 
tilt table observations only infrequently coincide with those 
accompanying spontaneous faints in a specific patient.25 In any 
case, the most widely accepted classification is that derived from 
the Vasovagal Syncope International Study (VASIS) (see Box 
66-2).24,25 By definition, a pure cardioinhibitory response manifests 
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more often in older persons. However, the initial orthostatic 
component may be followed by a “vasovagal” reaction compris-
ing inappropriate bradycardia and hypotension. Perhaps this is 
best considered as orthostatic hypotension triggering a vasovagal 
faint.

Pathophysiology of Orthostatic Hypotension

The physiological impact of movement to upright posture was 
summarized earlier. Fortunately, frank syncope induced by 
moving from a supine or seated to an upright posture is uncom-
mon in healthy persons (although “near-syncope” or “gray-out” 
is common), but becomes a very important problem in elderly 
and less physically fit individuals, and in patients who are volume 
depleted (including excessively diuresed heart failure patients). 
Two basic forms of orthostatic hypotension (OH) are recog-
nized.7,8,26 The first, so-called “immediate OH,” occurs almost 
immediately upon standing and is usually brief and benign. The 
affected individual may be of any age and level of fitness. The 
symptoms are those of “graying-out.” Postural tone is not typi-
cally lost; generally the patient holds on to a chair or some other 
nearby object, and within 10 to 15 seconds, the symptoms pass. 
The second is the “classic” or “delayed” form of OH. This is a 
more serious problem, as the symptoms are delayed and may not 
occur for several minutes after change of posture. In some cases, 
a very delayed form of OH occurs; this may develop 10 to 15 min 
or even later after a postural change. At this time, the patient may 
be taken entirely unaware, no longer capable of self-protection.

The fact that syncope does not occur more often during pro-
longed periods of upright posture, or when one moves from 
sitting or supine position to standing, suggests that skeletal 
muscle pump activity and vasoconstrictor neural control net-
works are highly efficient in health. However, they may become 
less effective under a variety of conditions.7,8,15 For example, 
healthy individuals returning from a weightless environment 
(e.g., astronauts) and others who experience prolonged bed rest 
(e.g., hospitalization) may exhibit OH induced by presumed 
“deconditioning” of autonomic nervous system responsiveness. 
Similarly, disease states (e.g., parkinsonism, pure autonomic 
failure, diabetes, chronic alcohol abuse) may act to diminish 
nervous system response. Additionally, in many patients, particu-
larly the elderly, the effectiveness of the autonomic nervous 
system response may be undermined by medication for concomi-
tant conditions (e.g., hypertension, ischemic heart disease, psy-
chiatric problems). Finally, inadequate fluid intake, especially by 
older persons who have diminished thirst drive, is an important 
consideration.15,27

Figure 66-3.  Laboratory recording illustrating typical heart rate (upper panel) and blood pressure (lower panel) changes associated with head-up tilt table–induced vasovagal 
syncope. Blood pressure from the femoral artery (FA) is indicated in mm Hg. 
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Box 66-2 Characterization of Positive Responses to Head-up 
Tilt Table Testing24

• Type 1: Mixed. Heart rate decreases at the time of syncope, 
but the ventricular rate does not decrease to <40 beats/min 
(bpm) or decreases to <40 bpm for <10 s with or without 
asystole of <3 s. Blood pressure decreases before heart rate 
does.

• Type 2A: Cardioinhibition without asystole. Heart rate 
decreases to a ventricular rate <40 bpm for longer than 
10 s, but asystole of >3 s does not occur. Blood pressure 
decreases before heart rate does.

• Type 2B: Cardioinhibition with asystole. Asystole occurs for 
>3 s. Blood pressure decrease coincides with or occurs 
before heart rate decreases.

• Type 3: Vasodepressor. Heart rate does not decrease >10% 
from its peak at the time of syncope.

• Exception 1: Chronotropic incompetence. No heart rate 
increase occurs during tilt testing (i.e., <10% from the 
pre-tilt rate).

• Exception 2: Excessive heart rate increase. An excessive heart 
rate increase occurs both at the onset of the head-up 
position and throughout its duration before syncope (i.e., 
>130 bpm).

as an abrupt heart rate decrease to rates less than 40 beats/min 
with or without asystole, and depressed atrioventricular (AV) 
conduction, with accompanying blood pressure decrease. A 
vasodepressor response is defined as a significant blood pressure 
decrease, usually abrupt, and independent of heart rate changes 
(<10% from baseline). Mixed vasovagal response may be pre-
dominantly cardioinhibitory or vasodepressor in nature.

The behavior of blood pressure and heart rate during the 
period of head-up posture that precedes the onset of the vasova-
gal reaction generally falls into one of two patterns. The typical 
pattern is characterized by an initial phase of rapid and full com-
pensatory reflex adaptation to the head-up position, resulting in 
stabilization of blood pressure and heart rate (which suggests 
normal baroreflex function). This scenario persists to the time of 
an abrupt onset of the vasovagal reaction. Patients who exhibit 
this pattern are most often young and healthy. A second pattern 
is characterized by inability to obtain a steady state adaptation to 
the head-up position, so that a progressive decrease in blood 
pressure and heart rate occurs until the onset of symptoms. This 
pattern is more suggestive of orthostatic hypotension, as observed 
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Orthostatic Provocation for Assessing 
Susceptibility to Vasovagal Syncope  
and Orthostatic Hypotension: Rationale  
and Methods

Although imperfect, head-up tilt table testing is the laboratory 
technique of choice for unmasking susceptibility to vasovagal 
faint in patients with unexplained syncope.7 Applications and 
indications for testing are summarized in Box 66-3. On the other 

Box 66-3 Applications/Indications for Tilt Table Testing

Group I: General Agreement
A. Evaluation of recurrent syncope, or single syncopal event 

with physical injury, motor vehicle accident, or occurring 
in a “high-risk” occupation or avocation setting and 
presumed to be vasovagal in origin
1. Patients in whom there is no history of, or overt 

evidence for, organic cardiovascular disease, and in 
whom the historical aspects are suggestive of, but not 
definitive for, vasovagal episodes

2. Patients in whom organic cardiovascular disease is 
present, but in whom historical aspects are suggestive 
of vasovagal episodes, and in whom other causes of 
syncope have not been identified by appropriate 
testing

B. Evaluation of unexplained syncope in which it is deemed 
useful to demonstrate susceptibility to vasovagal syncope 
(e.g., to provide assurance to the patient that the 
diagnosis is correct)

C. Further evaluation of patients in whom syncope has 
already been associated with a bradyarrhythmia, but in 
whom demonstration of a neurally mediated origin may 
affect treatment strategy

Group II: Differences of Opinion
A. To help discriminate between vasovagal syncope and 

orthostatic hypotension
B. Differentiating “convulsive” vasovagal syncope from 

epilepsy
C. To provide a basis for diagnosing psychogenic 

pseudosyncope
D. To assess recurrent falls in older patients
E. Evaluation of exercise-induced syncope in the absence of 

evidence of organic heart disease
F. To direct treatment strategy in older patients with abrupt 

collapse (e.g., demonstration of long asystole on tilt study 
may provide a basis for cardiac pacing49,57)

Group III: Tilt Table Testing Not Usually Recommended
A. Single syncopal episode, without injury and not in a 

high-risk setting, in which clinical features suggest 
vasovagal syncope

B. Syncope in which an alternative specific cause has been 
established, and in which the potential additional 
demonstration of a neurally mediated contribution to the 
origin would not alter treatment plans

C. Tilt test generally is not recommended to assess treatment 
efficacy

Adapted from European Society of Cardiology Practice Guidelines.7

hand, active standing appears to be preferred for eliciting suscep-
tibility to OH and orthostatic syncope, presumably because of 
the engagement of skeletal muscle activity with blood flow that 
such activity demands. In either case, beat-to-beat heart rate and 
blood pressure monitoring is preferred.

In the evaluation of patients with suspected vasovagal syncope 
and those with possible OH, orthostatic provocation offers the 
opportunity to:
• Assess susceptibility of patients to vasovagal reactions and/or 

OH in a safe and well-controlled environment
• Determine whether induced symptoms in the laboratory cor-

respond with symptoms during a spontaneous event
• Identify conditions that mimic syncope but are not true 

syncope (e.g., psychogenic pseudosyncope) (Figure 66-4)
• Educate patients regarding premonitory symptoms, so that 

they may learn to recognize warning symptoms and take 
appropriate evasive actions

• Assess other forms of apparent autonomic dysfunction such as 
postural orthostatic tachycardia syndrome (POTS)
A subsidiary benefit of a positive tilt test result (i.e., a test that 

reproduces symptoms) is that the patient may acquire greater 
confidence in subsequent treatment recommendations by virtue 
of the fact that the physician has witnessed the problem. This 
increased confidence in the goals and methods of treatment can 
be a powerful tool in the management of patients who in many 
cases have gone from physician to physician without receiving a 
satisfactory explanation for their symptoms.

The indications for tilt table testing and active standing test 
have been summarized in the most recently published syncope 
practice guidelines (see Box 66-3)7; it is now generally agreed that 
these tests should be used primarily for confirming a suspected 
diagnosis, not for assessing efficacy of therapy. As a rule, however, 
testing is not needed if the history is clear; an exception might 
be if it is deemed essential to correlate reported symptoms with 
induced hypotension and/or to convince a skeptical patient that 
the diagnosis is correct. Finally, neither tilt table testing nor 
active standing testing is considered useful for assessing other 
forms of neurally mediated syncope. However, it may be useful, 
in the case of suspected carotid sinus syndrome to undertake 
carotid massage when the patient is upright because this offers 
greater opportunity to observe the triggering of symptomatic 
hypotension.

Protocols for Head-up Tilt Table Testing  
and Active Standing Test

Tilt Table Testing
Detailed discussion of tilt table testing protocols, test reproduc-
ibility, and estimated specificity and sensitivity is best found in 
the most recent guidelines documents from the European Society 
of Cardiology7 and the 1996 American College of Cardiology 
Expert Consensus report28 (Box 66-4). The first step in a tilt test 
procedure (after an initial quiet supine equilibration period) is 
passive head-up tilt at 60° to 70°; during passive tilt, the patient 
is supported by both a footplate and gently applied body straps 
for a period of 20 to 45 min, depending on the specific laboratory 
protocol (see later). Use of tilt angles less than 60° or greater than 
80° tends to lead to loss of test sensitivity or specificity, respec-
tively. Subsequently, if needed, tilt table testing may be repeated 
in conjunction with pharmacologic challenge (most often isopro-
terenol or nitroglycerin; see later). A less well-accepted strategy 
for tilt table testing entails use of provocative pharmacologic 
challenge from the beginning. This approach provides the advan-
tage of saving time, but concerns regarding diminished specificity 
and the potential for increased frequency of adverse drug effects 
have limited its acceptance.
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vasovagal reaction. By contrast, only 1 of 10 healthy control 
subjects of similar age without previous syncope exhibited such 
a response. This set of observations served as the basis for sub-
sequent interest in tilt table testing as a diagnostic tool for evalu-
ating patients thought to be susceptible to vasovagal faints.

In 1991, Fitzpatrick and colleagues29 reported that use of a 
bicycle saddle or seat attached to the tilt table resulted in an 
excessive number of positive tests (presumably because of venous 
obstruction with reduced venous return from the legs). Such a 
tilt table configuration gave a low specificity when compared with 
the use of footboard support alone. These workers also showed 
that tilting at an angle of less than 60° resulted in a low rate of 
positive responses. Finally, on the basis of average time to onset 
of syncope in their patients (24 ± 10 min), they concluded that 
45 min of passive tilting was an appropriate duration for the test. 
Accordingly, they proposed a protocol with 60° inclination for 
up to 45 min (i.e., mean +2 SD) without drug provocation. With 
this protocol, investigators reported a rate of positive responses 
for patients with syncope of unknown origin of 75% and a speci-
ficity of 93%.

The findings of Fitzpatrick et al.29 were instrumental in defin-
ing a practicable tilt test protocol. Subsequently, based primarily 
on the reports by Almquist and associates,30 and later Natale 
et al.,31 the angle of the table was, in most laboratories, set to the 
60° to 70° range in use today. The 45-min duration  
persisted, however, until acceptance of pharmacologic provoca-
tion maneuvers (particularly nitroglycerin, as used in the so- 
called Italian protocol) permitted introduction of shorter test 
durations.

Passive Tilt Testing With Pharmacologic Provocation
Isoproterenol as a provocative agent for tilt table tests was intro-
duced in 1989.30,32 In the report by Almquist et al.,30 isoproterenol 
infusion was begun only after 10 min of passive tilt was nondiag-
nostic. Patients were returned to supine position after the first 
drug-free phase of the protocol, and isoproterenol infusion at 
initial doses of 1 mg/min was administered. When patients 
achieved a stable increase in heart rate, they were tilted again. 
This maneuver, albeit tedious, was repeated at increasing doses 

Figure 66-4.  Recordings illustrating utility of tilt table testing for substantiation of suspected “pseudosyncope.” The two records were obtained approximately 40 min apart 
on the same day.  In both tests, the patient developed apparent  loss of consciousness with eyes closed (“syncope”) after almost the same duration of head-up tilt. Note 
that the blood pressure recorded by Finometer (Finapres Medical Systems, Amsterdam, The Netherlands) was stable, as was the heart rate (not shown). 
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Box 66-4 Recommended Tilt Test Protocols of European 
Society of Cardiology7

Class I
• Supine pre-tilt phase of at least 5 min when no venous 

cannulation is performed, and at least 20 min when 
cannulation is undertaken

• Tilt angle of 60° to 70°
• Passive phase of a minimum of 20 min and a maximum of 

45 min
• Use of intravenous isoproterenol or sublingual nitroglycerin 

for drug provocation if passive phase has been negative. 
Drug challenge phase duration of 15 to 20 min

• For isoproterenol, an incremental infusion rate of 1 up to 
3 µg/min to increase average heart rate by about 20% to 
25% over baseline, administered without returning the 
patient to the supine position

• For nitroglycerin, a fixed dose of 400 µg nitroglycerin spray/
tablet sublingually administered with the patient in the 
head-up position

Class II
• Divergence of opinion exists in the case of induction of 

“presyncope”
• The end point of the test is defined as induction of syncope 

or completion of the planned duration of tilt, including 
drug provocation. The test result is considered positive if 
syncope occurs

Passive Drug-Free Tilt Testing
In the landmark 1986 report by Kenny et al.,6 the tilt test proto-
col used 60° head-up tilt for up to 60 min. Investigators observed  
an abnormal response to tilt testing in 10 of 15 patients with 
syncope of unknown origin. In essence, the test triggered a symp-
tomatic period of hypotension and bradycardia consistent with a 
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combination of enhanced myocardial contractile state (i.e., a 
more vigorous ventricular stimulation of local mechanorecep-
tors), augmented mechanoreceptor sensitivity with enhanced 
afferent neural activity, and β-adrenergic receptor–mediated 
peripheral vasodilatation, reducing venous return and arterial 
resistance. As was mentioned earlier, several approaches to iso-
proterenol provocation have been described. However, the most 
widely used approach is as follows: Isoproterenol is administered 
during a 10- to 15-min supine phase at doses sufficient to increase 
the heart rate by 20% to 30%. The tilt table testing is then 
repeated. This approach is gaining popularity.

The effectiveness of nitroglycerin provocation has been 
attributed to venous dilatation. In addition, nitroglycerin-induced 
increases in epinephrine levels may contribute to the provoca-
tion. Intravenous or sublingual nitroglycerin doubles the tilt test 
positivity rate from 25% to 50% while maintaining a high speci-
ficity (greater than 90%). The average time to syncope is 5 min 
(range, 2 to 9 min) for 0.4 mg sublingual nitroglycerin spray.42 
The positive predictive value of nitroglycerin-provoked tilt 
testing has been estimated at 80%, with approximate sensitivity 
and specificity of 80% and 85%, respectively. A positive result of 
a test duration longer than 18 minutes decreases specificity and 
should be interpreted with caution.

Compared with low-dose (1.3 ± 0.5 mg/min) isoproterenol, 
nitroglycerin has similar sensitivity and specificity, but a lower 
rate of side effects. The main advantage of sublingual nitroglyc-
erin is avoidance of venous cannulation; also, it saves time. Some 
studies have shown that with provocation using sublingual nitro-
glycerin sprays, shortening of the baseline tilt duration from 45 
to 20 min does not significantly reduce positive response rates 
(62% vs. 69%).41 Baseline unmedicated tilt testing cannot be 
totally replaced by nitroglycerin provocation only, however.42 
Sublingual isosorbide dinitrate, like nitroglycerin, has been 
shown to be as sensitive as isoproterenol for use as a provocative 
agent. Conversely, at least one report has shown that many 
asymptomatic older subjects (older than 60 years) will demon-
strate nitroglycerin-induced syncope or pre-syncope (9% at base-
line and 52% after provocation).43 Such a finding raises suspicion 
regarding the validity of sublingual nitroglycerin provocation 
after prolonged head-up tilt testing (30 to 40 min at baseline plus 
15 min after 0.4 mg [400 µg] of sublingual nitroglycerin) for 
diagnosis of vasovagal syncope in older people.

Adenosine and ATP The role of adenosine or adenosine triphos-
phate (ATP) in the unmasking of syncope mechanisms remains 
controversial and has migrated away from any application directly 
associated with orthostatic testing. Endogenous adenosine release 
may be involved in the triggering mechanism of certain forms of 
syncope.44,45 Endogenous adenosine plasma levels are increased 
during vasovagal syncope and tend to be greater in patients with a 
positive tilt test result than in those with a negative result. The 
adenosine precursor ATP acts both directly (through cardiac excit-
atory afferent nerves) and indirectly (through vasodilatation and 
reflex sympathetic activation) with the autonomic nervous system.

Both adenosine and ATP have been reported to unmask sus-
ceptibility to neurally mediated paroxysmal AV block.44-49 
However, accumulating evidence suggests that ATP (and possibly 
adenosine, but less well established) provocation identifies a 
subset of patients prone to paroxysmal sinus arrest or AV block. 
This latter condition is not usually incorporated in the neurally 
mediated syncope category and tends to be more common in 
older persons. Therefore, ATP and isoproterenol tilt testing may 
have complementary roles in eliciting a diagnostic response for 
syncope but not specifically for vasovagal faints.

The ATP test requires the rapid injection of a 20-mg bolus  
of ATP during electrocardiographic (ECG) monitoring. The 
appropriate criteria for a positive test is debated, and two have 
been advocated: (1) asystole >6 seconds uninterrupted by escape 

of up to 5 mg/min. With this protocol, 9 of 11 patients with 
syncope of unknown origin and negative electrophysiological 
study exhibited hypotension and bradycardia. This same outcome 
was noted in only 2 of 18 control subjects.

Despite its initial popularity, isoproterenol provocation had 
several key drawbacks. First, some argued that such provocation 
unduly increased the number of false-positive tests.33 Second, 
isoproterenol did cause adverse side effects (particularly anxiety 
and palpitations) in some cases, and concern arose regarding its 
use in persons who might have ischemic heart disease. Third, 
graded isoproterenol infusion was time-consuming, and fourth, 
it may tend to mask cardioinhibition in some cases.

In terms of false-positive rates with isoproterenol provocation, 
Kapoor and Brant33 noted a disturbingly low specificity (between 
45% and 65%). Subsequently, Morillo and colleagues34 proposed 
a low-dose isoproterenol protocol, in which after 15 min of base-
line tilt, incremental doses of isoproterenol (from 1 mg up to 
3 mg/min) were administered without returning patients to 
supine position. With this protocol, the rate of positive responses 
was 61%, with a specificity of 93%. This latter approach is still 
widely used.

In 1994, Raviele and coworkers35 introduced the use of intra-
venous nitroglycerin infusion at progressively increasing doses as 
an alternative to isoproterenol for tilt test provocation. With this 
protocol, 21 of 40 (53%) patients with syncope of unknown 
origin had a positive response, with a specificity of 92%; 10 of 
40 patients (25%) had progressive hypotension without brady-
cardia. This latter finding was considered to represent not a 
vasovagal response but rather an excessive hypotensive effect of 
the drug and was classified as “exaggerated” response. Later, 
Raviele and coworkers36 used sublingual nitroglycerin instead of 
intravenous infusion. After 45 min of baseline tilting, 0.3 mg of 
sublingual nitroglycerin was administered. With this protocol, 
the overall rate of positive responses for patients with syncope of 
unknown origin was 51% (25% with baseline tilt test and 26% 
after nitroglycerin administration), with a specificity of 94%. An 
“exaggerated” nitroglycerin hypotensive response was observed 
in 14% of patients and 15% of control subjects, respectively.

Oraii and colleagues37 compared the isoproterenol test with 
the nitroglycerin test. The two methods resulted in approximately 
the same rates of positive response and specificity, but with a lower 
rate of side effects with nitroglycerin. The sensitivity and specific-
ity of the protocols were 55% and 94.7%, respectively, for nitro-
glycerin, compared with 58% and 89.4% for isoproterenol. 
Because of discordant responses in 75% of cases, sequential use of 
the tests (if one was negative) would increase the sensitivity to 
84% while decreasing the specificity slightly (to 84%).

At present, many laboratories use a shortened head-up tilt test 
protocol including 0.4 mg nitroglycerin sprays administered sub-
lingually after a 20-min baseline phase (the “Italian protocol”). 
Pooled data from three studies38-41 using this protocol and com-
prising 304 patients showed a positive rate of 69%. Thus, a 
20-min passive phase before nitroglycerin administration appears 
to be an acceptable alternative to the more prolonged 45-min 
drug-free passive tilt alone.

Specifics of pharmacologic provocation during  
tilt table testing
Isoproterenol and Nitroglycerin Pharmacologic provocation remains, 
in most laboratories, a secondary step to be used for eliciting 
susceptibility to hypotension-bradycardia during head-up tilt 
testing only after the baseline drug-free tilt has been nondiag-
nostic. Isoproterenol has been the most popular provocative 
agent in North America, although nitroglycerin is rapidly becom-
ing more widely used. In Europe, nitroglycerin is clearly more 
popular.

The mechanism underlying the utility of isoproterenol provo-
cation is unknown. However, it is presumed to involve a 
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use a 60° to 70° head-up tilt angle. The table should be able to 
be reset quickly to the horizontal position (within 10 to 15 s) 
when the test is complete, or should clinical circumstances neces-
sitate. The patient should be gently secured to prevent falling, 
and footboard support should be provided.

Angle of Tilt
The physiological effects of tilt appear to be comparable for 
angles of 60° to 80°, whereas lesser angles (30° to 45°) have  
a lower diagnostic yield, presumably because of inducing  
insufficient orthostatic stress. Tilt angles in the 60° to 70° range 
have become widely accepted. At the University of Minnesota, a 
70° tilt angle is used. Use of a tilt angle greater than 80° is 
discouraged.

Tilt Test Duration
A wide range of tilt test durations (ranging from 10 to 60 min) 
have been advocated. Currently, absent use of pharmacologic 
agents, a maximum test duration of 45 min probably is optimal. 
More often, however, the drug-free portion of the test is termi-
nated at 20 min, and if the result is negative at that time, phar-
macologic provocation is initiated. The tilt test protocol in use 
at the University of Minnesota calls for a 20-min baseline tilt. At 
the completion of the baseline tilt, 0.4 mg of sublingual nitro-
glycerin is given while the patient remains in the upright  
position. The 70° tilt is maintained for an additional 10 min, or 
stopped earlier if symptoms occur. At the completion of the tilt, 
if no symptoms have been elicited, carotid sinus massage (CSM) 
for patients >50 years of age is repeated while the patient remains 
in the upright position. One must always bear in mind a given 
patient’s symptoms and the reason for the study. In a patient with 
symptoms suggestive of postural tachycardia syndrome, an exag-
gerated heart rate (HR) response to head-up tilt, with reproduc-
tion of symptoms, constitutes a “positive” study, negating the 
need for continued tilt or pharmacologic provocation. In these 
patients, the active standing test may be more appropriate.

Test Supervision
The laboratory should provide nursing staff supervision of the 
patient, with available technical support comparable with that 
provided in the cardiovascular exercise testing laboratory in the 
same institution. The presence of the physician in the tilt test 
room is not usually essential but may be advantageous for docu-
menting signs and symptoms, and for determining whether the 
test should be terminated early. In any case, the physician should 
be in sufficient proximity for immediate availability should a 
problem arise.

Factors Confounding Tilt Table Test Outcomes
Apprehension associated with exposure to a clinical laboratory 
environment, discomfort resulting from placement of intrave-
nous or arterial lines (or both), or a prolonged preceding elec-
trophysiological procedure may affect tilt table testing outcomes. 
Electrophysiological testing at the same session is discouraged.

Specificity of Head-up Tilt Table Testing: Studies  
in Healthy Subjects
Tilt table testing appears to discriminate well between symptom-
atic vasovagal syncope subjects and asymptomatic control sub-
jects. In a study of 202 patients with unexplained syncope,41 
tilt-induced syncope occurred in 11% of patients and in 3% of 
controls at baseline (60° for 20 min) and in 59% of patients and 
in 3% of controls after 0.4 mg (400 µg) of sublingual nitroglyc-
erin. False-positive response (so-called exaggerated response, as 
discussed earlier) was observed in 4% of patients and in 12% of 
controls. The total positive rate was 70%, with a specificity rate 
of 94%. A similar specificity of nitroglycerin provocation has 
been reported in other studies.53

beats, and (2) AV block >10 seconds in duration in which escape 
beats are ignored and only the time to the first conducted post-
pause sinus beat is considered. Currently, ATP testing may be 
indicated at the end of a workup that has proved to be nondiag-
nostic, especially for older syncope patients. It has been suggested 
that a positive result on ATP testing is highly predictive of the 
need for pacemaker implantation.47 However in USA, use of ATP 
is not available and adenosine is often substituted although not 
adequately studied for this application.

Other Drugs A variety of other drugs have been used for provoca-
tion in diagnostic tilt table testing, but not during active standing 
tests. These include edrophonium,50 clomipramine,51 and epi-
nephrine.52 Compared with isoproterenol, epinephrine is associ-
ated with a significantly lower sensitivity for reproducing the 
patient’s symptoms, possibly in part because of greater activation 
of peripheral α-adrenergic receptors.

Head-up Tilt Table Testing Laboratory  
and Protocols

Irrespective of the protocol used, some general measures are 
recommended when tilt testing is performed. These recommen-
dations were initially published in 1996.28 The reader can also 
find a description of up-to-date laboratory protocol recommen-
dations in the 2009 guidelines of the European Society of Car-
diology (ESC) Task Force on Syncope7 (see Box 66-4).

The tilt test environment and protocol currently used at the 
University of Minnesota are summarized in this section. It should 
be noted, however, that this protocol is usually undertaken only 
after other studies of autonomic function (e.g., active standing 
test, Valsalva maneuver, carotid sinus massage, heart rate vari-
ability, response to volitional cough) are complete.

Laboratory Environment
The laboratory should be quiet, dimly lit, at a comfortable tem-
perature, and as nonthreatening as possible. The patient should 
be permitted to rest in the supine position for 20 min or longer 
before testing begins, particularly if venous cannulation or inva-
sive monitoring (e.g., intravenous access, arterial line) or both are 
used. A briefer rest period (5 to 10 min) is adequate in the absence 
of vascular access procedures.

Patients should fast for 2 to 3 h before the test. They may 
continue their usual medications such as diuretics, nitrates, and 
antihypertensives. β-Adrenergic blockers and other medications 
prescribed for treatment of vasovagal syncope should be held for 
at least 5 half-life periods before the test.

If intravenous access is available, parenteral fluid replace-
ment to account for fasting hours is a reasonable consideration. 
If fasting has been brief (e.g., <4 h), this step probably is 
unnecessary.

Recordings
Three or more simultaneous ECG leads should be recorded 
continuously. Optimally, the least intrusive beat-to-beat blood 
pressure should be recorded, such as with the finger plethysmog-
raphy technique. Intra-arterial recordings are acceptable if  
the finger plethysmographic measurement is not available. 
Sphygmomanometer pressure recording is less desirable because 
it disturbs the patient during the procedure, is inherently less 
accurate at low pressures, and does not provide beat-to-beat 
observations.

Tilt Table Design
An appropriate electrical or manual tilt table should permit tilt 
angles ranging from 60° to 70° over 10 to 15 seconds without 
wavering or loss of position during the test. Most laboratories 
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few minutes of rest in the supine position; he or she then moves 
to a comfortable standing position, and the measurements are 
repeated every minute (or more often if possible) for at least 
5 min. Although a sphygmomanometer can be used with the 
cuffed arm supported at heart level, a less intrusive plethysmo-
graphic system (e.g., Finometer, Finapres Medical Systems, 
Amsterdam, The Netherlands) is preferred. The latter provides 
painless noninvasive beat-to-beat blood pressure and heart rate 
recordings. Pharmacologic provocation has not been advocated 
for the active standing test.

The advantages of the active standing test are that it corre-
sponds to real-life situations, it is simple to perform, the required 
equipment is readily available, and it has little cost and requires 
minimal patient cooperation.7,58,59 On the other hand, reproduc-
ibility of the test is a question. Consequently, it may be necessary 
to repeat the active standing test on different days when ortho-
static hypotension is suspected but has not yet been established 
as the cause of syncope.7 Additionally, active standing may not be 
possible in patients with severe forms of certain diseases such as 
Parkinson’s disease, pure autonomic failure, and muscular dystro-
phy. In such cases, if diagnostic testing is required, a passive 
head-up tilt test is preferred.

A recent consensus report60 provided the following criteria for 
diagnosing OH:
• Initial orthostatic hypotension is characterized by a blood pressure 

decrease immediately on standing >40 mm Hg, which then 
spontaneously and rapidly returns to normal, so the period of 
hypotension and symptoms is short (<30 s).

• Classical orthostatic hypotension is a physical sign defined as a 
decrease in systolic blood pressure >20 mm Hg (>30 mm Hg 
in hypertensive patients) or to <90 mm Hg within 3 min of 
standing.

• Orthostatic syncope is diagnosed when, by medical history or 
with active standing test, OH associated with syncope or pre-
syncope is documented. An asymptomatic abnormal fall in 
systolic blood pressure (see later) is less specific.7

Reproducibility of Head-up Tilt Table Testing and Active 
Standing Test
Tilt test reproducibility has been investigated using multiple tests 
on the same day, a few days apart, and a few weeks apart. In 
general, a relatively high (approximately 80% to 85%) concor-
dance of test outcomes (induced syncope) has been obtained for 
two tilt tests repeated on the same day or several days apart. 
Reproducibility with regard to the pathophysiology of the 
induced hypotension (e.g., cardioinhibitory vs. vasodepressor 
characteristics) is less convincing, however. Of interest, false-
positive tilt tests are associated with poorer reproducibility.61

Experience suggests that although short-term reproducibility 
of tilt-induced vasovagal syncope is imperfect, it is acceptable for 
use of this procedure as a diagnostic test.62-64 In our laboratory,62 
with a 10-min, 80° head-up tilt protocol (using isoproterenol 
provocation up to 3 mg/min as needed), the positivity or negativ-
ity of two sequential tilt tests (30 min apart) was concordant in 
87% of cases. None of the eight patients who were tilt negative 
in the first study experienced syncope on the second tilt exposure 
(100% concordance). Lower short-term reproducibility (67%) of 
tilt testing with or without isoproterenol (15 min, 90° tilts) has 
been reported in young patients.

Reproducibility of tilt table testing with longer inter-test 
intervals is similar to its short-term reproducibility (70% to 
80%). Tilt test reproducibility with 3- to 7-day separations was 
90% in 21 patients with a protocol of 80°, 30-min tilts with 
subsequent isoproterenol provocation if needed. The level of 
provocation needed, however, was different between the two tests 
in five instances (24%). At intervals of 1 to 6 wk between tests, 
findings in 46 patients using a 10-min, 80° tilt protocol with 
graded isoproterenol provocation as needed revealed test 

A second study comprising 127 normal subjects was reported 
by Petersen et al54 from Chelsea and Westminster Hospital in 
London. These investigators used 60° head-up tilt for 45 min (or 
until syncope occurred). Syncope occurred in 13% of subjects at 
an average tilt duration of 31.7 min (range, 8.5 to 44.9 min).

The largest study examining the effects of head-up tilt table 
test exposure in healthy control subjects was reported by Natale 
and coworkers.40 In 150 healthy volunteers without previous 
history of syncope or pre-syncope, tilt table testing at 60°, 70°, 
and 80° for 20 min demonstrated specificities of 92%, 92%, and 
80%, respectively. Low-dose isoproterenol, which increased the 
heart rate by an average of 20%, reduced specificity to 88%, 88%, 
and 60%, respectively. The impact of the low isoproterenol dose 
(1.5 ± 0.45 mg/min) on specificity was clinically negligible (4%). 
Thus, the addition of low-dose isoproterenol (1 to 2 mg/min) to 
a 70° head-up tilt would be expected to provide a useful diagnos-
tic yield with a high specificity (approximately 90%). However, 
the false-positive effect of higher-dose isoproterenol is worri-
some. At 3 mg and 5 mg/min, isoproterenol infusions increased 
the false-positive rate to 20% and 56%, respectively.

Overall, these specificity values place tilt table testing in  
a comparable league with other widely accepted cardiovascular 
diagnostic tests (e.g., exercise stress testing for ischemic heart 
disease). Of note, however, tilt test specificity is substantially 
decreased with aggressive provocation at steeper angles, with 
longer tilt durations, and with greater doses of isoproterenol.

In summary, most studies suggest that tilt table testing at 
angles of 60° to 70° in the absence of pharmacologic provocation 
exhibits a specificity of approximately 90%. Sensitivity is more 
difficult to assess without a “gold standard” for diagnosis. Cur-
rently, only a few observations have been based on the classic 
history used for this purpose, and suggest that sensitivity rates 
are relatively high. Test specificity may be reduced by pharmaco-
logic provocation, whereas sensitivity would presumably be 
enhanced. If nitroglycerin or relatively low doses of isoproterenol 
are used, the deterioration in specificity seems to be clinically 
acceptable.

Use of Tilt Table Testing for Prediction  
of Treatment Effectiveness

Tilt table test results do not appear to be useful as a means of 
defining therapy or assessing its effectiveness.7 In this regard, the 
few available placebo-controlled studies have failed to find benefit 
with current therapies, and tilt table outcomes generally have not 
been predictive.55

Currently, we do not recommend assessment of treatment 
effectiveness based solely on repeated tilt table testing. In part, 
the inability of the test to predict treatment outcome is the  
result of variability of test reproducibility. As shown in the  
ISSUE study,56 however, the principal limitation is uncertainty 
regarding the relation of laboratory findings (i.e., the magnitude 
of cardioinhibitory vs. vasodepressor contribution) to those 
obtained during spontaneous faints. On the other hand, ISSUE-
257 suggested that marked asystole on tilt test did show a weak 
correspondence to subsequent loop recorder documentation of 
asystole during spontaneous events. At present, a conservative 
stance is to avoid use of tilt table results for predicting treatment 
efficacy, at least until more robust supportive data become 
available.

Active Standing Test
Initial and classical forms of OH may be diagnosed by active 
standing (i.e., patient is asked to stand “at ease” under his own 
power) in the clinic or the autonomic testing laboratory. This is 
a simple orthostatic test that is readily adaptable to the clinic 
environment. The patient’s blood pressure is measured after a 
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• Postural orthostatic tachycardia syndrome (POTS), which is 
technically defined by heart rate response to head-up tilt 
provocation

• Chronic fatigue syndrome, in which head-up tilt table testing 
may help identify a subgroup of affected patients in whom 
therapy directed at the neurally mediated disorder may be of 
benefit

• Recurrent idiopathic vertigo in patients in whom clinical as-
pects suggest the possibility of a neurally mediated hypotension-
bradycardia as a cause

• Recurrent “transient ischemic attacks” in some older patients 
in whom clinical findings are suggestive of a neurally mediated 
origin and appropriate studies have failed to disclose a cause

• Sudden infant death syndrome, in which a limited number of 
observations have led to the concept that severe bradycardic 
episodes may be reproduced in survivors of sudden infant death 
syndrome using head-up tilt table testing
In addition, head-up tilt table exposure should be considered 

in patients with intraventricular conduction defect or cardiac 
arrhythmias presenting with syncope of unknown origin when 
electrophysiological study findings disclose the arrhythmia but 
do not elicit sufficient hypotension to explain syncope. In these 
patients, the possibility exists that in addition to the arrhythmia, 
gravitational stress may be needed to induce sufficient hypoten-
sion. In some cases, it has been suggested that a vasovagal mecha-
nism possibly triggered by the arrhythmia could contribute to the 
faint.65-68 In the latter cases, a slow or fast heart rate even with 
the patient upright might not be sufficient to account for syncope. 
However, concomitant susceptibility to neurally mediated reflex 
syncope may impair vascular compensatory responses, where-
upon symptomatic hypotension could develop. This scenario has 
been demonstrated with paroxysmal reentry tachycardias and 
with atrial fibrillation, as well as with certain bradycardias such 
as severe sinus bradycardia.

Conclusions

Syncope is but one of many potential causes of TLOC in humans. 
It is differentiated from other causes of TLOC by its pathophysi-
ology; syncope is TLOC caused by self-limited inadequacy of 
cerebral blood flow. Determining whether TLOC is due to 
syncope must be the first step, before further diagnostic assess-
ment is conducted.

The neurally mediated reflex syncopal syndromes, particularly 
the vasovagal faint, and orthostatic syncope account for a large 
proportion of all cases of syncope (see Box 66-1). Passive drug-
free, head-up tilt table testing has proved to be a useful, readily 
accessible, safe, and cost-effective modality for identifying sus-
ceptibility to vasovagal syncope. However, it is not considered 
useful for identifying or testing therapeutic interventions in  
most cases. Additionally, tilt table testing is not as well established 
for evaluating other forms of neurally mediated reflex syncope  
as it is for suspected vasovagal faints; nonetheless such testing 
may help in evaluation of patients with atypical vasovagal 
presentations.

The active standing test is the preferred test for confirming 
the presence of orthostatic hypotension leading to syncope. 
However, many OH patients may be too infirm to tolerate active 
standing testing, in which case conventional tilt table testing may 
be used.

Tilt table testing has been the subject of numerous studies, 
resulting in the development of widely accepted protocols. These 
protocols offer a level of test reproducibility, sensitivity, specific-
ity, and positive predictive value comparable with that of many 
other commonly accepted diagnostic cardiovascular tests (e.g., 
exercise stress testing, radionuclide myocardial imaging).

reproducibility in 85% and 90% of patients who were initially 
tilt negative and tilt positive, respectively.63

The reproducibility of the head-up tilt test (1 to 28 days apart) 
potentiated with sublingual nitroglycerin is approximately 80% 
for patients with unexplained syncope.63 More than 80% of 
patients exhibit the same response pattern with both positive 
tests. Individual trough heart rates correlated well with each 
other between tests. Timing of onset of symptoms did not cor-
respond well between tests, however. The reproducibility of 
head-up tilt testing with sublingual nitroglycerin provocation 
(60° for 20 min) at a 1-wk interval was reported to be 67% for a 
positive test and 94% for a negative test.41

In summary, positive tilt table testing exhibits short- and 
medium-term reproducibility of positive response in the range of 
80% whether repeat testing is conducted on the same day or 
somewhat later. A negative study is highly reproducible in the 
shorter and the longer term. Nitroglycerin or low-dose isopro-
terenol does not substantially influence reproducibility.

Active standing testing has not been subjected to rigorous 
assessment of reproducibility. However, as noted earlier, given 
the short duration of the test, it appears to be more sensitive to 
variation in volume status than is the tilt table test.

Risks and Complications of Head-up Tilt Table Testing and 
Active Standing Testing
Risks associated with head-up tilt testing are minimal.7 A rapid 
return to the supine position as soon as syncope occurs usually is 
all that is needed to prevent adverse consequences associated with 
loss of consciousness and to prevent potential problems associ-
ated with extended periods of hypotension. Resuscitation maneu-
vers are seldom needed. Because syncope and loss of consciousness 
can occur almost immediately on being tilted up, the patient must 
be gently secured before tilt to prevent falling.

Tilt-induced asystolic pauses as long as 73 s have been 
reported. Life-threatening ventricular arrhythmias associated 
with isoproterenol provocation also have been reported in 
patients with ischemic heart disease or sick sinus syndrome. Of 
note, however, such observations are exceedingly rare. In more 
than 2500 tilt studies at the University of Minnesota, we have yet 
to encounter such a circumstance. No complications have been 
published with the use of nitroglycerin. Minor side effects,  
such as palpitations with isoproterenol and headache with  
nitroglycerin, are common. Atrial fibrillation can be triggered 
during or after a positive result on tilt testing. The latter is a  
rare complication associated with a tilt-induced extreme  
“vagal storm.” The arrhythmia usually is self-limited and 
self-terminating.

Active standing testing has received relatively little attention 
in the literature compared with tilt table testing. As a result, 
complications have not been thoroughly assessed. Nevertheless, 
complications are likely restricted to the potential for falls, 
because the patient is unsupported. This risk can be ameliorated 
by careful staff supervision during the test and by ensuring that 
the area around the patient is free of any hazards (e.g., sharp 
edges, needles or other hazardous equipment).

Overview of Uses for Head-up Tilt Table Testing

Indications for conventional diagnostic tilt table testing were 
summarized earlier. However, head-up tilt table testing may con-
tribute to assessment of a number of other conditions, seemingly 
unrelated to vasovagal syncope. These conditions are listed here 
only briefly because more study is needed to verify the utility of 
tilt testing in these settings:
• “Seizures” of unknown cause with negative findings on neuro-

logic evaluation, or “seizures” that have proved refractory to 
conventional antiepileptic medications
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tilt testing has permitted assessment of the importance of volume 
transition from the thorax to the splanchnic bed during upright 
posture. Such testing has also led to the evaluation of treatment 
by physical maneuvers—a therapeutic strategy that has proved to 
be an important improvement over early reliance on drug therapy 
alone. Ultimately, insights derived from such testing may further 
contribute to improvement in the diagnosis and treatment of 
severely affected patients.
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Nitroglycerin and low-dose (1 to 2 mg/min) isoproterenol 
have been the most widely accepted drugs for pharmacologic 
interventions used in conjunction with tilt table testing. Use of 
these agents has enhanced the usefulness of head-up tilt table 
testing by increasing the diagnostic yield while reducing test 
duration. A small reduction in test specificity has been an inevi-
table result, however.

The active standing test is less well defined in terms of utility, 
reproducibility, and protocol than is the head-up tilt table test. 
Nevertheless, it is a helpful and convenient procedure that is 
often overlooked but can provide useful diagnostic information 
very inexpensively.

Finally, significant progress has been made in understanding 
the mechanisms underlying vasovagal syncope and orthostatic 
hypotension. In this regard, provocative orthostatic testing has 
been an important contributor. For example, the application of 
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would truly benefit from prophylactic ICD implantation thus 
remains an important unmet clinical need. It appears to be a 
matter of general agreement that no single risk predictor can 
satisfy the requirements of more accurate patient selection for 
prophylactic antiarrhythmic interventions. Rather, multifactorial 
combinations of different risk markers are expected to appear in 
future guidelines after their performance has been validated in 
prospective intervention studies. Characteristics of cardiac auto-
nomic status and reflexes represent a promising field of different 
risk markers. Other risk factors might be combined with auto-
nomic indicators, including T wave alternans,8,9 morphologic 
electrocardiographic measurements,9 and biochemical markers.10 
However, this text is devoted to the present status of cardiac 
autonomic testing with particular attention to its use for the 
purposes of detecting cardiac risk.

Heart Rate Variability

The firing rate of the sinus node, which is innervated by the 
parasympathetic and sympathetic nervous systems, is controlled 
by the balance between both autonomic limbs. Thus, any 
activation—sympathetic or parasympathetic—is accompanied by 
inhibition of the other. This interplay is driven by peripheral 
reflex mechanisms with opposing feedback properties (e.g., baro-
receptive and vagal afferents with negative feedback characteris-
tics, sympathetic afferents with positive feedback characteristics) 
integrated by the central nervous system. Modulation of cardiac 
cycle length by respiration is also mediated this way, as is the 
change of heart rate in response to exercise or mental stressors. 
Changes in the cardiac period are easily measurable, and the 
subject of heart rate variability (HRV) is explored in these studies. 
Different expressions of HRV are used to quantify cardiac auto-
nomic modulations. The practical usefulness of HRV assessment 
for cardiac risk stratification depends largely on the detailed 
methods used to measure the modulations of cardiac cycles.

Statistical and Spectral Assessment

The technology for standard statistical and spectral assessment 
of HRV components has not advanced much since it was reviewed 
by the European Society of Cardiology (ESC)/North American 
Society of Pacing and Electrophysiology (NASPE) Task Force in 
the mid-1990s. Nevertheless, even when populations of cardiac 
patients treated according to contemporary standards are inves-
tigated, simple global HRV measurements are not losing their 
predictive power. Recent studies have shown that global HRV, 
that is, the expression of overall variability of RR intervals with 
no distinction between different (e.g., slower and faster) modula-
tors, maintains its predictive value. In the field of prophylactic 
ICD implantation, it has been reported that global HRV mea-
sures were among the factors that most powerfully differentiated 
between patients with and without appropriate ICD shocks.11 
Consistent with what we have already described, the authors of 
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In clinical cardiology, research into autonomic testing is presently 
oriented mainly toward the assessment of increased risk of mor-
tality and of arrhythmic complications. This is not surprising 
because the presently available guidelines for prophylactic use of 
implantable cardioverter-defibrillators (ICDs) that rely almost 
solely on assessment of left ventricular ejection fraction (LVEF) 
are increasingly understood to have both limited sensitivity and 
poor predictive accuracy. In a reported retrospective registry of 
101 patients implanted with ICD for primary prophylaxis, fewer 
than one in five patients had a possibly live-saving appropriate 
intervention during 2-year follow-up.1 Similar incidence of first 
appropriate ICD therapies was observed in the SEPTAL study, 
although it enrolled less than 60% of patients with ICD implan-
tations for primary prevention.2 Specifically, the benefit of ICD 
implantation in ischemic heart disease patients who have particu-
larly reduced LVEF (e.g., <25%) appears questionable.3

Moreover, the IRIDE (Italian Registry of Prophylactic 
Implantation of Defibrillators) study, which investigated 604 con-
secutive patients treated by ICD between 2006 and 2010, all 
selected according to the present ICD guidelines, did not report 
any difference in mortality rate between groups of patients who 
did and did not receive appropriate ICD interventions.4 All these 
recent observations confirm the limited predictive accuracy of the 
present ICD implantation guidelines. At the same time, appre-
ciable numbers of patients who might benefit from ICD interven-
tions do not have LVEF particularly compromised and thus do 
not fall within the implantation guidelines. A study recently 
reported from Greece investigated ICD therapies in patients who 
fulfilled guideline criteria for primary ICD implantation and 
compared them with therapies in patients who had inducible 
ventricular arrhythmia during programmed ventricular stimula-
tion while having LVEF above 35%. No difference in the inci-
dence of appropriate device therapy was noted between these 
patient groups.5 This was consistent with other recent observa-
tions. For instance, a prospective multicenter study of almost 
5000 Spanish heart failure patients (BADAPIC registry) found 
that on multivariate analysis, LVEF was not an independent pre-
dictor of mortality, with fairly similar survival rates at 1 and  
5 years of follow-up for patients with LVEF above and below 
30%.6 Similarly, the CHARM (Candesartan in Heart Failure 
Assessment of Reduction in Mortality and Morbidity) study 
found that elevated resting heart rate is associated with worse 
outcomes in patients with chronic heart failure, but that the 
relationship between resting heart rate and outcome was similar 
in patients with and without compromised LVEF.7

Thus, there are good reasons for the consensus that reduced 
LVEF is far from an optimal indicator for selecting recipients of 
primary prevention ICDs. Optimal selection of patients who 
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indicate that the distinction between modulating frequencies of 
HRV components was of little importance for risk assessment. 
Early studies suggested that most of the predictive power was 
linked to very slow variations in cardiac periodicity that appeared 
not to be directly linked to any distinct physiological regulatory 
processes. It was believed that most of the risk prediction power 
derived from nonperiodic responses to the environment and the 
consequent circadian pattern of heart rate. However, more recent 
observations not only suggest that improvement in risk predic-
tion can be made by concentrating on specific modulating pro-
cesses (e.g., low-frequency modulations) but also show that 
different components (e.g., some of the nonlinear characteristics 
in comparison with conventional global HRV) select high-risk 
patient groups with substantially different clinical characteristics 
including responses to antiarrhythmic interventions.20

Deceleration Capacity

The major recent advance in HRV methods for the purpose of 
cardiac risk prediction is probably related to the concept of the 
so-called deceleration capacity.21 This concept is based on 
so-called phase-rectified signal averaging, which is a universal 
technique capable of processing different medical and biological 
signals. It defines moments of interest in a “trigger” signal (e.g., 
beat-to-beat decelerations of cardiac periods) and averages sur-
roundings of the moments of interest in an analyzed signal, which 
might be the same as the trigger signal or different recordings 
(in the deceleration capacity assessment, both signals are the 
same, that is, cardiac periodograms). It has been suggested that 
deceleration capacity technology is capable of distinguishing the 
vagal components of cardiac autonomic regulations irrespective 
of the lack of the stationary nature of analyzed data (which is 
always difficult to maintain in long-term recordings).21,22 Initial 
observations showing that deceleration capacity is a more power-
ful risk predictor than conventional HRV measures21 have been 
independently confirmed.16,23

The technology of phase-rectified signal averaging has many 
favorable properties and has been subject to further methodo-
logic studies. Among other properties, it has been reported that 
short-term deceleration capacity is more stable and more repro-
ducible than conventional HRV indices.24 Also, it appears that 
deceleration capacity is capable of providing useful prognostic 
information from mid- and short-term recordings (e.g., 30-min 
Holter data), which makes assessment of cardiac risk much more 
practical and feasible in the standard clinical setting compared 
with conventional HRV indices, which are well known to perform 
best if assessed from nominal 24-h recordings that include day/
night differences in the circadian pattern.

Baroreflex Sensitivity

Arterial baroreflex is a pivotal component of cardiovascular auto-
nomic regulations. The system relies on specialized neurons, 
so-called baroreceptors, in the arterial wall of the aortic arch and 
mainly of the carotid sinuses. Signals from baroreceptors are 
transferred via the IX (from carotid receptors) and X (from aortic 
receptors) cranial nerves to the nucleus tractus solitarius within 
the medulla oblongata, where they are processed and 
integrated.25

Any rise in arterial pressure to above threshold results in reflex 
parasympathetic activation, with increased discharge from vagal 
cardioinhibitory neurons causing a reduction in chronotropy 
(i.e., heart rate), and sympathetic inhibition, with a decrease in 
the discharge of sympathetic neurons both to the heart (i.e., 
reducing cardiac chronotropy and inotropy) and to peripheral 

this study observed appropriate ICD therapy in less than 20% of 
patients who had the device implanted; therefore they interpreted 
the HRV difference between patients who did and did not use 
the ICD appropriately as a possible route to improving the selec-
tion of device recipients.11

Spectral analysis of HRV, that is, the distinction between 
modulators of cardiac periodicity operating at different frequen-
cies, was originally seen mainly as a tool serving physiological 
studies. The spectral assessment of HRV is indeed linked to the 
physiology of the autonomic nervous system. Vagal afferent stim-
ulation leads to reflex excitation of vagal efferent activity and 
inhibition of sympathetic efferent activity. Opposite reflex effects 
are mediated by the stimulation of sympathetic afferent activity. 
Efferent vagal activity also appears to be under “tonic” restraint 
by cardiac afferent sympathetic activity. Efferent sympathetic and 
vagal activities directed to the sinus node are characterized by 
discharge largely synchronous with each cardiac cycle that can be 
modulated by central and peripheral oscillators. These oscillators 
generate rhythmic fluctuations in efferent neural discharge that 
manifest as short- and long-term oscillation in the heart period. 
Efferent vagal activity is a major contributor to the so-called 
high-frequency component of HRV, that is, cardiac cycle modu-
lations appearing at frequencies between 0.15 and 0.4 Hz (modu-
lating waves of between approximately 2.5 and 7 seconds). 
Slightly more controversial is the interpretation of the low-
frequency component, that is, slower modulations at frequencies 
between 0.05 and 0.15 Hz (modulating waves between approxi-
mately 7 and 20 seconds). These modulations are considered by 
some as markers of sympathetic modulation and by others as 
parameters that include both sympathetic and vagal influences.

Results of the standard spectral analysis of HRV also preserve 
their predictive power in contemporarily treated patients.  
They have recently been reported to improve the prediction  
of cardiac mortality in heart failure patients independently of 
other clinical risk characteristics including reduced LVEF and 
advanced age.12

Nonlinear Analysis

The association of spectral HRV components with different 
branches of the autonomic nervous system is based on well-
established provocative experiments. Nevertheless, it is known 
that strictly engineering approaches to analysis of the series of 
cardiac periodograms cannot reflect all possible autonomic 
reflexes, especially during their dynamic interplay when underly-
ing autonomic regulations are constantly changing. To address 
such characteristics of cardiac autonomic status, nonlinear 
approaches to the HRV analysis are frequently advocated. Dif-
ferent nonlinear characteristics have been proposed,13-15 but com-
pared with the spectral HRV components, the physiological 
models underlying these characteristics are somewhat less well 
defined. Still, multiple reports have appeared showing the advan-
tages of using nonlinear HRV indices for the purposes of cardiac 
risk prediction.16 Improvement in risk assessment by nonlinear 
HRV analysis has been reported not only in cardiac patients17 but 
also in other clinically well-defined populations.18

Nonlinear measures not only refine conventional approaches 
to HRV assessment. Even in terms of risk prediction, nonlinear 
HRV measures are seen to independently complement rather 
than supersede conventional HRV parameters.19 Although the 
corresponding physiological background is still to be researched, 
some of these measures actually seem to stratify patient groups 
with very different risk profiles from those seen in conventionally 
assessed overall HRV.

Some aspects of the relationship between conventional and 
nonlinear HRV indices are still poorly understood. Specifically, 
seminal studies of HRV use for the purposes of risk stratification 
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blood vessels (i.e., reducing vascular tone). Any decrease in pres-
sure, on the other hand, reduces baroreceptor discharge and 
provokes an increase in sympathetic outflow and parasympathetic 
inhibition, leading to increased heart rate, cardiac contractility, 
and vascular resistance. As a result of the pathways, parasympa-
thetic activation produces an immediate reaction within 200 to 
600 ms, while the reaction to cardiac and vasomotor sympathetic 
activation occurs more slowly—within 2 to 3 s. The ability of the 
baroreflex to control heart rate on a beat-to-beat basis is there-
fore exerted through vagal but not sympathetic activity.26

Measurement Techniques

The function of baroreflex can be estimated by evaluating changes 
in heart rate in relation to any change in blood pressure. It is 
quantified by the amount of change in milliseconds cycle length 
per unit change in blood pressure, the so-called baroreflex sen-
sitivity, although it has also been suggested that the linear rela-
tionship between cardiac cycle length changes and blood pressure 
changes (which is assumed in the definition of baroreflex sensitiv-
ity) might not optimally describe their true physiological 
association.27

Various methods for the assessment of baroreflex sensitivity 
have been proposed. Generally, they rely on observation of 
changes in cycle length in response to forced or naturally occur-
ring alterations in systolic blood pressure. Traditionally, injec-
tions of vasoactive drug (e.g., phenylephrine, nitroprusside) have 
been used to cause a sudden increase or decrease in pressure. 
Different noninvasive provocative maneuvers have also been used 
to trigger blood pressure changes. Valsalva maneuver, neck 
suction, and controlled breathing have all been suggested as more 
physiologically relevant challenges of the baroreceptors.

Instead of using mechanical or pharmacologic stimuli to 
trigger measurable baroreflex control, advances in techniques of 
beat-by beat monitoring of arterial pressure have made noninva-
sive estimation of baroreflex sensitivity possible by measuring 
changes in the RR interval associated with spontaneous fluctua-
tions in arterial pressure. A detailed description of the method 
used for assessment of this spontaneous baroreflex sensitivity has 
been put forth.26

Also, phase-rectified signal averaging, initially used in the 
design of deceleration capacity, has been adapted for the assess-
ment of baroreflex control.27,28 In this case, the trigger signal is 
the sequence of beat-to-beat measurements of systolic blood 
pressure with the moments of interest (the “triggers”) corre-
sponding to cycle-to-cycle pressure increases. The analyzed 
signal is the sequence of simultaneously recorded RR intervals. 
The average of all RR patterns that are found when systolic  
blood pressure is increased characterizes baroreflex control 
(Figure 67-1).

Cardiac Risk Studies

Several previous studies reported the usefulness of baroreflex 
sensitivity testing for the prediction of cardiac risk in different 
clinically well-defined populations. In the more recent studies, 
depressed baroreflex sensitivity assessed by the phenylephrine 
method was found to be a significant predictor (relative risk 11.4) 
of 5-year mortality in survivors of acute myocardial infarction 
with preserved ventricular performance (LVEF >35%, average 
54% ± 8%).29 Noninvasive measurements of baroreflex sensitivity 
were used in a study that reported its predictive value in assessing 
the outcome of acute intracerebral hemorrhage.30 Of a battery of 
possible predictors, baroreflex sensitivity was found to be the only 
predictor of long-term prognosis for surgically treated patients 
with congenital heart disease.31 Additional studies of the 

prognostic power of baroreflex testing are ongoing. A substantial 
follow-up survey of the French general population includes baro-
reflex testing among investigated factors to assess the occurrence 
of cardiovascular disease, including acute coronary syndrome, 
stroke, peripheral artery disease, and sudden death, and of all-
cause mortality. Because this study is expected to follow a large 
general population cohort for two decades, practically useful 
screening factors are expected to emerge.32

A study in contemporarily treated post-infarction patients that 
used baroreflex sensitivity assessment based on phase-rectified 
signal averaging reported that measured values below a prospec-
tively defined dichotomy were a particularly good risk predictor 
in patients with an elevated Global Registry of Acute Coronary 
Events score (GRACE ≥120) or in patients with compromised 
left ventricular performance (LVEF ≤35%; Figure 67-2),33 pos-
sibly suggesting a method for more focused selection of patients 
who might benefit from prophylactic therapy. This study also 
reported that in terms of predicting risk of early mortality, this 
mode of assessing baroreflex sensitivity appears more powerful 
than other analytical possibilities that also use monitoring of 
naturally occurring unprovoked modulations of systolic blood 
pressure and of the durations of cardiac cycles (Figure 67-3).33

Heart Rate Turbulence

As is well known, the term heart rate turbulence (HRT) describes 
short-term fluctuations in sinus cycle length after spontaneous 
ventricular ectopic beats.34 In normal subjects, sinus rate initially 
briefly accelerates and subsequently decelerates compared  
with the pre-ectopy rate, before returning back to baseline. 
Similar oscillations in cardiac cycles can be induced by a  
paced extra-stimulus, delivered either during programmed ven-
tricular stimulation or by an implanted device such as an ICD. 
Initial rate acceleration is measured by so-called turbulence 
onset, and subsequent deceleration is characterized by the turbu-
lence slope.

The physiological mechanisms of HRT are relatively well 
understood and link the phenomenon to the arterial baroreflex.35-38 
Because of several factors, systolic blood pressure produced by 
an ectopic beat is considerably lower than that produced by 
normal sinus beats. These factors include incomplete electrical 
restitution, a short period of diastolic filling, missing atrial kick, 
reduced contractility, higher afterload at the time of premature 
beat, and less synchronized ventricular contraction. Lowered 
blood pressure leads to missed baroreflex afferent input, which, 
through vagal withdrawal, leads to early heart rate acceleration. 
Also, ineffective contraction and compensatory pause cause dia-
stolic pressure reduction, and systolic pressure produced by the 
first post-ectopic sinus beat is usually lower (in subjects with 
normal left ventricular function) compared with the pre-ectopic 
level. Thus, not only the instant hemodynamic effect of the 
ectopy but also the systolic pressure reduction during the subse-
quent beat activates aortic and carotid baroreceptors, causing the 
heart rate to increase as the result of vagal inhibition.

This relative and transient lowering of blood pressure stimu-
lates the sympathetic arc of the autonomic nervous system. The 
post-ectopic drop in diastolic blood pressure initiates a surge of 
muscle sympathetic nerve activity. The magnitude of this burst, 
which occurs at the same time as or after the first post-ectopic 
sinus beat, provokes noradrenaline release in perivascular sympa-
thetic endings, leading to increased peripheral vascular resis-
tance. The latency of the hemodynamic response to this 
sympathetic nerve stimulation is approximately 5 s. Early HRT 
rate acceleration thus is not mediated solely by sympathetic effer-
ent arm activation. Both branches of the autonomic nervous 
system contribute to the late HRT phase, which is characterized 
by gradual return of systolic blood pressure and heart rate to 
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pressure changes with a remarkably constant delay. The HRT 
pattern is thus fully compatible with baroreflex physiology. It is 
appropriate to consider HRT as one of the measurements char-
acterizing the arterial baroreflex.

The autonomic nature of HRT has been confirmed in  
clinical studies that investigated long-term electrocardiographic 
recordings in populations of patients in whom abnormalities  
of cardiac autonomic status can be expected. Among others, 

pre-ectopic levels. Under normal physiological conditions, a sig-
nificant overshoot of both systolic pressure above, and heart rate 
drop below, baseline values peaks around the eighth post-ectopic 
sinus beat. This late overcompensation is caused primarily by 
early sympathetic activation with delayed vasomotor response, as 
well as by vagal activation.

Early heart rate acceleration and late deceleration after a 
single premature beat parallel the corresponding systolic blood 

Figure 67-1.  Schematic  representation of  the method using phase-rectified signal averaging to quantify arterial baroreflex  from continuous beat-to-beat  recordings of 
systolic blood pressure and RR interval durations. Four  individual steps are distinguished. First, the instances (trigger points) of the cardiac cycles are  identified in which 
systolic blood pressure increases compared with the previous beat (full red circles in the systolic blood pressure signal). Second, the matching RR interval durations are identi-
fied (full blue circles in the RR interval duration signal). Third, each of the RR intervals corresponding to a trigger point defines a window of a fixed number of RR intervals in 
which differences from the RR interval of the trigger point are calculated. Finally, these differences are averaged over the complete recording. The averaged signal of RR 
interval changes characterizes the arterial baroreflex and can be processed by mathematically suitable means. 

(Adapted from Bauer et al.28)
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components in combination allows more thorough consideration 
of the underlying autonomic reflexes.

The use of HRT to predict cardiac risk was reported in a 
general population.43 Although such observations are certainly of 
interest, it is not obvious whether HRT is suitable to serve as a 
widely applicable and practical screening tool. Reliance on long-
term Holter monitoring seems to make HRT more suitable for 
focused risk assessment of cardiac patients.

Severe Autonomic Failure

As has been stated, multivariable studies combining different risk 
markers44-46 are considered most promising to solve the problem 
of accurate risk stratification of cardiac patients. Multivariable 
combinations of risk factors are also successfully used in grouping 
different autonomic markers.

In particular, the combination of abnormal deceleration 
capacity with abnormal HRT has been proposed to define 
so-called severe autonomic failure (SAF). Because of the physi-
ological background of deceleration capacity and HRT, SAF is 
expected to express abnormalities in both tonic and reflex-related 
autonomic functions. In risk stratification terms, normal decel-
eration capacity identifies patients who are at low risk because 
their vagal modulations of heart rate (responsible for beat-to-beat 
slowing of heart rate) are preserved, and abnormal HRT identi-
fies patients in whom the damaged and weakened arterial baro-
reflex signifies increased risk. The seminal study that defined this 
patient category showed that post-infarction patients with pre-
served left ventricular function (LVEF >30%) who still suffered 
from SAF had an almost identical risk profile to patients with 
LVEF ≤30% (Figure 67-4).47 The same observation was subse-
quently confirmed in other independent databases of post-
infarction patients.48

The post-infarction risk prediction strength of SAF was also 
shown to be independent of autonomic abnormalities due to dia-
betes mellitus.49 This observation led to the proposal of a physi-
ological autonomic reserve. Specifically, in diabetic post-infarction 
patients, autonomic status and reflexes are likely to be influenced 
by the diabetic neuropathy, by the autonomopathic impact of the 
infarction, or by a combination of both. In previous clinical 
studies, both diabetic neuropathy and infarction-related autono-
mopathy have been separately linked to increased mortality and 
arrhythmia risk. It can consequently be proposed that diabetic 
post-infarction patients who present with SAF are likely to suffer 
from a combination of both autonomopathic mechanisms. 
Because diabetic patients who presented without SAF were also 
observed to have a better prognosis than nondiabetic patients with 
SAF, it is fully plausible to hypothesize that in every individual, the 
autonomic defense has a “reserve,” and thus its functionality is 
preserved even if partially damaged by singular pathologies. Only 
when different pathologies are combined is this reserve exhausted 
and the autonomic defense consequently substantially weakened 
or lost altogether. There are indeed examples of co-incidents of 
different autonomopathies associated with poor outcome. These 
include the combination of depression and myocardial infarction, 
the combination of depression and end-stage renal disease, and 
the combination of diabetes and renal failure.

The synergy of deceleration capacity and HRT in the identi-
fication of patients suffering from SAF is a good example of 
multivariable risk assessment. Frequently, studies have compared 
the predictive power of different risk predictors. Such analyses 
are appropriate in reporting a new and previously unknown risk 
factor. Generally, however, the different methods and clinical 
tests used in risk stratification should not be perceived as compet-
ing technologies. All the different risk factors have synergy rather 
than conflict of interest.

weakened patterns of HRT were found in patients with metabolic 
syndrome39 and in renal patients undergoing long-term 
hemodialysis.40

Numerous clinical studies have demonstrated and several 
reviews have summarized the power of HRT to stratify arrhyth-
mic risk in both ischemic and nonischemic cardiac patients.34,41,42 
Expressions of both turbulence onset and turbulence slope are 
decreased or absent in high-risk patients, although it has been 
reported that turbulence slope is a somewhat more powerful risk 
factor than turbulence onset. Nevertheless, such distinctions of 
the two components appear misguided, in that using both 

Figure 67-2.  Kaplan-Meier probability characteristics of all-cause mortality calcu-
lated in a population of almost 1000 survivors of acute myocardial infarction strati-
fied  according  to  baroreflex  sensitivity  calculated  by  means  of  phase-rectified 
signal averaging (BRSPRSA) combined with left ventricular ejection fraction (LVEF; top 
panel), and with the score of the Global Registry of Acute Coronary Events (GRACE; 
bottom panel).  Numbers  below  the  horizontal  axis  show  numbers  of  patients  in 
individual risk categories at 0, 1, …, 5 years of follow-up. 

(Adapted from Barthel et al.33)
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Figure 67-3.  Receiver operator characteristics calculated for the prediction of total mortality in a population of almost 1000 survivors of acute myocardial infarction (see 
also Figure 67-2). This figure compares the characteristics calculated for four different methods of calculating the sensitivity of arterial baroreflex from continuous unprovoked 
simultaneous recordings of beat-to-beat systolic blood pressure and RR interval duration. The individual panels of the figure compare the characteristic of baroreflex sen-
sitivity calculated by means of phase-rectified signal averaging (PRSA) with the correlation method, the transfer function method, and the sequence method (see Barthel 
et al0 for technical details). Each of the receiver operator characteristics was calculated together with the corresponding band of the 95% confidence interval. 

(Adapted from Barthel et al.33)
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Figure 67-4.  Kaplan-Meier  probability  characteristics  of  all-cause  mortality,  cardiac  mortality,  and  sudden  cardiac  death  calculated  in  a  population  of  more  than  2000 
survivors of acute myocardial infarction stratified according to left ventricular ejection fraction (LVEF) and so-called severe autonomic failure (SAF), defined as the combina-
tion of abnormal deceleration capacity and abnormal heart rate turbulence. Numbers below the horizontal axis show numbers of patients in individual risk categories at 
0, 1, …, 5 years of follow-up. 

(Adapted from Bauer et al.47)
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Prospective evaluations of multivariable risk-stratification 
strategies are naturally needed in randomized intervention studies 
before clinical practice can change. Nevertheless, it seems obvious 
that changes in the present guidelines and in clinical practice are 
badly needed. As has been mentioned, the prospectively verified 

selection of patients for ICD prophylaxis based solely on LVEF 
assessment is neglecting substantial numbers of patients whose 
lives might be saved if identified properly, and is economically 
wasteful in providing the device to far too many who never truly 
use it and who may suffer only from inappropriate shocks.
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throughout the cardiac contraction-relaxation cycle, and also 
provides superior torque control. The tip electrode lead is con-
nected to the positive input, and the proximal electrode lead is 
connected to the negative input, of the recording system.

Unlike in conventional electrode catheters, the pacing elec-
trodes are not distal but are mounted in orthogonal position 
halfway between the distal (tip) and proximal (reference) MAP 
electrode. This electrode configuration provides for extremely 
low stimulus capture thresholds (0.02 to 0.25 mA; mean, 
0.09 mA), resulting in minimal interference between the pacing 
artifact and the MAP signal. This feature facilitates precise and 
simultaneous determinations of both the action potential dura-
tion (APD) and the effective refractory period (ERP) at the same 
myocardial site (Figure 68-1, B).

Accuracy of Monophasic Action Potential Recordings
The “Franz” contact electrode MAP catheter records the relative 
voltage time course of cardiac cell membranes with high fidelity 
(see Figure 68-1, A, inset). It does not, however, reproduce the 
full magnitude of the transmembrane action potential (TAP), nor 
does the MAP render information on the absolute rise velocity 
(Vmax) of the TAP upstroke. The beginning of the MAP is defined 
as the instance of fastest rise time of the MAP upstroke. Because 
the asymptotic end of repolarization makes precise measurement 
of total MAP duration difficult, the MAP duration usually is 
determined at a repolarization level of 90% (or another fraction) 
with respect to the MAP amplitude. The MAP amplitude is best 
defined as the distance from the baseline to the crest of the MAP 
plateau, not its upstroke peak. As an alternative, use of the inter-
section between the diastolic baseline and a tangent placed on 
phase 3 repolarization has been suggested; this approach may 
produce more arbitrary results, depending on the slope of final 
repolarization.

The “Franz” contact MAP catheter was available for 20 years 
from EP Technologies and later from Boston Scientific, Inc. It is 
now available from MedFact Engineering (Lörrach, Germany). 
Other designs are currently being developed, including multi-tip 
MAP catheters.

Clinical Applications of Monophasic Action 
Potential Recording

The contact electrode MAP catheter with pacing capability can be 
used for routine electrophysiological studies, including pro-
grammed electrical stimulation. The MAP-pacing combination 
catheter offers several advantages over conventional quadripolar 
catheters: (1) The local endocardial activation time is indicated by 
the MAP upstroke, which is sharp and unambiguous, in contrast 
with the often multiphasic deflections obtained with conventional 
catheters, thereby making measurements of local activation time 
easier and more accurate (see Figure 68-1, B). (2) Pacing thresh-
olds with the MAP-combination catheter are extremely low and 
stimulus artifacts are minimized dramatically, providing unob-
scured local myocardial responses (see Figure 68-1, B). This 
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Monophasic Action Potential Recording

Recording of monophasic action potentials (MAPs) by contact 
electrode catheter can be performed easily and safely in the 
human heart. Unlike body surface electrocardiographic (ECG) 
recordings or standard endocardial electrograms, which produce 
a summative or derivative view of the heart’s electrical activity, 
MAP recordings provide local information about the actual cel-
lular depolarization and repolarization process of myocardial 
tissue. By giving clinical investigators a more direct view of 
human myocardial electrophysiology in situ, in both normal and 
disease states, MAP recordings serve as an important bridge 
between cellular and bedside electrophysiology. This chapter dis-
cusses the methods and presents selected, clinically pertinent 
applications of MAP recordings. The genesis of MAPs by contact 
electrode technique has been described in a review1 and has been 
discussed in more recent work.2

Monophasic Action Potential Recording Devices

The MAP signal contains low-frequency components, especially 
during the plateau phase and during the diastolic isoelectrical 
interval. For optimal signal fidelity, MAPs should be recorded 
with high-bandwidth amplifiers that can accurately reproduce a 
frequency range from 0 to 5000 Hz. For less rigorous signal 
interpretation, a bandwidth setting of 0.05 to 500 Hz is adequate 
and is available in most clinical electrophysiological recording 
systems. Narrower bandwidths with high-pass filtering used for 
conventional intracardiac recordings (e.g., 30 to 300 Hz) are not 
suitable and will distort the MAP signal.

Monophasic Action Potential Recording Catheters for the 
Clinical Electrophysiology Laboratory
The design of the contact electrode catheter tip is schematically 
illustrated in Figure 68-1, A (inset). The exploring hemispherical 
MAP electrode forms the catheter tip and is made of nonpolariz-
able silver–silver chloride (Ag-AgCl) or similar matrix. Another 
Ag-AgCl electrode is located 5 mm proximal to the tip (close 
bipolar design) and serves as the MAP reference electrode. When 
the catheter tip is directed perpendicularly or at some angle of it 
against the endocardium, depolarization is confined to a small 
area subjacent to the tip electrode. The distal portion of the 
catheter shaft incorporates a flat spring wire that ensures stable 
contact between the tip electrode and the endocardium 
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Figure 68-1.  A,  Simultaneous  recordings  of  intracellular  transmembrane  action 
potential  (TAP)  and  extracellular  monophasic  action  potential  (MAP)  show  high 
congruence.  Repolarization  is  labeled  at  30%,  60%,  and  90%  of  the  return  from 
plateau to resting potential. Inset: Contact electrode catheter design for recording 
MAPs  from  endocardium  in  patients  or  large  animals.  Shown  is  the  MAP-pacing 
combination catheter, which includes small pacing electrodes located 2 mm proxi-
mal  to  the  catheter  tip  in  an  orthogonal  position.  This  catheter  incorporates  a 
bidirectional steering feature (not shown). B, MAP recordings from two right ven-
tricular (RV) sites along with body surface electrocardiogram during programmed 
electrical  stimulation.  Pacing  is  performed  at  the  RV  outflow  tract  (RVOT).  Note 
small  pacing  artifacts  immediately  preceding  the  MAP  upstrokes.  Extra-stimulus 
responses show increasing separation between stimulus and MAP upstroke. RVA, 
RV apex. 

(A, From Franz MR, Burkhoff D, Yue D, Lakatta E: In vitro validation of a new cardiac 
catheter technique for recording monophasic action potentials. Eur Heart J 7:34-41, 
1986; inset, adapted from Franz MR, Chin MC, Sharkey HR, et al: A new single catheter 
technique for simultaneous measurement of action potential duration and refractory 
period in vivo. J Am Coll Cardiol 16:878-886, 1990.)
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feature also is useful for differentiating local stimulus response 
latency from “downstream” conduction delays. (3) Because local 
repolarization is visualized by the MAP, the ERP, which usually 
coincides with 75% to 85% repolarization, can be anticipated and 
confirmed quickly without prolonged extra-stimulus scanning. 
This facilitates visualization of changes in the ERP that occur 
independently from changes in APD (see later). (4) MAPs are 
recorded only when the catheter tip electrode is in close contact 

Box 68-1 Clinical Applications of Monophasic Action 
Potential (MAP) Recordings

• Effects of antiarrhythmic drugs on APD and ERP/APD ratio
• Repolarization abnormalities in congenital or acquired long 

QT syndromes and Brugada syndrome
• Measuring dispersion of repolarization by MAP mapping 

techniques
• Evaluation of T wave changes and memory
• Myocardial ischemia detection and distinction between 

viable and nonviable myocardium
• Distinction between VT and VF during ICD testing
• Effects of rate and rhythm on APD in humans, including 

restitution curves
• Detection of dominant frequency in atrial fibrillation
• Targeting and monitoring of radiofrequency ablation of 

arrhythmia substrates

APD, Action potential duration; ERP, effective refractory potential; 
ICD, implantable cardioverter-defibrillator; VF, ventricular fibrillation; 
VT, ventricular tachycardia.

with the endocardium. A stable MAP verifies stable tip-electrode 
contact, facilitates a constant stimulus threshold, and avoids con-
fusion with intracavitary potentials, as might be the case with 
conventional electrograms, when small signal amplitudes are the 
only way to suspect insufficient tissue contact. (5) With conven-
tional electrophysiological catheters, fractionated, double, or late 
potentials have been observed and interpreted as markers of 
abnormal conduction in scarred myocardium, which is believed to 
be a substrate for reentry tachycardia; however, concerns that 
some fractionated electrograms represent artifacts have been 
raised. Comparisons between MAP signals and conventional elec-
trograms can be helpful in identifying the nature of these fraction-
ated electrograms (see later). A list of clinical applications of MAP 
recordings is given in Box 68-1.

Monophasic Action Potential Recordings in Long 
QT and Brugada Syndromes

Torsades de pointes arrhythmias occur in a variety of acquired 
and congenital long QT syndromes. Besides prolongation of the 
QT interval, early afterdepolarizations (EADs) have been impli-
cated in the genesis of ventricular tachyarrhythmias, specifically 
of torsades de pointes arrhythmias. Habbab and El-Sherif3 were 
among the first to report clinical evidence with MAP recordings 
that procainamide-induced polymorphic ventricular tachycardia 
of the torsades de pointes type was associated with prominent 
EADs and U waves (Figure 68-2, A). Consistent with clinical 
observations on precipitating factors of torsades de pointes, 
EADs are enhanced by bradycardia and long pauses and are sup-
pressed by rapid pacing. The exact electrophysiological mecha-
nism of torsades de pointes is still under investigation.

Patients with Brugada syndrome (BrS) are at risk for ventricu-
lar tachycardia and ventricular fibrillation (VF) and present with 
characteristic ECG changes in right precordial leads (right 
bundle branch block [RBBB] and ST elevations). The latter 
suggest electrophysiological abnormalities in the right ventricle 
(RV), particularly the RV free wall and outflow tract (RVOT). 
Studies in isolated animal tissue with pharmacologic simulation 
of BrS led to the hypothesis that abnormal APDs and conduction 
delays within a circumscript RV region facilitate phase 2 reentry 
and VF.4 MAP recordings of patients with BrS have confirmed 
local conduction delays, abnormally short APDs, and a steeper 
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Figure 68-2.  A,  Early  afterdepolarizations  recorded  with  the  monophasic  action  potential  (MAP)  catheter  from  right  ventricular  (RV)  endocardium  in  a  patient  with 
procainamide-induced torsades de pointes. (From Habbab MA, El-Sherif N: Drug-induced torsades de pointes: Role of early afterdepolarizations and dispersion of repolariza-
tion. Am J Med 89:241-246, 1990.) B, Right ventricular MAP recordings during programmed stimulation before (left) and after administration of quinidine (right) in a patient 
with Brugada syndrome. 

(From Ashino et al.5)
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maximum APD restitution curve in the RVOT as compared with 
control patients. Quinidine was shown to increase MAP duration 
(MAPD) and decrease maximum restitution slope in the RVOT 
of BrS patients, along with rendering them noninducible for VF 
by electrical stimulation (Figure 68-2, B).5

Antiarrhythmic Drug Effect Monitoring  
by MAP Recordings

Monitoring effects of atrial MAP recording allows monitoring of 
the effects of antiarrhythmic drugs on depolarization and 

repolarization, and on the excitable gap, in atrial flutter and atrial 
fibrillation. Two major mechanisms have been identified in 
halting reentry circuits in atrial fibrillation and atrial flutter: One 
is prolongation of APD; the other is slowing of conduction veloc-
ity or enlarging of pivot points (or both) at reentry curves. 
Another very important antiarrhythmic factor appears to be post-
repolarization refractoriness, by which the ERP extends beyond 
final APD repolarization, thereby preventing premature responses 
to reactivate still partially refractory Na channels and thus prevent 
slow conduction and reentry arrhythmias. This has been shown 
for amiodarone,6 and more recently for ranolazine in combina-
tion with dronedarone.7
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Value of MAP Recording in Ventricular  
and Atrial Fibrillation

Electrical Remodeling: Electrical Restitution and Action 
Potential Alternans
MAP recordings have been instrumental in determining electri-
cal restitution in human ventricles and atria. Electrical restitution 
refers to changes in APD or ERP during short-term interval 
changes. The standard restitution protocol determines the elec-
trical restitution curve (ERC) as a function of the diastolic inter-
val (DI) between the last regularly paced beat and a series of 
“extra” beats elicited at varying intervals after the last regular 
beat. The dynamic restitution protocol8 uses sequential series of 
stepwise increased pacing rates, also plotting APD against the DI. 
The slope of the ERC has been implicated in susceptibility to 
arrhythmias.

Experimental and modeling studies showed that a slope >1 is 
associated with APD alternans, which may lead to wavebreak or 
reentry and subsequently to ventricular or atrial fibrillation, 
respectively. In patients undergoing electrophysiological study, 
Koller and colleagues8 showed that APD restitution was steeper 
for a wider range of fast rates (short DI) in patients with structural 
disease than in those without such disease, and that an APD 
restitution slope >1 preceded alternans at rates greater than 200 
beats/min (bpm; achieved by means of pacing or in ventricular 
tachycardia). Narayan and coworkers9 studied 53 patients with 
left ventricular ejection fraction of 28% ± 8% and 18 control 
subjects with ejection fraction 58% ± 12%. APD was recorded at 
electrophysiological study in the right (n = 62) or left (n = 9) 
ventricle; T wave alternans was measured from the body surface. 
T wave alternans (at less than 109 bpm) was more likely to be 
abnormal in patients than in control subjects (P < .01). However, 
patients and control subjects did not differ in APD restitution 
slope maxima (1.2 ± 0.6 vs. 1.3 ± 0.5, respectively; P = .86) or in 
numbers with steep slope (greater than 1) (58% vs. 67%). T wave 
alternans and simultaneous action potential alternans always 
occurred at diastolic intervals in which APD restitution was  
not steep (P < .01), and no relationship was found between 
maximum restitution slope and T wave alternans magnitude. 
Over 829 ± 473 d, T wave alternans (P = .02) but not restitution 
slope greater >1 predicted ventricular arrhythmias in study sub-
jects. Thus, the mechanism by which T wave alternans predicts 
arrhythmic mortality does not seem to reflect the maximum slope 
of ventricular APD restitution. Many other possible factors can 
contribute to action potential alternans (and arrhythmias), includ-
ing spatial gradients of restitution, conduction slowing, and the 
dynamics of calcium cycling.10

Atrial Repolarization Alternans Precedes  
Atrial Fibrillation Onset
MAP recordings have confirmed that persistent atrial fibrillation 
or atrial flutter causes electrical remodeling in the human heart.11 
The main effects of electrical remodeling are reported to be 
shortening of the action potential (especially of its plateau phase) 
and flattening of the relationship between APD and cycle length 
(CL), with the relatively greatest shortening occurring at long 
cycle length. Although APD shortening (and its concomitant 
ERP shortening) is recognized to be arrhythmogenic, it is not 
obvious why APD shortening should be especially arrhythmo-
genic at long cycle lengths. Another important factor in promot-
ing atrial fibrillation is electrical heterogeneity within the atria. 
For instance, Franz and Narayan et al. have shown that APD in 
the human inferior vena cava–tricuspid valve isthmus exhibits 
abnormal prolongation and reverse rate adaptation in patients 
with chronic atrial flutter or fibrillation.12

MAP recording in human atria showed that initiation of AF 
during rapid atrial pacing, during atrial flutter, or with other 

tachycardic drivers, is almost always preceded by MAPD alter-
nans. This alternans increments until partial conduction block 
with wavebreaks occurs. In patients with persistent atrial flutter 
or AF (studied after cardioversion), MAP recordings documented 
both atrial APD alternans preceding all such transitions from 
either rapid pacing or spontaneous transition from atrial flutter 
to AF.12 Conversely, much less APD alternans was seen in patients 
in whom AF did not develop. A critical observation was the 
spatial heterogeneity within the atria. Compared with other atrial 
sites, the inferior vena cava–tricuspid isthmus represented an area 
in which faster atrial rates resulted in much less APD shortening, 
or even APD lengthening. Because of this rate maladaptation (the 
pathophysiological mechanism of which is not yet known), pacing 
stimuli approached a partially or fully refractory myocardium 
more often than in “normal” myocardium. The immediately fol-
lowing APD and DI then underwent compulsory lengthening, 
facilitating APD alternans in the isthmus. Similar observations 
subsequently were made in the left human atrium, near the pul-
monary veins.13

Narayan et al further evaluated the concept of heterogeneity 
of APD maladaptation and alternans during initiation of AF in 
the electrophysiology laboratory in patients with and without 
clinical AF.13 As has been noted, APD alternans is largely reported 
at fast heart rates and may conceptually be explained by restitu-
tion. Using an incremental pacing technique, Narayan et al.13 
studied left and right atrial MAPD, MAPD restitution curve, 
MAPD alternans, and nonalternating complex APD oscillations 
on transitions to AF in 12 patients with persistent AF, 13 patients 
with paroxysmal AF, and 8 control patients without clinical AF. 
The development of MAPD alternans was elicited at near resting 
rates in patients with persistent AF, at intermediate rates in those 
with paroxysmal AF, and only at very rapid rates in controls just 
before AF. Moreover, the amplitude of the MAPD alternans also 
varied by group, and was greatest in those with permanent AF, 
intermediate in those with paroxysmal AF, and smallest just 
before AF induction in controls. A representative patient with 
persistent AF is shown in Figure 68-3, A-E, in whom marked left 
atrial MAPD alternans was seen at CL 450 ms and CL 400 ms. 
At faster rates (shorter CLs), MAPD alternans disorganized to 
complex oscillations immediately preceding AF transition. In 
stark contrast, Figure 68-3, F illustrates that MAPD alternans in 
control subjects did not arise until very fast rates (CL 200 to 
250 ms), just before AF onset. No control subject had MAPD 
alternans at CL ≥250 ms and, when exhibited, alternans had very 
small magnitude.

Discerning “True” Fractionation in Electrograms (CFAEs)  
from Far-Field Contamination, “Double-Counting,”  
and Other “Noise” Sources
Rapid “drivers,” representing as high-frequency impulse dis-
charges or rotor wave activity within the atria, are under inves-
tigation as atrial fibrillation initiators or substrates, and as targets 
for radiofrequency ablation. Within the atria, continuous atrial 
fractionated electrograms (CFAEs) have been targeted as ablation 
sites (Figure 68-4).14 As with other sites in which fractionation is 
seen in conventional bipolar electrograms, the possibility of 
double-counting cannot be excluded. Narayan and coworkers 
examined atrial fibrillation cycle lengths by comparing bipolar 
electrograms with MAP recordings at the same sites, demonstrat-
ing greater reliability of dominant frequency (DF) measurement 
by MAP.15,16 The measured cycle length was represented accu-
rately by the DF of MAPs but, owing to double counting, not 
always by the DF of bipolar signals (P = .005).

A larger MAP versus multipolar electrogram study17 identified 
four types of CFAEs in human AF and differentiated local from 
nonlocal (far-field) signals. In general, MAP recordings exhibited 
slower, more organized activity at CFAE sites than expected from 
their disorganized appearance. Using a stepwise approach, only 
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Figure 68-3.  A, Action potential duration (APD) alternans at slow rates  in persistent atrial fibrillation (AF), disorganizing to complex oscillations before AF. This man (left 
atrium [LA] diameter 44 mm, left ventricular ejection fraction [LVEF] 44 %) showed substantial APD alternans, (A) CL 450 ms (mean ΔAPD = 120 ms for 10 beats), (B) CL 
400 ms during  intermittent AV block, with a phase  reversal  (*),  (C) CL 290 ms with multiple phase  reversals, and  (D) CL 260 ms, with complex oscillations,  then AF.  (E) 
Maximum APD restitution slope <1. (AP phases II and IV marked; A, atrial; V, ventricular signal.) 

(B, APD oscillation and CL. AF patients show marked APD oscillations [alternans at slow rates transitioning to complex oscillations at faster rate], whereas controls show APD 
alternans only at very short CL. Adapted with permission from Narayan et al.13)
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a minority of CFAEs were consistent with rapid localized AF sites 
and showed discrete MAPs, short CL (≈150 ms), pansystolic acti-
vation, narrow spectral DF, and low-signal amplitude. However, 
most CFAEs (particularly at the atrial septa and CS) reflected 
far-field signals, AF acceleration, or less-defined disorganization 
(all with broad spectral DF peaks). These results provide mecha-
nistic insights into the origin of CFAEs and provide a framework 
from which to better interpret CFAEs during substrate mapping 
of human AF.17

Further interest has been directed at autonomic nerve influ-
ences on atrial APD, EAD generation, and CFAEs in initiating 
and maintaining atrial fibrillation, with emphasis on atrial fat 
pads that harbor ganglionic plexi.18 Vagal effects shorten the atrial 
APD at innervation sites and can be used as local indicators of 
autonomic effects, rather than using sinus bradycardia or AV 
block as distant indicators. Thus, MAP recording may portray 
more directly and more reliably electrophysiological variability, 
fragmentation, and autonomic influences.
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Figure 68-4.  Complex  fractionated electrogram  (CFAE)  site exhibiting distinct monophasic action potentials  (MAPs),  rapid  rate, and sequential pansystolic activation  in 
atrial fibrillation. A, Low posterior left atrium. Low-amplitude CFAEs are seen at SP13-14, SP15-16 (red), and SP1-2 on the spiral catheter. B, Fluoroscopy. C, Distinct MAPs 
with sequential activation spanning >90% of the atrial fibrillation cycle length (152 ms), with postulated regions of slow conduction and localized reentry. D, Spectral analysis 
shows narrow dominant frequency at 6.6 Hz. 

(With permission from Narayan et al.17)
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Summary

Recording of MAP waveforms by contact electrode catheter has 
become the method of choice for evaluating repolarization in 
patients, and can be used easily and safely in the human heart. 

Owing to its safety and simplicity, as well as high stability and 
recording fidelity, the contact electrode technique has gained 
wide use in clinical and experimental research, including phar-
macologic interventions, arrhythmia ablation, cardiac memory, 
electrical restitution and remodeling, and other repolarization-
related phenomena in both ventricular and atrial myocardium.
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Mechanisms Underlying T Wave Alternans

MTWA results from beat-to-beat alternation in the time course 
of the action potential duration at the cellular level. This was 
definitively established through detailed measurements of the 
time course of membrane voltage throughout the ventricle at a 
time when MTWA was elicited on the surface ECG using high-
resolution optical mapping techniques in a guinea pig model of 
pacing-induced MTWA.10-12 In these studies MTWA was a con-
sistent (in fact requisite) precursor to ventricular fibrillation. The 
mechanism linking action potential alternans (and therefore 
MTWA) to ventricular arrhythmias involves the development of 
spatially discordant alternans (i.e., action potential alternans) 
occurring with opposite phase between neighboring cells (Figure 
69-1, panel A).10 When action potential alternans is initiated, 
action potential duration either prolongs or shortens simultane-
ously in all cells of a particular region of ventricular myocardium 
(i.e., concordant alternans; Figure 69-2, panel A, left). As illus-
trated in Figure 69-2 (panel A, right), after a premature impulse 
(*) or change in pacing rate above a critical heart rate threshold, 
sequential lengthening and shortening of the action potential 
occurs, with fluctuations in some regions being 180 degrees out 
of phase with those in other regions, such that some cells undergo 
a prolongation of action potential duration while other popula-
tions of cells undergo action potential duration shortening on the 
same beat (i.e., discordant alternans).10,12 During discordant alter-
nans (see Figure 69-2, panel B, right), marked spatial dispersion 
of action potential duration emerges (blue bars), and discordant 
alternans amplifies physiological heterogeneities of repolariza-
tion present at baseline into pathophysiological heterogeneities 
of sufficient magnitude to produce conduction block and reen-
trant excitation (Figure 69-2, panel B).10-12 Discordant alternans 
also produces a substrate by which conduction block and reen-
trant excitation can be easily initiated by a premature stimulus 
(see Figure 69-2, panel B). When an impulse (*) propagates (from 
site A) into still depolarized myocardium (e.g., in the wake of 
enhanced dispersion of repolarization after the long beat; blue bar 
at site B), conduction block initiating reentrant excitation can 
occur (see Figure 69-2, panel B; VF). Consequently, discordant 
alternans is a mechanism linking MTWA to cardiac arrhythmo-
genesis, and, in fact, in experimental models of action potential 
alternans, ventricular fibrillation never occurs without discordant 
alternans. Thus, under chronotropic or metabolic stress, discor-
dant alternans leads to sufficiently large repolarization gradients 
to produce unidirectional block and reentry. Without a structural 
barrier, reentry is functional and manifests as ventricular fibrilla-
tion or polymorphic ventricular tachycardia. In the presence of 
structural barriers, reentry can become anatomically fixed, result-
ing in monomorphic ventricular tachycardia.

Cellular Mechanisms of Alternans

Although the cellular mechanism for action potential alternans is 
not completely elucidated, convincing data point to a primary 
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History of Cardiac Alternans

Electrical alternans is defined as beat-to-beat alterations in the 
shape of electrocardiographic waveforms. The occurrence of 
visible electrical alternans (i.e., “macrovolt” alternans) was first 
described by Hering in 1908.1 Shortly thereafter, Thomas Lewis 
noted that alternans could occur in a normal heart following 
marked accelerations in heart rate and also in the diseased or 
intoxicated myocardium.2 In 1948 Kalter and Schwartz examined 
the electrocardiograms (ECGs) from 6059 patients and described 
an association between macroscopic T wave alternans (TWA) 
(observed in five patients) and an increased mortality of affected 
patients.3 Subsequent case reports described the occurrence of 
visible TWA in various clinical situations such as myocardial 
ischemia, coronary artery spasm, and electrolyte disturbances, 
particularly in the setting of congenital long QT syndrome.4

Assessment of subtle microvolt TWA (MTWA) through 
sophisticated computerized analysis was first reported in 1982.5 In 
the 1980s Cohen and coworkers established a close relationship 
between MTWA and vulnerability to ventricular fibrillation (VF) 
in a dog model.5,6 Similar findings were subsequently reported by 
Nearing et al.7 Since the inscription of the methods for assessment 
of MTWA, compelling evidence for a mechanistic link between 
MTWA and the occurrence of ventricular tachyarrhythmias has 
been provided in a plethora of experimental and clinical studies. 
Clinical studies using implantable cardioverter-defibrillator 
(ICD)-stored electrogram series8 or recordings from ambulatory 
monitoring9 have demonstrated a progressive increase in MTWA 
shortly before the onset of ventricular tachyarrhythmias.

This chapter reviews the current knowledge regarding 
MTWA, with particular emphasis given to methodologic aspects 
of alternans determination and results of studies on risk stratifica-
tion based on assessment of MTWA.

*Dedicated to the memory of David S. Rosenbaum, MD.
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Figure 69-1.  Left side, A, Action potential assessed by high-resolution optical mapping from epicardial cells on base, apex, and mid-wall of the guinea pig  left ventricle 
during two consecutive beats. Above a critical heart rate, concordant alternans is transformed to discordant alternans between apex and base. Right side, B, Amplification 
of spatial gradients of repolarization by discordant alternans. con-ALT, Concordant alternans; dis-ALT, discordant alternans. 

(Adopted from Pastore JM, Girouard SD, Laurita KR, et al: Mechanism linking T-wave alternans to the genesis of cardiac fibrillation. Circulation 99:1385-1394, 1999.)
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role of sarcoplasmic reticulum calcium cycling in its mecha-
nism.13 Merchant and Armoundas recently provided an in-depth 
review of the cellular mechanisms of alternans.14 In essence, they 
emphasize two major hypotheses to explain alternans at the cel-
lular level. The first hypothesis postulates that alternation in 
sarcolemmal currents, membrane voltage, and action potential 
morphology results in beat-to-beat fluctuations in intracellular 

calcium concentration. For instance, Shimizu and Antzelevitch 
used a ventricular wedge preparation in which congenital long 
QT syndrome physiology was mimicked.15 With this preparation, 
alteration of the T wave and action potential duration was elicited 
during rapid pacing; application of ryanodine or lowering of 
extracellular calcium concentration abolished these alterations, 
implicating intracellular calcium cycling in the maintenance of 
MTWA. The second major hypothesis suggests that alternation 
of intracellular calcium concentration is the initial event leading 
during the second step to alternans of membrane voltage and 
action potential morphology.10,11,16,17 According to this second 
hypothesis, alternans of intracellular calcium concentration may 
be caused by perturbations of any number of calcium transport 
processes that may occur in diseased myocardium.14 A wealth of 
recent experimental data support the second hypothesis, indicat-
ing that perturbations of calcium handling are the fundamental 
event in the genesis of cellular alternans.

Methodology of TWA Assessment

Two contemporary techniques for detection and quantification 
of MTWA have been developed and applied in clinical studies of 
risk stratification: the spectral method6 and the modified moving 
average (MMA) method.7

The Spectral Method

The spectral method uses the vector magnitude ECG signal 
recorded from the three frank orthogonal leads over at least 128 
beats (Figure 69-3). Each T wave is measured at the same time 
relative to the QRS complex. Because this spectrum is created by 
measurements taken once per beat, its frequencies are reported 
in the unit of cycles per beat. Accordingly, the point on the spec-
trum corresponding to 0.5 cycles per beat indicates the level of 
alteration of the T wave wavefront (see Figure 69-3). The alter-
nans power (µV2) is defined as the difference between the power 
of the alternans frequency and the power at the noise frequency 
band (calculated over the reference frequency band between 0.44 
and 0.49 cycles per beat). This is a measure of the true physiologi-
cal alternans level. The alternans voltage (Valt) is simply the 
square root of alternans power and corresponds to the root mean 
square difference in the voltage (averaged over the T wave) 
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results of early clinical studies. Accordingly, a detailed synopsis 
on current guidelines for interpretation of MTWA tests has been 
published.21 In brief, the presence of MTWA is defined by its 
magnitude, the alternans ratio (K score), the relationship between 
MTWA and heart rate, and the assessment of the presence of 
artifacts that can cause alternans. Significant MTWA is defined 
as alternans having Valt ≥1.9 µV with a K score ≥3. Sustained 
alternans is defined as significant alternans that is at least 1 
minute in duration and is consistently present above a patient-
specific threshold heart rate, which is referred to as the onset heart 
rate.19 Once the onset heart rate has been reached, patients con-
sistently have alternans until their heart rate falls below that 
threshold.

Microvolt TWA tracings may be classified as positive, nega-
tive, or indeterminate. The classification of an MTWA tracing 
as positive requires only the determination of whether sustained 
alternans is present along with a determination of the onset heart 
rate. The distinction between tracings that are negative or inde-
terminate is made by the determination of the maximum negative 
heart rate as well as the maximum heart rate.
• Positive tracings. If sustained alternans is present with an onset 

heart rate ≤110 beats/min (bpm), then the tracing is classified 
as positive. The choice of the threshold heart rate of 110 bpm 
is based on the observation that normal healthy subjects  
may develop alternans at high heart rates, suggesting that  
alternans at high heart rates is not prognostically significant. 
If a tracing has sustained alternans but the onset heart rate is 
above 110 bpm, then the tracing will be negative or indeter-
minate according to the patient’s maximum negative heart rate 
(Figure 69-4).

• Negative versus indeterminate tracings. The distinction between 
tracings that are negative and those that are indeterminate is 
based on the maximum negative heart rate—the highest heart 
rate on the tracing in which one is confident that alternans is 
not present. The original classification used prospectively in a 
number of studies22,23 required that the maximum negative 
heart rate must be ≥105 bpm for a tracing to be classified as 
negative. For example, if a tracing has excessive levels of ectopy 
or noise above a heart rate of 95 bpm, one cannot be confident 
that alternans is not present above a heart rate of 95 bpm, and 
one cannot consider the tracing to be negative. Accordingly, 
the maximum negative heart rate is 95 bpm and the tracing is 
classified as indeterminate. Perhaps if the ectopy or noise levels 
were reduced, alternans would be “unmasked” at a heart rate 
of 100 bpm (Figure 69-4). For this reason, tracings without 
sustained alternans and with a maximum negative heart rate 
<105 bpm are considered indeterminate. Similarly, tracings 
with sustained alternans with an onset heart rate >110 bpm 
(i.e., alternans that is not prognostically significant) are also 
classified as indeterminate if the maximum negative heart rate 
is <105 bpm.
Application of this classification can result in indeterminate 

results in up to 25% to 30% of some populations.22-24 Many trac-
ings were classified as indeterminate because the patient’s maximal 
heart rate was less than 105 bpm, and therefore the tracing had 
no chance of being classified as negative (the maximum negative 
heart rate cannot be greater than the maximum heart rate).

The Modified Moving Average Method

MMA-based MTWA can be assessed during exercise stress 
testing, during postexercise recovery, or on the basis of ambula-
tory ECG recordings.25 MMA is based on the noise-rejection 
principle of recursive averaging.26 As shown in Figure 69-5, the 
algorithm continuously streams odd and even beats into separate 
bins and creates median complexes for each bin.7 These com-
plexes are then superimposed, and the maximum difference 

between the overall mean beats and either the even-numbered or 
odd-numbered mean beats. A measure of the statistical signifi-
cance of the alternans is defined as the alternans ratio (K score), 
calculated as the ratio of the alternans power divided by the 
standard deviation of the noise in the reference frequency band. 
Alternans is considered significant if the K score is ≥3. This 
spectral method has been demonstrated to provide a robust mea-
surement of MTWA.

Correct assessment of MTWA depends heavily on the quality 
of the data collected in that MTWA is a low-amplitude and rela-
tively low-frequency phenomenon that can be easily obscured by 
artifacts such as baseline wander and muscle artifacts. Accord-
ingly, measurement of MTWA requires careful skin preparation 
to minimize electrode-to-skin impedance. In addition, special-
ized electrodes have been developed that record and process 
ECG signals, as well as impedance, from multiple segments of 
an electrode.

Determination of MTWA requires increases in heart rate. For 
every patient, there is a threshold heart rate, above which MTWA 
will become apparent (see later). In the initial studies, heart rate 
was increased by means of atrial pacing.18-20 Subsequently, tech-
niques were developed to noninvasively elevate heart rate by 
means of treadmill or bicycle exercise testing. MTWA test results 
obtained with both methods were highly reproducible.19 
Currently, MTWA assessment is uniformly performed 
noninvasively.

Classification and Interpretation of MTWA Using  
Spectral Analysis
As with every evolving new method, classification schemes for 
the assessment of MTWA had to be developed on the basis of 

Figure 69-3.  Schematic Representation of MTWA Assessment Using 
the Spectral Method The  amplitudes  of  the  corresponding  points  on  the T 
wave are measured for 128 beats. A time series consisting of these 128 amplitudes 
is created. The power spectrum of this time series is computed using fast Fourier 
transform  methods.  In  the  power  spectrum  obtained  from  recordings  during 
bicycle exercise, peaks corresponding to frequencies of respiration, pedaling, and 
alternans are  illustrated. Microvolt TWA appears as a peak at exactly one-half  the 
beat frequency (0.5 cycles per beat). The amplitude of this peak is compared with 
the mean and standard deviation of the spectrum in a reference “noise band.” FFT, 
Fast Fourier transformation. 

(Adopted from Cohen RJ: TWA and laplacian imaging. In Zipes DP, Jalife P [eds]: 
Cardiac Electrophysiology: From Cell to Bedside, 3rd ed. Philadelphia, Saunders, 1999, 
pp 781-789.)
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between odd and even median complexes at any point within the 
JT segment is determined as the TWA value, which is averaged 
every 10 to 15 seconds. The moving average allows control of 
the influence of new incoming beats on the median templates 
with an adjustable update factor, that is, the fraction of morphol-
ogy change that an incoming beat can contribute. Respiration 
and motion artifacts are reduced by noise-reduction software. 
MMA-based MTWA can be assessed noninvasively from routine, 
symptom-limited exercise stress testing and ambulatory ECG 
monitoring using precordial ECG leads with standard electrodes. 
Careful skin preparation including mild abrasion is necessary for 
maximal signal-to-noise ratio. The algorithm excludes extrasys-
toles, noisy beats, and the beats preceding them. Risk stratifica-
tion is based on the peak MTWA value throughout the 24-hour 
ECG recording or the exercise test.

Classification and Interpretation of MTWA 
Using the MMA Technique

Using the MMA method, MTWA ≥60 µV during routine exer-
cise testing or ambulatory ECG monitoring25,27,28 was found in 
clinical studies to be associated with increased risk for sudden 
cardiac death and/or cardiovascular mortality. In patients during 
the early post–myocardial infarction (MI) phase with or without 
heart failure, a lower cutpoint of ≥47 µV predicted sudden cardiac 
death.29,30 Leino et al.31 demonstrated 55% and 58% increases in 
risk of cardiovascular and sudden cardiac death, respectively, per 
20 µV of TWA.

Clinical Studies on MTWA

The first clinical studies used atrial pacing to achieve the critical 
increase in heart rate necessary to elicit MTWA,18-20 but the 
invasive nature of this procedure would have precluded the wide-
spread applicability of MTWA measurement as a risk stratifier 

Figure 69-5.  Schematic  representation of MTWA assessment using the modified 
moving average method.

 (Adopted from Verrier RL, Klingenheben T, Malik M, et al: Microvolt T-wave alternans. 
J Am Coll Cardiol 58:1309-1324, 2011.)
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Figure 69-4.  Examples of MTWA Positive, Negative, and Indeterminate Test Results  Shown  (from top to bottom)  are  heart  rate  trend;  percentage  of 
bad beats; noise level; and MTWA amplitudes in vector magnitude lead VM, orthogonal leads X, Y, and Z, and ECG leads V1 to V6. A, Example for a bicycle exercise negative 
MTWA test. B, Atrial pacing test in the same patient is also negative for MTWA. C, Example of bicycle exercise-induced sustained MTWA (gray shaded area). D, Atrial pacing 
test in the same patient yields also MTWA positive findings. 
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MTWA testing to guide prophylactic ICD therapy. This study 
enrolled 566 patients with ischemic cardiomyopathy and nonsus-
tained VT and followed them for 1.9 years for the end point of 
sudden death or first appropriate ICD therapy. ICD implantation 
was mandated in all patients with positive MTWA or EP test 
results. The primary analysis showed that MTWA achieved 
1-year positive (9%) and negative (95%) predictive values that 
were almost identical to those of EP testing (11% and 95%). The 
highest risk was observed in patients with positive MTWA and 
EP test results. However, the study failed to predict end point 
events after 2 years, suggesting a potential time dependence of 
MTWA assessment.

MTWA Assessment for Noninvasive  
Risk Stratification

A plethora of studies have evaluated the prognostic power of 
noninvasively assessed MTWA in an attempt to risk-stratify 
patients prone to sudden death. The need for better assessment 
of risk for serious ventricular tachyarrhythmias is driven by the 
fact that with the implantable defibrillator, a highly efficacious 
tool for preventing arrhythmogenic death is available. However, 
use of the ICD carries its own risks because of the invasive char-
acter of this therapy, and its widespread applicability is limited 
by high costs and the need for trained specialists to apply this 
therapy. Accordingly, accurate identification of the patient at 
highest risk for arrhythmogenic death is of paramount clinical 
importance.

A total of 29 studies using spectral MTWA analysis and com-
prising >100 patients have been published, as was recently sum-
marized by Verrier et al.25 These studies were carried out in 
subjects with dilatative or ischemic cardiomyopathy (n = 8) or 
congenital heart disease (n = 1), in patients with impaired left 
ventricular ejection fraction (n = 6) or heart failure (n = 3), in 
survivors of MI (n = 8), in patients referred for EP testing (n = 
2), and in Brugada syndrome patients (n = 1). As summarized in 
Table 69-1, 22 out of 29 studies demonstrated significant predic-
tivity of MTWA (i.e., patients with positive or indeterminate test 
results were found to be at significantly greater risk of sudden 
death or serious ventricular tachyarrhythmias compared with 
those who had negative test results). Several reasons for the 
nonpredictability of MTWA have been discussed, including 
assessment too early after a cardiac event (MI), withholding of 
β-blocker therapy, and the use of ICD therapy as a surrogate end 
point for sudden death (see later).

At least 12 reports were published on the predictive capability 
of MTWA with use of the MMA method for predicting cardio-
vascular or sudden death or serious ventricular arrhythmia (RV). 
In total, more than 4800 individuals were enrolled in these 
studies. In contrast to those using the spectral MTWA assess-
ment method, these studies used different test conditions for 
MTWA assessment, such as measurement at peak exercise or 
during exercise recovery and that based on ambulatory ECG 
monitoring. Accordingly, it is more difficult than in the case of 
spectral MTWA studies to directly compare the predictive value 
of the method from one study to another. In general, however, 
these studies have reported an encouraging predictive power of 
positive MTWA results. Of particular importance is the FINCA-
VAS (Finish Cardiovascular Study) trial because this is one of the 
largest MTWA studies performed to date, and because it enrolled 
unselected low-risk subjects, including 1972 individuals referred 
for routine exercise testing, and followed them for 4 years. In 
multivariate Cox analysis after adjustment for common coronary 
risk factors, high exercise-based MTWA was associated with a 
relative risk of 12.3 (95% confidence interval [CI], .2.1-12.2; P < 
.01) for cardiovascular mortality.31 High recovery-based MTWA 
carried a risk of 8.0 (95% CI, 2.9-22.0; P < .01) for cardiovascular 

for serious ventricular tachyarrhythmias and sudden death. 
Hence, subsequent studies used bicycle exercise to raise heart rate 
above the critical threshold. When exercise-induced alternans 
was compared with pacing-induced alternans, the average heart 
rate at which alternans became positive was almost identical, with 
both methods reemphasizing the patient-specific onset heart rate 
of MTWA.19 Although alternans amplitude was greater at peak 
exercise than at the corresponding heart rate during atrial pacing, 
the results in terms of positivity and negativity were comparable. 
Accordingly, MTWA assessment is nowadays performed com-
pletely noninvasively by using bicycle or treadmill exercise to 
increase heart rate.

A potential limitation of this method is the prevalence of 
indeterminate MTWA findings, which varies between 12% and 
40%. A high proportion of indeterminate results are due to the 
inability of patients to increase their heart rate above 105 bpm 
(i.e., because of the presence of heart failure) or to excessive 
ventricular ectopy during exercise (patient factors). Other reasons 
for indeterminate MTWA testing include excessive noise and an 
exercise protocol that causes an excessively rapid rise in heart rate 
(technical factors). In terms of prognostic information, however, 
the current thinking is that an indeterminate test due to patient 
factors carries similar prognostic information as a positive 
MTWA test result. Kaufman et al used data from a large study 
and specifically looked at the prognostic yield of indeterminate 
MTWA test results. They reported that patients with dilated 
cardiomyopathy with an indeterminate MTWA test result had a 
2-year rate for death or sustained ventricular tachyarrhythmias 
of 17.8% compared with 12.3% in patients with a positive test.32 
Accordingly, newer studies have differentiated “non-negative” 
(i.e., positive and indeterminate) tests from negative ones.

A major limitation of MTWA assessment for risk prediction 
of patients prone to ventricular tachyarrhythmias and sudden 
death is the fact that MTWA cannot be reliably determined in 
patients who are in atrial fibrillation.

MTWA Assessment and Results of Invasive 
Electrophysiological Testing

Rosenbaum and associates carried out the first clinical landmark 
study on MTWA in 1994.18 In this study of 83 patients undergo-
ing electrophysiological (EP) testing, an excellent correlation was 
noted between the presence of MTWA and inducibility of ven-
tricular tachycardia (VT) or VF. In fact, repolarization alternans 
carried a relative risk of 5.2 for susceptibility to inducible ven-
tricular arrhythmias. Moreover, during a 20-month observation 
period, MTWA and inducibility of ventricular arrhythmias were 
significant and essentially equivalent predictors of arrhythmia-
free survival (P < .001). A multicenter study of 313 patients 
referred for EP testing revealed similar results.23 MTWA pre-
dicted the primary end point (composite of SCD, sustained VT 
or VF, or appropriate ICD discharge) with a relative risk of 10.9 
compared with a relative risk of 7.1 for EP inducibility of ven-
tricular arrhythmias. Similar to the Rosenbaum study, the relative 
risk of MTWA for predicting EP outcome was 5.7.

Hohnloser and associates measured MTWA and performed 
EP testing in 95 consecutive patients with a history of ventricular 
tachyarrhythmias undergoing implantation of an ICD.22 The first 
end point of this study was appropriate ICD therapy for 
electrogram-documented VF or VT during an average follow-up 
of 442 days. Kaplan-Meier survival analysis revealed that MTWA 
(P < .006) and left ventricular ejection fraction (LVEF) (P < .04) 
were the only significant univariate risk stratifiers.

The largest trial to compare invasive EP testing with MTWA 
assessment as predictors for sudden death was the ABCD (Alter-
nans Before Cardioverter Defibrillator) trial.33 At the same time, 
the ABCD trial is the only study that tested the capability of 
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Table 69-1. Clinical Studies Using the Spectral Method for MTWA Determination in >100 Patients

Study, First Author Patient Population (Enrollment, Disease) Mean LVEF Hazard Ratios (95% CIs) for TWA

Predictive Studies

Cardiomyopathy

Kitamura et al., 200234 104 patients with DCM 37% 11.9 (1.53-92.59) for SCD, VF, or sustained VT 
at 21 ± 14 months

Hohnloser et al., 200335 137 patients with DCM, LVEF ≤35% 29% ± 11% 3.44 for ventricular tachyarrhythmic events at 
14 ± 6 months

Chow et al., 200736 514 patients with ischemic cardiomyopathy, 
LVEF ≤35%, no previous sustained ventricular 
arrhythmia and positive or indeterminate TWA 
test results

26%-29% 2.24 (1.34-3.75) for all-cause mortality; 2.29 
(1.00-5.24) for arrhythmic mortality; NS for 
nonarrhythmic mortality

Salerno-Uriarte et al., 2007 
(ALPHA)37

446 patients with DCM, LVEF ≤40% 29.5% 4.0 (1.4-11.4) for cardiac death and life-
threatening arrhythmias at 18 months

Chow et al., 200638 768 patients with ischemic cardiomyopathy, 
LVEF ≤35%, no previous sustained ventricular 
arrhythmia

26%-29% 2.27 (1.22-4.24) for all-cause mortality in 
patients without an ICD; 2.42 (1.07-5.41) for 
all-cause mortality or appropriate ICD 
discharge in patients with an ICD

Chan et al., 200839 768 patients with ischemic cardiomyopathy, 
LVEF ≤35%, no previous sustained ventricular 
arrhythmia (same patients as Chow, 200738)

26%-29% 2.19 (1.1-4.34) for all-cause mortality and 
appropriate ICD shocks at 1 year; 3.36 
(1.28-8.83) at 2 years

Costantini et al., 2009 
(ABCD)33

566 patients with ischemic cardiomyopathy, 
LVEF ≤40%, and NSVT

28% ± 8% 2.1 for SCD or appropriate ICD discharge at  
1 year

Congenital Heart Disease

Alexander et al., 200640 304 consecutive pediatric patients with 
congenital heart disease, myopathy, syncope, or 
history of cardiac arrest

Not stated 7.9 (2.2-28.1) for ventricular arrhythmia;  
6.7 (1.6-28.1) for cardiac arrest at <3 years

Depressed LVEF

Rashba et al., 200241 108 consecutive patients with CAD and LVEF 
≤40%

28% ± 7% 2.2 (1.1- 4.7) for death, sustained ventricular 
arrhythmias, appropriate ICD discharge at  
18 ± 13 months in patients with normal QRS 
segment; NS in patients with prolonged QRS 
segment

Rashba et al., 200442 144 patients with CAD and LVEF ≤40% 28% ± 7% 2.2 (1.1-4.7) for death, sustained ventricular 
arrhythmia, or appropriate ICD discharge at 
17 ± 13 months; NS in patients with LVEF 
<30%; ∞ in patients with LVEF >30%

Bloomfield et al., 200643 549 patients with LVEF ≤40%, no history of 
sustained ventricular arrhythmias

25% 6.5 (2.4-18.1) for all-cause mortality or 
nonfatal sustained ventricular arrhythmia at  
2 years

Cantillon et al., 200744 286 patients with LVEF ≤35%, NSVT, syncope 26% ± 7% 2.33 (1.44-3.67) for arrhythmia-free survival at 
38 ± 11 months

Morin et al., 200745 386 patients with CAD, NSVT, LVEF ≤40% 26%-30% 1.64 for ventricular tachyarrhythmia or death 
in patients with narrow QRS segment at 40 ± 
19 months; NS in patients with wide QRS 
segment

Heart Failure

Klingenheben et al., 200024 107 consecutive patients with congestive heart 
failure, LVEF ≤45%, no history of arrhythmia, no 
recent MI

28% ± 7% ∞ for SCD, arrhythmias, sustained VT at 
14.6 months

Gorodeski et al., 200946 303 consecutive patients with heart failure, LVEF 
≤40%

24% 1.89 (1.05-3.39) for total mortality or cardiac 
transplantation; NS after adjustment for 
metabolic measures at 2.8 years. 
Concordance index for time-to-event 
outcomes = 0.75. C statistic for propensity 
score = 0.79
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69 Study, First Author Patient Population (Enrollment, Disease) Mean LVEF Hazard Ratios (95% CIs) for TWA

Post–Myocardial Infarction

Ikeda et al., 200047 102 post-MI patients 20%-40% 16.8 (2.2-127.8) for arrhythmic events

Ikeda et al., 200248 850 post-MI patients 51% ± 13% 5.9 (1.6-21.4) for SCD or resuscitated VF at 25 
± 13 months; 82% were monitored at 2 to 10 
weeks after MI

Bloomfield et al., 200449 177 MADIT II–like post-MI patients with LVEF 
≤30

23% ± 6% 4.8 for all-cause mortality at 2 years

Ikeda et al., 200650 1041 post-MI patients with LVEF >40% 55% ± 10% 23.5 monitored at 48 ± 66 days for SCD or 
life-threatening arrhythmia at 32 ± 14 
months

Exner et al., 2007 (REFINE)51 322 post-MI patients with LVEF <50 40% within 1 
week and 
47% at 8 
weeks after 
MI

2.75 (1.08-7.02) monitored at 10 to 14 weeks 
after MI for cardiovascular death or 
resuscitated cardiac arrest (primary end 
point) at 47 months; NS if monitored at 2-4 
weeks after MI. Area under ROC curve for 
primary end point = 0.62; for combination of 
TWA + HRT, area under ROC = 0.70

Referred for Electrophysiological Study

Gold et al., 200023 313 patients 44% ± 18% 10.9 for SCD, sustained VT, VF, or appropriate 
ICD discharge at 400 days

Rashba et al., 200252 251 patients with CAD and LVEF 27% ± 8% 2.2 (1.1-4.7) for arrhythmic events (arrhythmic 
death, VT, aborted VF) at 499 ± 395 days; NS 
for TWA during atrial pacing at 100-120 
beats/min

Nonpredictive Studies

Schwab et al., 200153 140 post-MI patients 56% ± 14% NS if monitored at 15 ± 6 days after MI for 
SCD or sustained VT at 451 ± 210 days

Tapanainen et al., 200154 379 consecutive post-MI patients 45% ± 10% NS for TWA monitored at ≈8 days after MI for 
all-cause mortality or cardiac death at 14.8 
months

Grimm et al., 200355 343 patients with DCM, LVEF ≤45% 31% ± 10% NS for SCD, VF, or sustained VT at 52 months

Ikeda et al., 200556 124 consecutive subjects with Brugada-type 
ECG

(not stated) NS for SCD or VT at 40 ± 19 months

Gold et al., 2008 (SCD-HeFT 
TWA substudy)57

490 patients with congestive heart failure 24% ± 7% NS for SCD, sustained VT/VF, or appropriate 
ICD discharge at 2.5 years

Chow et al., 2008 (MASTER)58 575 post-MI patients with LVEF ≤30% 24% ± 5% 2.04 (1.10-3.78) for total mortality at 2.1 ± 0.9 
years; NS for ventricular tachyarrhythmic 
events

Huikuri et al., 2009 
(CARISMA)59

312 post-MI patients 31% ± 6% NS for TWA monitored at 6 weeks after MI for 
VF or symptomatic, sustained VT at 2 years

ABCD, Alternans Before Cardioverter-Defibrillator; ALPHA, T-Wave Alternans in Patients With Heart Failure; CAD, coronary artery disease; CARISMA, Cardiac Arrhythmias and 
Risk Stratification after Acute Myocardial Infarction; CI, confidence interval; DCM, dilated cardiomyopathy; HRT, heart rate turbulence; ICD, implantable cardioverter-
defibrillator; LVEF, left ventricular ejection fraction; MADIT, Multicenter Automatic Defibrillator Trial; MASTER, Microvolt T Wave Alternans Testing for Risk Stratification of 
Post-Myocardial Infarction Patients; MI, myocardial infarction; NS, not significant; NSVT, nonsustained ventricular tachycardia; REFINE, Risk Estimation Following Infarction, 
Noninvasive Evaluation; ROC, receiver-operator characteristic curve; SCD, sudden cardiac death; SCD-HeFT, Sudden Cardiac Death in Heart Failure Trial; TWA, T wave 
alternans; VF, ventricular fibrillation; VT, ventricular tachycardia.

Table 69-1. Clinical Studies Using the Spectral Method for MTWA Determination in >100 Patients—cont’d

Modified from Verrier RL, Klingenheben T, Malik M, et al.: Microvolt T-wave alternans. J Am Coll Cardiol 58:1309-1324, 2011, with permission.
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baseline variables, a non-negative MTWA test was associated 
with significantly higher risk for all-cause (HR, 2.24; 95% CI, 
1.34-3.75; P = .002) and arrhythmic mortality (HR, 2.29; 95% 
CI, 1.0-5.25; P = 0.049). On the other hand, nonarrhythmic 
mortality was not significantly different in patients who tested 
non-negative or negative for MTWA. Chan et al. used the same 
dataset to determine cost-effectiveness of an MTWA-based strat-
egy to treat patients with an ICD.65 They were able to show that 
cost-effectiveness could be markedly improved by adherence to 
the MTWA-based strategy.

Some studies in patients with ischemic or nonischemic 
cardiomyopathy, however, did not show predictive value of 
MTWA.55,57,58 On careful examination, important differences can 
be noted between these negative and the aforementioned positive 
studies, particularly as to whether β-blocker therapy was withheld 
before MTWA testing was performed. Evidence suggests that 
β-blockers suppress MTWA amplitude and affect the presence 
of MTWA during testing.66 Accordingly, a recent meta-analysis 
of various MTWA studies shows that the predictive power of 
MTWA was considerably higher in those studies in which alter-
nans was measured during continued β-blocker therapy.67 It 
seems clear, therefore, that MTWA should be assessed in a phar-
macologic environment consistent with the patient’s medical 
treatment to ensure that test results reflect the potential benefit 
of long-term drug therapy.67

Risk Prediction for Sudden Death/Ventricular 
Tachyarrhythmia Versus Prediction of ICD 
Therapy by MTWA

In a substudy of sudden cardiac death heart failure trial 
(SCDHeFT), MTWA was assessed in 490 patients at 37 sites. A 
high rate of indeterminate testing (41%) was identified by stan-
dard criteria.57 During a mean follow-up of 30 months, no signifi-
cant differences in event rates (sudden death, VT/VF, or 
appropriate ICD therapy) were found between MTWA-positive 
and MTWA-negative patients. Most of the end point events con-
sisted of ICD therapies. Similarly, the MASTER study enrolled 
575 MADIT II–like patients and followed them for 2.1 years58 for 
the end point of sudden death or appropriate ICD discharge. A 
non-negative MTWA test was associated with increased total 
mortality (HR, 2.04; P = .02) but did not predict a significant 
increase in the primary end point (HR, 1.26; P = .37).

Given these controversial observations, a recent meta- 
analysis comprising 14 clinical trials (including the two 
previously mentioned negative studies) was conducted to evaluate 
MTWA as a predictor of ventricular tachyarrhythmic events in 
primary prevention patients. For the purpose of this specific 
analysis, nine trials,24,34,36,37,43,48,50,55,68 in which few patients had 
implanted ICDs (and therefore in which ICD device therapies 
accounted for ≤15% of all end points), were compared with five 
trials,33,36,44,57,58 in which many patients had implanted ICDs and 
thus device therapies accounted for most of the end points.69 In 
the “low-ICD group,” comprising 3682 patients, the HR for 
sudden death/cardiac arrest associated with a non-negative versus 
a negative MTWA test was 13.6 (95% CI, 8.5-30.4) and the 
annualized event rate among MTWA-negative patients was 0.3% 
(95% CI, 0.1-0.5). In contrast, in the “high-ICD group,” com-
prising 2234 patients, the HR was only 1.6 (95% CI, 1.2-2.1), 
and the annualized event rate among MTWA-negative patients 
was elevated to 5.4% (95% CI, 4.1-6.7). These data suggest that 
MTWA predominantly predicts lethal ventricular tachyarrhyth-
mic events, whereas more benign, often nonsustained ventricular 
tachyarrhythmias that trigger ICD therapy are not as well pre-
dicted. This observation may be attributed to the fact that (1) 

mortality. Accordingly, even in this low-risk population, MTWA 
was a powerful predictor of subsequent mortality.

MTWA Assessment in Patients after  
Myocardial Infarction or with Impaired  
Left Ventricular Function

As shown in Tables 69-1 and 69-2,34-64 more than a dozen studies 
have been conducted to assess the value of MTWA determination 
after myocardial infarction using both spectral and time-domain 
measurement techniques. These studies included between 100 
and 1000 patients who were followed mostly for periods of 1 to 
2.5 years. In most of these investigations, MTWA turned out to 
be a useful tool for identifying patients who were at increased 
risk for sudden or at least cardiovascular mortality or serious 
ventricular tachyarrhythmias.

One of the most comprehensive studies in this area was con-
ducted by Exner and colleagues,51 who evaluated 322 infarct 
survivors with a left ventricular ejection fraction (LVEF) <0.50 
in the first week after MI, who were followed for a mean of 47 
months. Serial assessment of autonomic tone (heart rate turbu-
lence, baroreflex sensitivity) and electrical substrate (MTWA) 
was performed. The primary end point was cardiac death or 
resuscitated cardiac arrest. This study is of particular relevance 
in that MTWA was assessed 2 to 4 weeks after the index infarct 
and again 10 to 14 weeks later. Of note, abnormal MTWA results 
after 2 to 4 weeks did not significantly predict end point events 
(hazard ratio [HR], 2.42; 95% CI, 0.96-7.71). However, assess-
ment 10 to 14 weeks after the index infarct yielded an HR of 2.91 
(95% CI, 1.13-7.48; P = .026). When abnormal autonomic func-
tion was combined with positive MTWA findings, predictive 
accuracy increased with an HR of 3.27 (95% CI, 1.42-7.00). 
These results, combined with optimal timing of MTWA assess-
ment and its use in combination with autonomic markers, may 
guide risk stratification attempts in clinical practice.

Dilated cardiomyopathy is a clinical condition associated with 
a high incidence of sudden presumably arrhythmogenic death. 
Unfortunately, assessment of conventional risk stratifiers, such as 
spontaneous ventricular arrhythmias, autonomic markers, or 
electrophysiological test results, has yielded insufficient predic-
tive power for future tachyarrhythmic events. On the other hand, 
recent randomized controlled trials have demonstrated that pro-
phylactic ICD therapy in such patients improves outcomes. 
However, the absolute reduction in mortality was relatively small 
(i.e., 5.6% over 20 months in MADIT II). In the United States, 
approximately 400,000 patients are diagnosed each year with 
coronary disease and advanced left ventricular dysfunction. Thus, 
routinely implanting defibrillators in this population would be 
very expensive. These considerations have prompted several 
studies that assessed the role of MTWA in targeting ICD therapy 
to those patients with dilatative cardiomyopathy with or without 
signs of congestive heart failure who are at highest risk of sudden 
death.

Accordingly, this population has been the focus of intense 
research activities to determine the value of MTWA assessment 
for refining risk prediction in individual patients. Studies com-
prised up to 750 patients and used follow-up periods similar to 
those used in the postinfarction studies. A common observation 
in almost all of these studies is that patients who tested negative 
for MTWA had very low mortality, particularly low arrhythmic 
mortality (negative predictive values >95%). In the largest of 
these trials, conducted by Chow et al.38 768 consecutive patients 
with ischemic cardiomyopathy and LVEF ≤0.35 were tested and 
followed up for a mean of 18 months. Patients were classified as 
MTWA negative or non-negative (including MTWA-positive 
and indeterminate patients). After adjustment for important 
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Table 69-2. Clinical Studies Using the MMA Method for MTWA Determination

Test Setting
Patient Population (Disease, 
Enrollment Criteria, Mean Age) Mean LVEF

Hazard Ratios (95% CIs) for TWA; Negative 
and Positive Predictive Values

Routine Exercise Testing

Nieminen et al., 2007 
(FINCAVAS)27

1037 consecutive patients referred for 
routine exercise testing; 58 ± 13 years 
(patients included in Leino et al., 201161)

Mostly preserved 6.0 (2.8-12.8) for CV death at 44 ± 7 months 
for 65-µV TWA cutpoint; NPV = 97.6; PPV = 
12.6

Minkkinen et al., 2009 
(FINCAVAS)60

2119 consecutive patients referred for 
routine exercise testing; 57 ± 13 years 
(patients included in Leino et al., 201161)

Mostly preserved 
(60%-66%)

6.4 (2.0-21.2) for CV death, 4.6 (1.7-12.3) for 
SCD at 47 months for 60-µV cutpoint; NPV for 
CV death = 97.4; PPV = 10.2

Leino et al., 2011 
(FINCAVAS)61

3598 consecutive patients referred for 
routine exercise testing; 56 ± 13 years

Mostly preserved 1.55 (1.150-2.108; P < .004) for CV death; 1.58 
(1.041-2.412; P < .033) for SCD at 55 months 
per 20-µV TWA in lead V5

Exercise Recovery

Exner et al., 2007 
(REFINE)51

322 post-MI patients; 62 (interquartile 
range, 53-70) years

Moderately depressed 
(38%-48%)

2.94 (1.10-7.87) monitored at 10-14 weeks 
after event for CV death or resuscitated 
cardiac arrest (primary end point) at 47 
months; NS when monitored at 2-4 weeks 
after MI. For primary end point for TWA, area 
under ROC curve = 0.62; for combination of 
TWA + HRT, area under ROC = 0.71

Slawnych et al., 2009 
(REFINE/FINCAVAS)28

322 post-MI patients (from REFINE) and 
681 CAD patients (from FINCAVAS); 69 
(interquartile range, 57-76) years

Moderately depressed 
(38%-48%) and 
preserved (56%-63%) 
groups

2.5 (1.1-6.0) for CV death at 48 months for 
60-µV cutpoint; NPV = 96%; PPV = 13%

Leino et al., 2009 
(FINCAVAS)31

1972 consecutive patients referred for 
routine exercise testing; 57 ± 13 years 
(patients included in Leino et al., 201161)

Mostly preserved 
(60%-66%)

3.5 (1.6-7.9) for CV death at 48 months for 
60-µV cutpoint. For CV death, area under ROC 
curve for TWA = .550-.606; for combination of 
TWA + HRR, area under ROC curve = 
0.671-0.691

Ambulatory ECG Monitoring

Verrier et al., 2003 
(ATRAMI)29

Acute post-MI; case-control analysis (15 
cases; 29 controls) from 1284 ATRAMI 
patients, monitored at 15 ± 10 days 
post-MI; 60-62 years

Moderately depressed 
(42% ± 3%)

7.9 (1.9-33.1) for cardiac arrest or arrhythmic 
death at 21 months for 75th %ile cutpoint 
(47 µV); patients were monitored at 15 ± 10 
days post-MI

Stein et al., 2008 
(EPHESUS)30

Acute post-MI; LVEF ≤40% and heart 
failure; case-control analysis (46 cases; 
92 controls) from 6632 EPHESUS 
patients, monitored at 2-10 days post-MI; 
68 ± 11 years

Depressed (34% ± 5%) 5.5 (2.2-13.8) for SCD at 16.4 months for 47-µV 
cutpoint; patients were monitored at 2-10 
days post-MI. For SCD, area under ROC curve 
= 0.73 for V1 and = 0.70 for V3 (P < .001)

Sakaki et al., 200962 295 cardiomyopathy patients with 
ischemic or nonischemic left ventricular 
dysfunction; 66 ± 16 years

Depressed (34% ± 6%) 17.1 (6.3-46.6) for CV death, 22.6 (2.6-193.7) 
for witnessed SCD at 1 year for 65-µV 
cutpoint; NPV for CV death = 97%; PPV = 37%

Maeda et al., 200963 63 consecutive patients including 21 
controls, 21 post-MI patients without VT, 
and 21 post-MI patients with VT; 65 ± 11 
years

Depressed (36%-43%) 
for post-MI group

6.1 (1.1-34.0) for sustained VT or VF at 6 years 
for 65-µV cutpoint

Stein et al., 2010 (CHS)64 General population patients ≥65 years 
old; case-control analysis (49 cases; 98 
controls) from 1649 CHS patients

Not tested, assumed 
preserved

4.8 (1.48-15.81) for SCD at 14 years

ATRAMI, Autonomic Tone and Reflexes after Myocardial Infarction; CAD, coronary artery disease; CI, confidence interval; CHS, Cardiovascular Health Study; CV, 
cardiovascular; EPHESUS, Eplerenone Post-Acute Myocardial Infarction Heart Failure Efficacy and Survival Study; FINCAVAS, Finnish Cardiovascular Study; HRR, heart rate 
recovery; LVEF, left ventricular ejection fraction; MI, myocardial infarction; MMA, modified moving average method; MTWA, microvolt TWA; NPV, negative predictive value; 
PPV, positive predictive value; REFINE, Risk Estimation Following Infarction, Noninvasive Evaluation; ROC, receiver-operator characteristic curve; SCD, sudden cardiac 
death; TWA, T wave alternans; VF, ventricular fibrillation; VT, ventricular tachycardia.

Modified from Verrier RL, Klingenheben T, Malik M, et al.: Microvolt T-wave alternans. J Am Coll Cardiol 58:1309-1324, 2011, with permission.
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many “appropriate” device therapies treat arrhythmias that would 
have self-terminated or (2) ICDs may induce arrhythmias that 
they subsequently treat.70,71

MTWA Testing in Patients with Depressed or 
Preserved LV Function

At present, LVEF ≤0.35 is used as the sole risk stratifier for selec-
tion of patients for primary preventive ICD therapy. However, 
several studies have demonstrated that only a small percentage of 
patients undergoing primary prevention ICD implantation  
actually receive appropriate device therapy during long-term 
follow-up. Moreover, a majority of all sudden deaths occur in 
patients with preserved left ventricular (LV) function. Some  
of these issues were recently addressed in a careful patient- 
level data-based analysis from five prospective studies of  
MTWA testing in patients with no history of previous ventricular 
tachyarrhythmias,72 with further subclassification of patients 
based on LVEF. Among patients with LVEF ≤35%, the 
annual sudden death event rates for positive, negative and inde-
terminate groups were 4.0%, 0.9%, and 4.6%, respectively. The 

Figure 69-6.  A,  Kaplan-Meier  event-free  survival  (arrhythmic  mortality/sudden 
death)  stratified  by  MTWA  test  results  for  2883  patients  enrolled  in  five  studies. 
Patients testing positive or indeterminate have significantly lower event-free survival 
than patients testing MTWA negative, with no significant difference noted between 
positive and indeterminate patients. Pos, Positive; Neg, negative; Ind, indeterminate. 
B, Kaplan-Meier event-free survival among patients with an LVEF ≤0.35. No signifi-
cant difference was noted between patients testing MTWA positive and those with 
indeterminate test results. C, Kaplan-Meier event-free survival among patients with 
an LVEF >0.35. Event-free survival is lower in patients with a positive MTWA test than 
in negative and indeterminate groups. 

(Reproduced with permission from Merchant FM, Ikeda T, Pedretti RFE, et al: Clinical 
utility of microvolt T-wave alternans testing in identifying patients at high or low risk 
of sudden cardiac death. Heart Rhythm 9:1256-1264, 2012.)
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incidence of sudden death was significantly lower among patients 
with a negative MTWA test than in patients with a positive or 
indeterminate test (P < .001 for both) (Figure 69-6). No signifi-
cant difference in sudden death event-free survival was noted 
between positives and indeterminates among patients with LVEF 
≤35%.

Among patients with LVEF >35%, sudden death annual event 
rates stratified by MTWA test results were positive (3.0%), nega-
tive (0.3%), and indeterminate (0.3%). Among patients in this 
category, survival free of sudden death was significantly worse for 
MTWA-positive patients than for MTWA-negative (P < .001) 
and MTWA-indeterminate (P = .003) groups, whereas event-free 
survival was not significantly different between negative and 
indeterminate groups with LVEF >35% (P = .801) (see Figure 
69-6). Only one sudden death event was reported among patients 
with indeterminate MTWA test results and LVEF >35%; there-
fore, events rates were uniformly low regardless of the cause of 
indeterminacy. This analysis therefore clearly supports the notion 
that a negative MTWA test result identifies a population of 
patients at very low risk of sudden death, irrespective of LV func-
tion (annual event rate, 0.9% in patients with LVEF ≤35% and 
0.3% with LVEF >35%). This finding suggests that patients with 
a negative MTWA test, even with LVEF ≤35%, are likely to be 
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69 
at sufficiently low arrhythmic risk and may not benefit from 
prophylactic ICD therapy.

A second important finding relates to the population of 
patients with preserved LV function. Even among patients with 
LVEF >35%, a positive MTWA test identifies a cohort at signifi-
cantly increased risk of sudden death, for whom device therapy 
may mitigate arrhythmic risk. Finally, the study shows that the 
risk of sudden death among patients with indeterminate MTWA 
results is highly dependent on LV function. Among patients with 
LVEF ≤35%, an indeterminate MTWA test, particularly among 
those who are indeterminate as the result of excessive ectopy or 
inadequate HR, predicts increased risk of sudden death, similar 
to the findings of a positive test. In contrast, an indeterminate 
MTWA test in patients with LVEF >35% does not predict 
increased risk; therefore, these patients should not be grouped 
with patients who test positive.

Current Role of MTWA Testing

Recent years have seen a marked increase in our understanding 
of the mechanisms underlying MTWA, its close association  
with malignant ventricular tachyarrhythmias, and its role as a 

noninvasive tool for risk-stratifying patients for arrhythmogenic 
complications. We have learned to understand MTWA test 
results in various patient populations, including those with 
impaired and preserved LV function. Uniformly, all trial evidence 
has demonstrated the high negative predictive value of MTWA 
regardless of left ventricular function. In a large number of 
patients at varying levels of arrhythmic risk but without ICDs, 
MTWA testing has proved to be a powerful predictor of sudden 
death. One of the most important unresolved issues that require 
further investigation is the issue of time dependence of MTWA 
test results. Because of the limited follow-up time seen in most 
studies, we do not know at the present time whether MTWA 
results in an individual patient reflect a time-dependent risk for 
sudden cardiac death. In other words, it remains to be demon-
strated whether the predictive accuracy of MTWA testing can be 
improved by repeating this assessment at regular time intervals, 
for instance at yearly or 2-yearly intervals. Finally, a definitive 
well-designed randomized outcomes trial on the predictive power 
of MTWA is needed, in which patients will be randomly assigned 
to ICD or medical therapy on the basis of results of MTWA 
testing. Given accumulating data on the predictivity of MTWA, 
not only in patients with impaired LV function but also in those 
with preserved LVEF, a wide spectrum of patients could be con-
sidered for such a trial.
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“electrical scar” (abnormal EP substrate associated with a scar) 
was defined as a region with EGMs characterized by low-voltage 
and multiple deflections; it was presented visually as ESM.

Examples of Ventricular Tachycardia3,4

Localization of Ventricular Tachycardia  
Initiation Site

ECGI was performed on 25 patients with symptomatic VT or 
premature ventricular contractions who also underwent invasive, 
catheter-based EP study (EPS). In patients with spontaneous 
abnormal ventricular rhythms (18 patients), ECGI was per-
formed before EPS. In other patients, ECGI was performed 
during EPS, where the rhythm was induced. The ECGI-
determined sites of VT origin were in good agreement with the 
sites identified by the invasive EPS; examples are provided in 
Figure 70-2. Myocardial depth of the initiation site was deter-
mined based on the ECGI-reconstructed EGM morphology at 
the site of earliest epicardial activation. A pure Q wave morphol-
ogy indicated an epicardial origin, whereas a small R wave pre-
ceding an S wave was indicative of an intramural initiation site. 
The noninvasive depth determination was consistent with the 
EPS determination in most cases (92%).

Patterns of Ventricular Tachycardia

Based on the invasive EPS, VT in 18 patients was judged to be 
focal. In all 18 patients, ECGI isochrone maps showed a radial 
spread of excitation from the site of origin. An example from a 
patient with nonischemic cardiomyopathy is provided in Figure 
70-3. ECGI was applied in the EP laboratory, during induction of 
VT by programmed electrical stimulation. Figure 70-3, A, shows 
isochrones during baseline pacing (cycle length = 600 ms) from a 
catheter in the right ventricular (RV) apex (marked by a plus sign). 
There is a line of block (thick black line) in the lateral left ventricle 
(LV) that is circumvented by the excitation wavefront. Premature 
pacing (see Figure 70-3 B; S1-S2 interval = 280 ms) extends func-
tionally the line of block (see Figure 70-3, B), forcing the wave-
front to make a longer arc around this line and activate a more 
inferior region of the LV last (indicated by a minus sign). The first 
VT beat is shown in Figure 70-3, C; it originates from the location 
(marked by an asterisk) of latest activation by the S2 premature 
paced beat in Figure 70-3, B, suggesting that triggered activity is 
the mechanism of initiation of this focal VT. Note that the local 
EGM at the site of VT initiation has a pure Q wave morphology, 
indicating an epicardial origin. An ECGI movie (Video Clip 70-1) 
is provided to show the dynamic progression in this case.

Five patients had reentrant VT, as determined during invasive 
EPS. Noninvasive ECGI maps showed high-curvature rotational 
wavefronts, with the excitation wave returning to its site of 
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Ventricular arrhythmia continues to be a major cause of death 
and disability; however, our understanding of excitation patterns 
in the human heart during ventricular tachycardia (VT) and ven-
tricular fibrillation (VF) is limited. Such knowledge is essential 
for improved diagnosis, prevention, and treatment of VT, and for 
prevention of its deterioration to VF. It requires detailed mapping 
of activation during the arrhythmia, which is often dynamically 
changing (polymorphic) and unstable. In other words, mapping 
should be conducted simultaneously over the ventricles with suf-
ficient spatial resolution and continuously in time over a suffi-
ciently long duration. These requirements cannot be met with 
current invasive, catheter-based mapping techniques. Electrocar-
diographic imaging (ECGI; also called electrocardiographic 
mapping) is a noninvasive method for electroanatomic mapping 
developed previously.1,2 ECGI provides continuous maps of acti-
vation and repolarization on the epicardial surface of the heart. 
With ECGI, dynamically changing VT can be mapped to capture 
its evolution in time, and mapping is conducted under real-world 
conditions, without the need for sedation, surgery, or other inva-
sive procedures. In this chapter, we provide examples of VT 
patterns mapped noninvasively with ECGI. In many instances, 
VT is related to abnormal electrophysiological (EP) substrate 
associated with anatomic scars. We also provide examples of EP 
substrate imaging using ECGI in patients after myocardial infarc-
tion (MI). This chapter describes previously published studies3-5 
and covers ventricular arrhythmias. ECGI applications to atrial 
arrhythmias have been described elsewhere.6,7

The Electrocardiographic Imaging Method

The ECGI methodology has been detailed elsewhere.1,8 Briefly 
(Figure 70-1), body surface electrocardiographic (ECG) poten-
tials are acquired at 1-ms intervals using 250 electrodes mounted 
in a vest or in strips. The electrode positions and the patient-
specific epicardial geometry are imaged simultaneously using a 
noncontrast, ECG-gated computed tomographic (CT) scan at 
3-mm axial resolution. ECGI algorithms combine the body 
surface ECG data and CT anatomic data to construct, noninva-
sively, epicardial potential maps, electrograms (EGM), activation 
sequences (isochrone maps), and repolarization patterns on the 
epicardial surface of the heart. For EP substrate imaging, EGM 
magnitude maps, EGM deflection maps, and EP scar maps 
(ESMs) were constructed during sinus rhythm. Low-voltage 
regions and very-low-voltage regions associated with scar were 
defined by EGMs with an amplitude less than 30% or 15% of 
the maximum in a given patient’s heart, respectively. The 
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Figure 70-1.  The electrocardiographic  imaging (ECGI) procedure. Two hundred fifty simultaneously  recorded body surface electrocardiograms generate a body surface 
potential  map  every  millisecond  (upper row).  A  computed  tomographic  scan  provides  the  body  surface  electrode  positions  and  heart-torso  geometry  (lower row). The 
electrical and geometric information is combined and processed by ECGI algorithms to reconstruct epicardial potential maps noninvasively, epicardial electrograms (EGMs), 
activation sequences (isochrones), and repolarization patterns. For noninvasive electrophysiological substrate mapping, EGM magnitude maps, EGM deflection maps, and 
electrical scar maps (ESM) are also constructed. The ESM shows, in red, regions of low-magnitude fractionated (multiple deflections) EGMs. 

(With permission from Cuculich PS, Zhang J, Wang Y, et al: The electrophysiologic cardiac ventricular substrate in patients after myocardial infarction: noninvasive characteriza-
tion with ecg imaging [ECGI], J Am Col Cardiol 58:1893–1902, 2011.)
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Figure 70-2.  Localization of ventricular tachycardia (VT) site of origin. Four isochrone maps are shown from four patients. Earliest epicardial activation site is marked with 
an asterisk. The sites of VT origin, as determined with invasive catheter mapping during EP study, are indicated under each map. Arrows show the VT origin on a representa-
tive computed tomographic scan. RA, right atrium; LA, left atrium; AO, aorta; LAD, left anterior descending coronary artery; LV, left ventricle; RVOT, right ventricular outflow 
tract. 

(From Wang Y, Cuculich PS, Zhang J, et al. Noninvasive electroanatomic mapping of human ventricular arrhythmias using ECG imaging [ECGI], Sci Trans Med 3;191–200, 2011.)
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area of earliest activation. Immediately before the VT beat, pre-
systolic activation is detected near the inferior scar border where 
the VT beat begins (the “exit site”; see Video Clip 70-2). A second 
wave front (pink arrows) propagates toward the base, where it turns 
slowly counterclockwise into the RV. It then propagates to the 
inferior base, back toward the scar. In the inferobasal septal region, 
ECGI-reconstructed EGMs were of low amplitude and highly 
fractionated, which is consistent with a scar substrate (discussed in 
the following section). Invasive catheter mapping confirmed this 
ECGI finding. EPS during the VT confirmed its inferior septal 
origin and, using entrainment criteria, its reentrant mechanism. 
Ablation in this region terminated the VT.

initiation. This pattern was consistent in all five patients and 
related to a ventricular scar in all cases. An example is provided in 
Figure 70-4 and Video Clip 70-2. This patient had an extensive 
inferoseptal scar from a prior inferior wall myocardial infarction 
(see SPECT image in Figure 70-4, C). He had a slow hemody-
namically tolerated VT, occasionally interrupted by sinus capture 
(SC) beats (see ECG lead V2 in inset to Figure 70-4, B; red [B] is 
a VT beat, blue [A] is an SC beat). Earliest activation of the VT 
beat (see Figure 70-4, B) is near the scar border, in the inferior 
basal septum (red in the left anterior oblique and left lateral views). 
The main reentrant wavefront propagates clockwise with a high 
curvature (white arrows) and completes the beat by reentering the 

Figure 70-3.  Focal ventricular tachycardia (VT) induced by programmed electrical stimulation. A, Epicardial activation isochrones during the drive train (S1). Site of earliest 
epicardial activation is marked by a plus sign (right anterior oblique view) and corresponds to the position of the underlying endocardial pacing electrode. The reconstructed 
electrogram (EGM) at this site (blue, blue arrow) is rS in morphology, consistent with endocardial pacing. White arrows show direction of wavefront propagation. The thick 
black line (left lateral and left anterior oblique views) indicates conduction block; the wavefront pivots around this line and terminates at the site indicated by a minus sign. 
Twelve-lead surface electrocardiogram (ECG) during VT is shown on the right. B, Premature paced beat (S2). Note functional extension of the line of block. There is some 
fusion with a transseptal front (small white arrow). Trace on the right shows ECG (one lead) during S1 (blue), S2 (black), and VT (red). C, Epicardial activation during VT. Activa-
tion starts from the asterisk  (the site of  latest activation of the previous S2 beat) and spreads radially from this site. EGM at this site  is pure Q wave,  indicating epicardial 
origin. Invasive endocardial activation map during VT (CARTO) is shown on the right (red is early). See Video Clip 70-1 for dynamic representation of this VT. 

(From Wang Y, Cuculich PS, Zhang J, et al. Noninvasive electroanatomic mapping of human ventricular arrhythmias using ECG imaging [ECGI], Sci Trans Med 3;191–200, 2011.)
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VT onset. Video Clip 70-3 provides dynamic images of the entire 
event. Figure 70-5, B, shows ECGI epicardial potential maps 
with low voltages in the posterolateral region (dark blue), indicat-
ing the presence of scar where VT originated.

Electrophysiological Substrate Associated  
with Scar5

The substrate of post-MI scars is characterized by altered electri-
cal properties because of cellular electrophysiologic remodeling 
and structural remodeling that involves gap junction changes and 
regional fibrosis. As a consequence, conduction of excitation 
through a heterogeneous scar is slow and discontinuous, a prop-
erty that is reflected in low voltages and fractionation of local 
EGMs and delayed local activation (i.e., late potentials).9-14 These 
properties have provided the basis for substrate-based ablation 
strategies in the treatment of VT.15 ECGI can reconstruct the 
EGM characteristics associated with a scar, as demonstrated in 
canine experiments.16,17

Figure 70-6 presents a representative example of an ECGI-
reconstructed EP scar substrate in a patient with an anterior MI 
scar (data from 24 patients2). The electrical scar reconstructed by 
ECGI is compared to the anatomic scar imaged with delayed 

Initiation and Termination of Spontaneous 
Ventricular Tachycardia4

Figure 70-5, A, shows ECGI activation maps during initiation, 
continuation, and termination by antitachycardia pacing (ATP) 
of spontaneous VT in a 40-year-old patient with nonischemic 
cardiomyopathy (LV ejection fraction of 35%). The patient expe-
rienced 248 VT episodes terminated by ATP over 14 days. Video 
Clip 70-3 shows a continuous ECGI reconstruction of one such 
event, as summarized in Figure 70-5. The left column of Figure 
70-5, A, shows the activation pattern during sinus rhythm (SR), 
before spontaneous initiation of VT. The following beat (VT1) 
originated from the inferolateral base (marked by an asterisk) and 
triggered the VT. The next VT beat (VT2) and all VT beats that 
followed (VT2 to VT14) were monomorphic and started from a 
different location (superolateral LV base, asterisk) versus the trig-
gering beat VT1. VT cycle length was 343 ms. ATP pacing 
started after 14 beats of VT, at 85% of the VT cycle length. The 
first ATP beat (P1) consisted of fusion between the VT wave 
front (starting from *) and the wave front generated by the RV 
pacing (originated at +). The following ATP beats (P2 to P8) 
successfully captured and the activation pattern was due to RV 
pacing alone (wave front originating and spreading from + exclu-
sively). The beat following the last ATP beat (atrial paced [AtrP]; 
right column of Figure 70-5, A) was identical to the SR beat before 

Figure 70-4.  Spontaneous reentrant ventricular tachycardia (VT) from an inferobasal scar. A, Epicardial activation during a sinus capture (SC) beat. B, Activation during a VT 
beat. White arrows (left lateral and left anterior oblique inferior views) show a clockwise lateral reentry loop related to the scar. Pink arrows show the wavefront propagating 
counterclockwise into the right ventricle. The inset shows electrocardiograph (ECG) lead V2 with two VT beats (red, B) interrupted by an SC beat (blue, A) followed by another 
VT beat. Video Clip 70-2 shows this sequence. C, (Left) Single-photon emission computed tomography showing an inferobasal scar (blue). (Right) Invasive catheter map (NavX) 
of endocardial activation during VT (red is early; blue is late). The right column shows 12-lead surface ECG of the VT (top) and signals measured by the ablation catheter (bottom). 

(From Wang Y, Cuculich PS, Zhang J, et al. Noninvasive electroanatomic mapping of human ventricular arrhythmias using ECG imaging [ECGI], Sci Trans Med 3;191–200, 2011.)
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Figure 70-5.  Continuous electrocardiographic imaging mapping of spontaneous ventricular tachycardia initiation, continuation, and termination by antitachycardia pacing. 
A, Epicardial activation maps. B. Epicardial potential maps showing a posterolateral region of low voltages (scar). See text for a detailed description and Video Clip 70-3 for 
a dynamic representation of the entire episode. 

(With permission from Zhang J, Desouza KA, Cuculich PS, et al: Continuous ECGI mapping of spontaneous vt initiation, continuation and termination with antitachycardia pacing, 
heart rhythm 2012; in press.)
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Figure 70-6.  Electrocardiographic imaging (ECGI)-derived electrical scar and magnetic resonance–imaged anatomic scar. A, Electrical scar (red) in the left anterior oblique 
view. The top image  is based on the criterion of  low-magnitude electrograms (EGMs) only. The bottom image adds the criterion of  fractionated EGMs. B, Representative 
EGMs from the scar region (red, a-f) and from outside the scar (blue, g-i). EGMs in a, b, and f are low in amplitude, whereas in c, d, and e they are both low amplitude and 
fractionated. The bottom row shows EGMs in d to i together, on the same scale, to emphasize the magnitude differences. C, EGMs in c, d, and e are on an amplified scale 
to better show fractionation. D, Comparing electrical scar to anatomic scar. Electrical scar (red), based on the low-voltage criterion, is constructed by ECGI. Anatomic scar 
is  imaged  with  delayed  enhanced  magnetic  resonance  imaging  (1)  and  annotated  on  the  epicardial  surface  of  the  imaged  heart  (2; yellow dots).  Coregistration  of  the 
magnetic resonance and the ECGI computed tomographic images (3) is used to reconstruct the anatomic scar map and to compare (4) the electrical scar (red) with the 
anatomic scar (yellow). 

(From Cuculich PS, Zhang J, Wang Y, et al: The electrophysiologic cardiac ventricular substrate in patients after myocardial infarction: noninvasive characterization with ECG 
imaging [ECGI], J Am Col Cardiol 58:1893–1902, 2011.)
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Figure 70-7.  Electrical and anatomic apical scar. 1, The  top row  shows epicardial activation (AI map) during sinus rhythm. Earliest activation  is at  the asterisk, and  latest 
activation is in the left ventricular apex (dark blue) near the scar. The bottom row shows the electrical scar map (ESM), with the electrical scar depicted in red. 2, Delayed 
enhanced magnetic  resonance  imaged anatomic scar (gold dots) corresponds to the electrical scar  in 1  (ESM, red). 3, Electrocardiographic  imaging reconstructed EGMs 
from nonscar region (blue) and from within the scar (red). Note the large magnitude, single-deflection characteristics of nonscar EGMs and the small magnitude and frac-
tionation of scar EGMs. The scar EGMs are amplified on the right to show fractionation. (From Cuculich PS, Zhang J, Wang Y, et al: The electrophysiologic cardiac ventricular 
substrate in patients after myocardial infarction: noninvasive characterization with ECG imaging [ECGI], J Am Col Cardiol 58:1893–1902, 2011.)
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enhanced magnetic resonance imaging (MRI)18-20. Figure 70-6, 
A, depicts the electrical scar in red. The top image is based on 
the low-voltage criterion alone; the bottom image combines the 
low voltage and EGM fractionation criteria to define the electri-
cal scar. Note that incorporation of the EGM fractionation cri-
terion eliminates the basal part of the scar, which is a low-voltage 
region in the ECGI potential map and a bright region (suggest-
ing an anatomic scar) in the magnetic resonance image. It is likely 
that these characteristics of the ECGI and MRI reflect fat tissue 
in this region rather than a true scar; the fractionation criterion 
can remove this artifact. Figure 70-6, B and C, shows representa-
tive EGMs from the electrical scar region (red) and from regions 
outside the scar (blue). The scar EGMs are of low amplitude and 
long duration, and they exhibit multiple deflections (i.e., fraction-
ation). Figure 70-6, D, compares the ECGI-reconstructed 
electrical scar (red) to the anatomic scar imaged with delayed 
enhanced MRI.

Figure 70-7 provides a second example of an ECGI scar 
reconstruction. The ESM is apical, consistent with the magnetic 
resonance–imaged anatomic scar. The presence of the electrical 
scar influences the pattern of epicardial activation (AI map). 

Earliest epicardial breakthrough location (*) is normal, but the 
activation wave front encounters a line of block along the inferior 
and apical aspect of the scar. Consequently, LV activation is from 
base to apex (arrows), with the region near the apical scar activat-
ing last. ECGI also reconstructed late potentials that in almost 
all cases (94%) were within the electrical scar.

Figure 70-8 shows three examples of scar EGMs with late 
potentials, reflecting delayed activation in the scar region during 
sinus rhythm.

Acknowledgments

Studies presented in this chapter were supported by grants  
R01-HL33343 and R01-HL49054 from the National Institutes 
of Health–National Heart, Lung, and Blood Institute (to  
Y. Rudy).

Y. Rudy co-chairs the scientific advisory board and holds 
equity in CardioInsight Technologies (CIT). CIT does not 
support any research conducted by Y. Rudy, including that pre-
sented here.



NONINVASIVE ELECTrOCArDIOGrAPhIC IMAGING OF hUMAN VENTrICULAr ArrhYThMIAS AND ELECTrOPhYSIOLOGICAL SUbSTrATE  683

70 

Figure 70-8.  Late potentials within an electrical scar, examples from three patients. A, Inferoseptal scar. B, Anteroapical scar. C, Complex anterior, apical, and inferior infarc-
tion. For each patient, electrophysiological  scar map  is presented on  the  left and selected EGMs on  the  right  (scar EGMs  in  red).  Letters  indicate EGM  location. Delayed 
deflections (late potentials) are highlighted by a box. 

(From Cuculich PS, Zhang J, Wang Y, et al: The electrophysiologic cardiac ventricular substrate in patients after myocardial infarction: noninvasive characterization with ECG 
imaging [ECGI], J Am Col Cardiol 58:1893–1902, 2011.)
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71 
as single-nucleotide variants (SNVs). SNVs usually occur with 
measurable frequency (>0.5% allelic frequency) among a particu-
lar ethnic population. SNVs can then be subdivided into those 
that alter the protein sequence (nonsynonymous) and those for 
which the protein sequence is unaltered (synonymous).

Pathogenic Mutations
Many types of mutations are known. A vast majority in cardio-
vascular disease are missense mutations, in which a single base pair 
change results in the change (or replacement) of one amino acid. 
Other mutations may cause more significant disruptions to the 
encoded protein, so-called frameshift or truncation mutations, 
which can lead to a major change in the protein sequence or loss 
of amino acids, resulting in a shortened protein. The latter muta-
tions are often caused by deletions or insertions of nucleic acids 
in the coding region.

Modes of Inheritance

The four major modes of inheritance are summarized in Figure 
71-1. In most cardiovascular genetic diseases, inheritance is auto-
somal dominant, whereby the disease can be expressed when the 
mutation is present in just one allele. As a result, the chance of 
passing on the gene mutation from parent to offspring is 50%. 
Most primary arrhythmogenic diseases and inherited cardiomy-
opathies are inherited in this fashion. The other three modes of 
inheritance, shown in Figure 71-1, are significantly less common. 
Autosomal recessive inheritance requires the person to inherit 
the mutation on both alleles for disease to develop (i.e., one 
mutation is inherited from each parent). The chance of passing 
on the gene mutation from parent to offspring is 25%. The 
Jervell-Lange-Nielsen form of familial long QT syndrome is 
inherited in an autosomal recessive fashion. X-linked inheritance 
refers to the situation whereby the gene mutation is located on 
the X-chromosome. In this case, males develop the phenotype, 
while females most often are asymptomatic gene mutation carri-
ers. Rare forms of dilated cardiomyopathy have been shown to 
have an X-linked pattern of inheritance. Mitochondrial inheri-
tance is a non-Mendelian pattern in which transmission of disease 
occurs exclusively via females; it involves inheritance of mutant 
mitochondrial DNA by offspring. Although uncommon, this 
form of inheritance is often seen in mitochondrial diseases that 
can clinically manifest with a hypertrophic cardiomyopathy phe-
notype (or phenocopy).

Genetic Testing in Cardiovascular Disease

General Principles

Genetic testing is not a simple blood test. Many considerations 
arise with every family. A complete cardiogenetic evaluation is 
required, which includes confirming the clinical diagnosis in the 
proband, understanding the probabilistic nature of genetic testing 
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Major advances have been made over the past two decades that 
have defined the genetic basis of many medical diseases. Now, 
more than 40 different cardiovascular diseases are known to be 
directly caused by mutations in genes that encode cardiac pro-
teins. These cardiovascular diseases include inherited cardiomy-
opathies, primary arrhythmogenic diseases, metabolic disorders, 
and congenital heart diseases. Identification of the genetic causes 
of cardiovascular disease has led to improved and earlier diagnosis 
in at-risk individuals and, in some cases, is helping to guide 
therapies as well as inform prognosis. This chapter provides an 
overview of current knowledge related to the role of genetic 
testing in cardiac disease, with a specific focus on arrhythmogenic 
diseases.

Basic Genetics

DNA, Genes, and Mutations

With the recent completion of the human genome sequence and 
subsequent advances in genetic technologies, we now have a 
clearer picture of our genetic makeup, and how variations in our 
genome can lead to cardiovascular disease.

Genes
Current estimates suggest that our human genome is made up of 
approximately 3.2 billion base pairs of DNA (composed of four 
bases: adenine, thymine, guanine, and cytosine), accounting for 
approximately 23,000 genes. Each gene is defined as a molecular 
unit that can encode both RNA and protein sequences, which 
represent functional units in the human body. In cardiovascular 
disease, these genes can encode both RNA and proteins, and 
faults in these genes can lead to a disease phenotype. Function-
ally, disease genes leading to cardiovascular disease encode a 
range of proteins, including those associated with the sarcomere, 
ion channels, cytoskeletal structures, and embryonic heart 
development.

DNA Variants
Variations, or changes, can occur in the DNA sequence of 
humans. These variants can be broadly defined 
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result of our increasing knowledge about causative genes and 
rapid advances in genetic screening technologies, such as next-
generation and whole-genome sequencing.

Proband Genetic Testing

The genetic testing process most frequently begins with testing 
the proband (or index case). This is often the first person in the 
family who presents, and the clinical diagnosis is established. 
After genetic counseling and informed consent, genetic testing is 
performed. Outcomes can be divided into (1) those in which a 
mutation(s) is identified that is deemed to be pathogenic (disease-
causing), (2) those for which no causative mutation is identified 
(an “indeterminate result”), and (3) those for which it is unclear 
whether the variant is pathogenic or is a benign variation in our 
genetic sequence (variant of uncertain significance [VUS]).

Determining Pathogenicity
Determining whether a DNA variant is disease-causing is chal-
lenging. In most genetic testing reports, an effort will be made 
to determine the likelihood that a variant that has been identified 
is pathogenic. The important and often misunderstood point is 
that genetic tests are probabilistic rather than deterministic tests. 
Specifically, a variant is considered a pathogenic (disease-causing) 
mutation on the basis of a number of factors, including 
co-segregation with the disease phenotype in family members, 
absence of the variant in normal ethnicity-matched controls, 
altered protein structure and function, amino acid change in a 
highly conserved region of the protein, and, in some cases, previ-
ous reports that the identified mutation is disease-causing.

Variants of Uncertain Significance (VUS)
Even when these criteria are applied, situations arise wherein the 
clinical significance and the pathogenicity of a variant remain 
unknown. In these cases, the variant is termed a VUS. Recent 
advances in genetic screening technologies have revealed the 
frequency of VUS to be significant among normal populations 
and within specific cardiac disease genes. Given this current 
ambiguity, a VUS is considered an indeterminate result and is 
not considered reliable in the setting of predictive testing for 
other family members.

Predictive Testing of Family Members

Genetic Testing in Families
The greatest usefulness of genetic testing involves its predictive 
use in other family members. Once a pathogenic mutation has 
been identified in the proband, this information can be used in 
screening asymptomatic first-degree relatives and beyond, for the 
purpose of identifying those who carry the gene mutation and, 
just as important, those who do not. This process, called predictive 
or cascade genetic testing, is the primary reason for performing 
genetic testing in families. A negative predictive test result means 
that an individual no longer requires ongoing clinical screening, 
thus eliminating the need for decades of expensive cardiac inves-
tigations as recommended in current clinical guidelines. A posi-
tive predictive genetic test result allows a more targeted screening 
approach, with the goal of preventing serious cardiac events. Just 
as important, a predictive genetic result can clarify the risk status 
of first-degree relatives, such as children.

Genetic Testing in Children
Although adults can provide informed consent for themselves, 
genetic testing in children requires further consideration. Genetic 
testing in children is complex and is often controversial; however, 
the human genetics societies in Australia, the United Kingdom, 

and the need for genetic counseling, and taking a detailed family 
history to get a sense of disease penetrance and patterns of 
disease.1

Importance of Detailed and Accurate Phenotyping
Genetic testing requires that the clinical phenotype for both the 
patient and their family be well characterized. The highest yields 
from genetic testing are often based on patient cohorts with con-
firmed disease. For example, in clinical hypertrophic cardiomy-
opathy (HCM), careful attention to family history, clinical 
symptoms, and defined extent, distribution, and severity of hyper-
trophy is considered essential in clinically distinguishing HCM 
from HCM mimickers (or phenocopies), such as Fabry disease or 
glycogen storage diseases, which have different genetic causes.

Genetic Counseling and Informed Consent
In all patients and families with a genetic heart disease, genetic 
counseling is essential. Genetic testing options span all stages of 
life, from the preimplanted embryo or fetus, to children and 
adults. Appropriate pretest and posttest genetic counseling is a 
vital component of genetic testing. Apart from the diagnostic 
usefulness of genetic testing within families, a specific gene result 
may guide therapy and provide information about prognosis. The 
cardiac genetic counselor therefore plays a key role in the testing 
process, ensuring that the individual understands the clinical and 
psychosocial implications of every possible result and the limita-
tions of the tests, including difficulties in interpretation of the 
results; and guiding discussion of other issues such as genetic 
testing of children, prenatal and preimplantation genetic diagno-
sis, and access to insurance.2

Commercially Available Genetic Testing
Over the past decade, commercially available genetic testing for 
inherited cardiac disease has expanded significantly. Many centers 
around the world now provide testing. In principle, genetic 
testing has moved from single gene testing to concurrent testing 
of multiple genes in “panels.” These panels may include 20 or 
more genes to be tested in a single process and reflect the genetic 
heterogeneity seen in many inherited cardiac diseases. As an 
example, recent developments have led to a “cardiomyopathy 
panel,” which tests for more than 40 cardiac genes involved in 
the pathogenesis of a variety of cardiomyopathies. Such 
approaches are likely to expand significantly in the future as the 

Figure 71-1.  The  four  most  common  modes  of  inheritance  in  cardiovascular 
genetic disease. Autosomal dominant inheritance accounts for more than 90% of 
cases of genetic heart diseases. Squares, Males; circles, females; open symbols, clini-
cally unaffected; filled-in symbols, affected; spot in middle of symbol, obligate carrier; 
half-filled symbol, heterozygote gene carrier in an autosomal recessive family. 
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to cause LQTS type 3, but also BrS, SQT syndrome, cardiac 
conduction disease, and some cases of sudden infant death syn-
drome (SIDS).1 This commonality may reflect some mechanistic 
overlap in the development of arrhythmias in these different 
syndromes.

Inherited Cardiomyopathies

The five main cardiomyopathies have all been identified to have 
genetic origins (see Table 71-1), although the scope and depth of 
knowledge vary among them. Although the clinical features of 
these diseases are detailed later, current knowledge regarding 
genetic causation is summarized here. The best studied cardio-
myopathy is hypertrophic cardiomyopathy (HCM). To date, 
mutations in at least 13 genes have been identified that encode 
sarcomere, or sarcomere-related, proteins. As has been observed 
with LQTS and CPVT, the pickup rate for genetic testing in 
HCM is up to 60%, but often requires screening with the use of 
an 8- to 10-gene panel. Genetic testing outcomes currently avail-
able for the other cardiomyopathies are less productive. Arrhyth-
mogenic right ventricular cardiomyopathy (ARVC) has been 
re-defined as a disease of the desmosome that is important in 
cell-cell adhesion. Although several genes have been identified, 
recent studies suggest significant rates of background DNA vari-
ants in these genes, leading to a high “signal-to-noise” ratio. This 
has complicated the process of determining whether the variants 
found in these genes are indeed pathogenic.

Genetic studies in familial dilated cardiomyopathy (DCM) 
have resulted in identification of more than 30 genes that harbor 
pathogenic mutations. However, to date only 3 genes have been 
shown as causative in more than 5% of cases: titin (TTN) muta-
tions in DCM, and lamin A/C (LMNA) and SCN5A mutations 
in DCM with conduction disease. The genetic basis for the 
remaining two cardiomyopathies—restrictive cardiomyopathy 
(RCM) and left ventricular noncompaction (LVNC)—is less well 
understood, and only a few causative genes have been identified 
in a small number of cases (see Table 71-1).

Clinical Applications of Genetic Testing

The primary clinical application of genetic testing in cardiovascu-
lar disease is in cascade testing of family members. Apart from 
confirming disease in the proband, across all genetic heart dis-
eases, the key application is predictive genetic testing conducted 
to clarify risk status of family members. In a proband with an auto-
somal dominant genetic heart disease, there will be a 50% chance 
that a first-degree relative will have a positive predictive genetic 
test. In those who carry the gene mutation, regular clinical surveil-
lance as per disease-specific guidelines is performed. In the 50% 
of people tested who have a negative predictive test, no further 
clinical evaluation is required, and individuals can be freed from 
potentially decades of clinical screening, as can their children. The 
health economic impact of genetic testing in such settings has 
already been shown to reflect a very cost-effective strategy.

In some situations, the genetic test result may shed light on 
optimal therapeutic strategies and prognosis. Table 71-2 sum-
marizes the impact of genetic testing on the index case in terms 
of diagnosis, prognosis, and guided therapy. For example, in 
LQTS, determining whether the patient’s genotype is LQTS1 
or −2 or −3 may influence whether the patient will benefit from 
β-blockers, and overall might influence prognosis, when other 
clinical factors including gender, symptoms, and severity of  
QT interval prolongation are considered. It is anticipated that  
as more patients and families are genotyped, and as additional 
genotype-based long-term clinical follow-up studies are  

and the United States advocate that genetic testing in children is 
warranted when a medical benefit will be derived in the immedi-
ate future. Because of the inherent risk of serious cardiovascular 
disease including sudden death, particularly during sport, it is 
generally accepted that children at risk for genetic heart disease 
should be considered for genetic testing on a case-by-case basis. 
In such cases, the child’s current and future autonomy must be 
considered, and including the child in the decision-making 
process is preferable. Child psychologists along with genetic 
counselors will assess the child’s capacity to understand a genetic 
result and minimize the risk that testing will not have adverse 
psychosocial effects.3

Genotype-Positive–Phenotype-Negative Patients
As a consequence of the increase in genetic testing among fami-
lies with inherited heart disease, a new clinical spectrum of indi-
viduals has arisen—those who carry a specific causative gene 
mutation but who have not yet developed a detectable clinical 
phenotype. This new clinical subgroup, referred to as genotype 
positive–phenotype negative, has arisen directly as a result of genetic 
testing and subsequent predictive genetic testing in at-risk family 
relatives.4 These patients are effectively “gene carriers,” and very 
little is known regarding how to best manage these asymptomatic 
patients (e.g., participation in competitive sports). However, 
these individuals represent a fascinating subgroup that is likely to 
increase in number significantly as genetic testing continues to 
be performed, and may serve as an ideal subgroup for initiation 
of preventive therapies before the development of clinical disease.

Genes and Cardiovascular Disease

To date, thousands of causative gene mutations have been identi-
fied in more than 40 different genetic heart diseases. Table 71-1 
provides an abbreviated list of the most common causative genes 
identified to date (occurring in ≥5% of genotyped probands).1 
Broadly speaking, a number of genes have been identified in both 
primary arrhythmogenic disorders and inherited cardiomyopa-
thies, and these are inherited in a Mendelian fashion. The genetic 
basis of multifactorial disease, such as atrial fibrillation and coro-
nary artery disease, remains an ongoing focus of intense research, 
although to this point, no definitive causative genes have been 
identified in more than 5% of genotyped patients.

Primary Arrhythmogenic Diseases

Collectively, these diseases have been genetically defined as ion 
channelopathies, whereby most identified mutations occur in genes 
that encode key ion channels and their associated proteins. Spe-
cifically, mutations in genes that encode potassium, sodium, and 
calcium channels have predominantly been identified to date. 
These mutations therefore define the genetic basis of familial 
long QT syndrome (LQTS), the Brugada syndrome (BrS), cat-
echolaminergic polymorphic ventricular tachycardia (CPVT), 
and short QT syndrome (SQT).5 Although the clinical features 
of these diseases are detailed later, some important points can be 
made from a genetic perspective.

The first is the yield from genetic testing. In LQTS and 
CPVT, the mutation detection rates for a pathogenic gene muta-
tion are high, at 60% to 75%, with most LQTS mutations identi-
fied in three genes (LQT1-3), and with one gene (RyR2) 
accounting for most cases of CPVT. In contrast, the pickup rates 
for BrS and SQT syndrome are currently low, with only SCN5A 
identified as a significant cause of BrS in approximately 20% of 
patients. A second key point is the intriguing overlap in genetic 
origins. Mutations in SCN5A (see Table 71-1) have been shown 



688 DIAGNOSTIC EVALUATION

Table 71-1. Causative Genes Occurring in ≥5% Rested

Gene Locus Protein % of Disease

Long QT Syndrome (LQTS)

KCNQ1 (LQT1) 11p15.5 IKs potassium channel α-subunit (Kv7.1) 30-35

KCNH2 (LQT2) 7q35 IKr potassium channel α-subunit (Kv11.1 or hERG) 25-40

SCN5A (LQT3) 3p21 Cardiac sodium channel α-subunit (NaV1.5) 5-10

Catecholaminergic Polymorphic Ventricular Tachycardia (CPVT)

RYR2 (CPVT1) 1q42.1 Ryanodine receptor 2 60

Brugada Syndrome (BrS)

SCN5A 3p21 Cardiac sodium channel α-subunit (NaV1.5) 20-30

Cardiac Conduction Disease (CCD)

SCN5A 3p21 Cardiac sodium channel α-subunit (NaV1.5) 5

Hypertrophic Cardiomyopathy (HCM)

MYBPC3 11p11.2 Cardiac myosin-binding protein C 20-45

MYH7 14q11.2 β-Myosin heavy chain 15-20

TNNT2 1q32 Cardiac troponin T type 2 1-7

TNNI3 19q13.4 Cardiac troponin I type 3 1-7

Arrhythmogenic Right Ventricular Cardiomyopathy (ARVC)

PKP2 12p11 Plakophilin 2 25-40

DSG2 18q12.1 Desmoglein 2 5-10

DSP 6p24 Desmoplakin 2-12

DSC2 18q12.1 Desmocollin 2 2-7

Dilated Cardiomyopathy (DCM)

TTN 2q31 Titin 15-20

Dilated Cardiomyopathy With Cardiac Conduction Defect (DCM + CCD)

SCN5A 3p21 Cardiac sodium channel α-subunit (NaV1.5) 5-10

LMNA 1q22 Lamin A/C 5-10

Left Ventricular Noncompaction (LVNC)

LBD3 10q22.2 LIM binding domain 3 ≈5

Restrictive Cardiomyopathy (RCM)

MYH7 14q11.2 β-Myosin heavy chain ≈5

TNNI3 19q13.4 Cardiac troponin I type 3 ≈5

Adapted from Ackerman et al.1

conducted, our understanding of the impact of genotype on 
therapeutic response and prognosis will improve.

Genetic testing is also growing in importance in the setting 
of sudden cardiac death—a tragic complication of many genetic 
heart diseases.6 In approximately one-third of all young sudden 
deaths, postmortem evaluation fails to reveal an underlying 
cause.7 Recent genetic studies conducted in the decedents, 
whereby genetic analysis is performed on a blood sample col-
lected postmortem, have identified a causative gene mutation in 
up to 30% of young sudden unexplained deaths.8 This application 
of genetic testing, termed the molecular autopsy, has important 
implications both in defining a cause of death and in clarifying 
the risk status of surviving family members, with the goal of 
preventing other sudden deaths.9

Family Management

Multidisciplinary Clinic Approach

A genetic diagnosis in the proband has major implications for 
family relatives. In all situations in which a genetic heart disease 
is identified, appropriate clinical and, where available, genetic 
screening is indicated. The clear goal of both clinical and genetic 
screening of family members is to identify those with clinical 
evidence of disease, or those who may carry the same pathogenic 
mutation as the proband but do not express a clinical phenotype. 
As has been discussed, early identification of at-risk individuals 
provides the opportunity to initiate early therapies aimed at 
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regarding pregnancy, prenatal diagnosis, and preimplantation 
genetic diagnosis. In addition to this fundamental role, the 
cardiac genetic counselor takes on diverse roles in the setting of 
a multidisciplinary clinic, including performing a thorough eval-
uation of the family history, identifying prevention strategies 
(e.g., assisting patients to make lifestyle modifications, sports 
participation), and coordinating clinical screening of at-risk rela-
tives. As the first point of call for many families, the cardiac 
genetic counselor is often required to teach patients about how 
frequently clinical screening should occur, and to dispel misin-
formation regarding family members who have been told they 
never need to return for clinical assessment.

Ethical, Legal, and Societal Implications

The broader ethical, legal, and societal implications (ELSI) of 
genetic testing are beyond the scope of this chapter, and a variety 
of national regulations and specifications have been put forth. 
However, several common issues surround genetic testing for 
cardiac disease, and ethical, legal, and societal implications must 
be considered. These include the timing of genetic testing. Com-
prehensive guidelines have been presented for genetic testing in 
children; they take into account many factors related to the child, 
the parents and family, and the medical circumstances of the 
underlying genetic heart disease. Genetic testing can be offered 
both in the prenatal setting (i.e., in early pregnancy) and at con-
ception (referred to as preimplantation genetic diagnosis). Such 
approaches are based on identifying embryos that carry the gene 
mutation and implanting only those that are unaffected. Although 
they are currently available for use, prenatal and preimplantation 
approaches need to be discussed extensively with families, appro-
priate counseling provided, and decisions made in an informed 
manner. Because of the significant clinical heterogeneity that is 
a hallmark of genetic heart disease, families do not often use these 
options.

Questions are ongoing regarding the possibility of genetic 
testing, especially early in life, including the role of preimplanta-
tion genetic testing of embryos generated by assisted reproduc-
tive technologies. If the attending cardiologist is not equipped to 
discuss these issues, genetic counseling should be offered by 
genetic counselors and/or clinical geneticists working in partner-
ship. As has been discussed, such a multidisciplinary approach 
will help serve the needs of patients and families more compre-
hensively, and will facilitate open and informed discussion about 
the ethical, legal, and societal implications of genetic testing. It 

Figure 71-2.  Key role of the specialized multidisciplinary clinic in evaluating fami-
lies with genetic heart disease. GP, General practitioner; 

(Adapted from Ingles et al: 2011.)
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Table 71-2. Comparison of Diseases in Terms of Genetic Testing 
for Diagnosis, Therapy, and Prognosis

Disease Diagnostic Therapeutic Prognostic

LQTS +++ ++ +++

CPVT +++ − +

BrS + − +

CCD + + +

HCM +++ + ++

ARVC + − +/−

DCM +/− − −

DCM + CCD ++ + ++

LVNC + − −

RCM + + +

Note: Relative impact of genetic testing (“–,” negligible, to “+++,” strong).
ARVC, Arrhythmogenic right ventricular cardiomyopathy; BrS, Brugada 
syndrome; CCD, cardiac conduction disease; CPVT, catecholaminergic 
polymorphic ventricular tachycardia; DCM, dilated cardiomyopathy; HCM, 
hypertrophic cardiomyopathy; LQTS, long QT syndrome; LVNC, left ventricular 
noncompaction; RCM, restrictive cardiomyopathy.
Adapted from Ackerman et al.1

preventing disease complications. For example, gene carriers for 
LQTS may require modification of lifestyle activities, avoidance 
of QT-prolonging medications, initiation of β-blocker therapy, 
or consideration of implantable cardioverter-defibrillator therapy.

Management of families with a genetic heart disease is 
complex. Many different issues must be considered, such as clini-
cal evaluations and management, coordination of services includ-
ing genetic counseling and testing, patient education and support, 
and awareness of psychological, social, and potential legal issues. 
These services are offered in a sensitive environment, with the 
knowledge that families may experience a range of emotions, 
particularly when they have experienced the sudden death of a 
loved one. As a consequence the ideal model of care is the 
cardiologist-led specialized multidisciplinary cardiac genetic 
clinic (Figure 71-2).2,10 The expertise of a number of health pro-
fessionals is sought, including cardiologists, clinical geneticists, 
psychologists, and genetic counselors, as well as those who 
provide services such as patient support groups and research 
centers. This type of multidisciplinary model has been shown to 
improve psychosocial outcomes of patients with genetic heart 
disease, specifically noted as less worry and reduced levels of 
anxiety.

Key Role of Genetic Counseling

A key member of the multidisciplinary team is the cardiac genetic 
counselor. The cardiac genetic counselor is involved in many 
aspects of care for both the individual patient and the wider 
family. Genetic counseling has been well established as a means 
to promote psychological well-being by providing information 
and emotional support.11 Many social and emotional conse-
quences result from the diagnosis of genetic heart disease, includ-
ing the possible need for an implantable cardioverter-defibrillator, 
uncertainty regarding prognosis, restrictions on physical activity, 
and genetic counseling issues related to the high risk of transmis-
sion to children and genetic testing options.

An important role of the cardiac genetic counselor consists of 
providing pretest and posttest genetic counseling to all patients 
undergoing genetic testing. Advice may focus on questions 
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Most exciting are the amazing advances in genetic technolo-
gies that have been made over the past 3 years. From screening 
genes one at a time, to screening panels of 5 to 10 genes, we have 
moved into the age of being able to screen 50 to 100 cardiac genes 
in a single panel, which is relevant to categories of disease such 
as primary arrhythmogenic disorders and the inherited cardio-
myopathies. These advances have emerged from next-generation 
sequencing technologies, which serve as the platform for sequenc-
ing of many DNA segments, rapidly and extensively, and across 
many genes at once. Indeed, whole-exome or -genome sequenc-
ing, whereby all 23,000 genes that make up the human body can 
be sequenced in a single test, will revolutionize our understand-
ing of the genetic basis of many medical diseases. Clearly, appro-
priate bioinformatics strategies that can be used to distinguish 
key DNA variants from background genetic noise, as well as a 
thorough understanding of the functional consequences of these 
DNA changes, will be essential for the development of more 
comprehensive genetic testing strategies in cardiovascular disease.

is therefore important that pre-genetic test counseling, genetic 
testing, and interpretation of genetic test results be performed at 
centers experienced in genetic evaluation and family-based man-
agement of genetic heart disease.

Conclusions and the Future

Major advances have been made toward improving our under-
standing of the genetic causes of heart disease. Currently, wide-
spread commercial availability of genetic testing has facilitated 
the steady introduction of genetic testing into clinical cardiology 
practice. Overall, the greatest usefulness of genetic testing 
involves the screening and diagnosis of at-risk relatives through 
predictive genetic testing. Evidence suggests that the underlying 
genotype may be helpful in guiding therapies and may contribute 
to algorithms that predict prognosis.
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analysis showed a new discrete paranodal area with loosely packed 
myocytes that is not contiguous, but in close proximity to the 
sinus node (Figure 72-1, A).3 The molecular construct of this 
paranodal area reflects a mixture of the sinus node and atrial cells 
with unique ion channel make-up, reduced connexin43 and atrial 
natriuretic peptide expression. The relatively depolarized state of 
this paranodal area compared with the right atrium could there-
fore facilitate conduction from the sinus node. Further insight 
regarding the sinus node can also be derived from an anatomic 
model of the sinus node complex based on high-resolution optical 
mapping studies (see Figure 72-1, B). The sinus node appears to 
be insulated by conduction barriers consisting of coronary arter-
ies and fibrous tissues, with specialized preferential conduction 
pathways that carry the electrical impulse to the surrounding 
atrium.4 Indeed, a high-density noncontact mapping study had 
also demonstrated these preferential pathways of conduction 
between the sinus node and the atrial exit sites (see Figure 72-1, 
C ), although none of these insulated tracts have been docu-
mented histologically.2,5

In addition, both the sites of sinus activation and sinoatrial 
exit sites have been shown to be highly variable in keeping with 
a prior epicardial mapping study, demonstrating a widely distrib-
uted atrial pacemaker complex centered about the long axis of 
the sulcus terminalis.5 Specifically, the beat-to-beat variation in 
the site of sinus activation ranged 0 to 41 mm from the superior 
vena cava and right atrial junction, and the variation in sinoatrial 
exit site ranged 0 to 33 mm. It is also known that changes in heart 
rate, neural, and hormonal factors can cause a shift in both of 
these pacemaking and exit sites. For example, sympathetic stimu-
lation results in a superior shift of the dominant pacemaking site, 
and an increased in heart rate while vagal activation leads to a 
slower but more caudal pacemaking focus.6 The multicentricity 
of the sinus node complex therefore accounts for the high inci-
dence of spontaneous P wave variations seen in normal individu-
als. It is also likely that the aforementioned paranodal area and 
preferential conduction pathways are contributors to the multi-
centricity properties of the sinus node.

Sinus Node Disease

Sinus node disease (SND) is an abnormality in impulse genera-
tion of the sinus node resulting in a mismatch toward physiologi-
cal demands. It affects individuals of all ages with higher incidence 
in the older individuals, which is in part due to idiopathic degen-
erative disease. However, causes of sinus node disease can also be 
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Although the sinus node has been recognized as the primary 
cardiac pacemaker for more than a century, our understanding of 
its complex anatomy, molecular construct, and pacemaking 
mechanisms remains incomplete.1 The cell biology of cardiac 
impulse initiation and propagation in regard to the sinus node 
are detailed in Chapters 25 and 26. This chapter explores the 
unique anatomic and physiological features of the sinus node, 
electrophysiological abnormalities in sinus node disease (SND), 
the genetic basis for familial SND, and the factors predisposing 
to sinus node remodeling.

The Sinus Node

It is evident that the complex sinus node anatomy is integral to 
its pacemaking function. The sinus node is a crescent-shaped 
structure measuring 10 to 20 mm in length and 2 to 3 mm in 
width in the adult heart. It resides subepicardially with its long 
axis parallel to the terminal groove starting at the junction of the 
superior vena cava and the right atrial appendage, and terminat-
ing subendocardially near the inferior vena cava. The sinus node 
artery is often found to course centrally along the length of the 
sinus node, although this can also be eccentric. Of note, the sinus 
node artery arises from the right coronary artery 55% to 60% of 
the time, and from the left circumflex artery at other times. The 
sinus node is also well innervated with both adrenergic and cho-
linergic nerves, which can regulate the rate of its spontaneous 
activity.

The sinus node consists of nodal cells packed in a dense con-
nective tissue matrix. Detailed histologic examinations revealed 
that nodal cells are also found intermingled with ordinary atrial 
myocytes at the nodal periphery. In addition, nodal extensions 
are also seen extending toward the superior vena cava, subepicar-
dium, and terminal crest.2 Recently, immunohistochemical 
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chronotropic response; pharmacologic testing; and upright tilt 
table test, autonomic maneuvers (Valsalva or carotid sinus 
massage), or pharmacologic autonomic blockade to evaluate the 
role of autonomic influences. Occasionally, invasive electrophysi-
ologic evaluation could be recommended for symptomatic 
patients in whom SND cannot be documented with the above-
mentioned tests.

Electrophysiological and Structural Abnormalities

Table 72-1 presents a summary of various conventional electro-
physiological measures of sinus node function. These measures 
of sinus node function in patients with SND can reveal a low 
intrinsic heart rate, prolonged sinus node recovery time and sino-
atrial conduction time. Of note, it is well established that these 
tests have their own limitations with wide variations in their 
normal range. However, electroanatomic mapping has provided 
further insight regarding the electrophysiological changes in 
SND with attenuation of the multicentricity property of the sinus 
node complex, resulting in a more caudal and unicentric pace-
making site close to the region with largest voltage at the crista 
terminalis.7 In addition, multiple early studies have shown evi-
dence of atrophy and increased fibrous tissues in the sinus node 
of patients with sick sinus syndrome.8

due to acute myocardial infarction (especially of the inferior wall), 
congestive heart failure, hypertension, infiltrative heart disease 
(e.g., sarcoidosis, amyloidosis), pericardial disease (e.g., pericar-
ditis or tumor), congenital heart disease, surgical trauma, drug-
induced (e.g., β-blockers, calcium channel blockers, 
antiarrhythmics), autonomic influences, electrolyte imbalance, 
sepsis, hypothyroidism, hypothermia, increased intracranial pres-
sure, autoimmune disorders (e.g., scleroderma, Reiter syndrome) 
and genetic disorders (e.g., Friedreich ataxia, myotonic dystro-
phy, familial sick sinus syndrome).

Patients with SND can be asymptomatic or exhibit dizziness, 
syncope, falls, lethargy, reduced exercise capacity, or dyspnea. 
The clinical spectrum of SND includes sinus bradycardia, sinus 
arrest, sinoatrial exit block, chronotropic incompetence, carotid 
sinus hypersensitivity, and tachycardia-bradycardia syndrome. In 
those with alternating tachycardia and bradyarrhythmia or atrial 
fibrillation, the presenting symptoms can also be due to cerebral 
vascular events or palpitations. Specifically, the risk of atrial fibril-
lation in patients with SND is at least 1 in 3 with long term 
follow-up. The challenge in diagnosing SND is to correlate 
symptoms with electrocardiographic documentation, because the 
12-lead electrocardiogram is often normal in most patients. As 
such, extended Holter monitoring, a cardiac event monitor, or 
an implantable loop recorder are used frequently. Additional 
investigations could include an exercise test to elucidate 

Figure 72-1.  The sinus node revisited. A, This Masson trichrome stain of the human sinus node shows the newly described paranodal area, which contains loosely packed 
myocytes consisting of a unique K+ ion channel composition that is intermediate between that of the sinus nodal and atrial cells. Note that his paranodal area is not con-
tiguous  to  the sinus node. B, An anatomic model of  the sinus node complex based on  recent high-resolution optical mapping studies. The sinus node appears  to be 
insulated by conduction barriers consisting of coronary arteries and fibrous tissues, with specialized preferential conduction pathways that carry the electrical impulse to 
the surrounding atrium. C, A composite electroanatomic map of the human right atrium. It demonstrates recent evidence for preferential pathway of conduction in the 
sinus node from earliest activation (1) via a preferential pathway (2, 3) to sinus breakout (4) before conducting to the remaining atrium. LA, left atrium; SVC, superior vena 
cava; BB, Bachmann bundle; CT, crista terminalis; RAA,  right atrial appendage; PV, pulmonary vein;  IAS,  interatrial septum; FP,  fat pad;  IVC,  inferior vena cava; CS, coronary 
sinus; RV, right ventricle. 

(A, From Chandler NJ, Greener ID, Tellez JO, et al: Molecular architecture of the human sinus node: insights into the function of the cardiac pacemaker, Circulation 119:1562–1575, 
2009. B, From Fedorov VV, Glukhov AV, Chang R: Conduction barriers and pathways of the sinoatrial pacemaker complex: their role in normal rhythm and atrial arrhythmias, Am 
J Physiol Heart Circ Physiol 302:H1773–H1783, 2012. C, From Stiles MK, Brooks AG, Roberts-Thomson KC, et al: High-density mapping of the sinus node in humans: role of 
preferential pathways and the effect of remodeling. J Cardiovasc Electrophysiol 21:532–539, 2010.)
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Atrial Abnormalities in Sinus Node Disease

Importantly, significant atrial abnormalities have been described 
in patients with sinus node disease exemplifying an atrial myopa-
thy. These include left atrial enlargement, prolonged P wave  
duration, increased refractoriness, conduction slowing with 
increased double potentials and fractionated atrial electrograms, 
as well as structural changes with extensive regions of low voltage 
and scar (Figure 72-2).7 Recent advancement in noninvasive 
imaging of the atria using late gadolinium-enhanced magnetic 
resonance imaging has also associated increased left atrial fibrosis 
in patients with significant SND requiring pacemaker implanta-
tion following atrial fibrillation ablation.9 Indeed, these changes 
constitute a substrate that can promote circuitous atrial propaga-
tion and perpetuation of atrial arrhythmia and could in part 
account for the higher atrial fibrillation recurrence rates in patients 
with SND following pulmonary vein isolation.10 This increased 
vulnerability to atrial fibrillation has also been shown experimen-
tally in a canine model of SND.11 Furthermore, echocardiographic 
evaluation of atrial mechanical function has also demonstrated 
evidence of atrial mechanical dyssynchrony in SND, with lower 
mitral inflow A velocity and prolonged interatrial dyssynchrony 
found to be independent predictors for atrial fibrillation.12

Familial Sick Node Disease

Despite the advances made in the field of cardiovascular genetics, 
current understanding regarding the familial causes of sick sinus 

Table 72-1. Interventional Measures of Sinus Node Function

Test and Definition Technique Interpretation

Intrinsic Heart Rate (IHR)

Represents intrinsic sinus node rate 
sans autonomic influence 
achieved by pharmacologic 
autonomic blockade

Administration of IV atropine 
(0.04mg/kg) & propranolol  
(0.2mg/kg)

Low IHR is thought to represent SND
IHR (beats/min) = 118.1 − (0.57 × age), with a range of ±14 and 

±18% based on age <45 years old and >45 years old, 
respectively

Sinus Node Recovery Time (SNRT)

Test of sinus node automaticity
Longest time interval from the end 

of overdrive suppression of sinus 
node activity to return of P wave 
on surface ECG

Continuous pacing for 30-60 s is 
performed in the high right atrium 
at multiple and progressively 
shorter cycle lengths in decrements 
of 50-100 ms, down to 300 ms.

Most widely used test for sinus node automaticity
SNRT can be affected by proximity of pacing site to sinus node 

and the presence of sinoatrial entrance or exit block
Normal SNRT is usually < 1500 ms, but varies according to baseline 

sinus cycle length
Corrected SNRT = SNRT − Baseline cycle length (normal range, 

350-550 ms)

Sinoatrial Conduction Time (SACT)

Test of conduction within the sinus 
node

Time interval from sinus impulse to 
atrial depolarization

Direct Recordings
Performed with a catheter of close 

interelectrode spacing (5-15 mm) 
using high-gain, unfiltered 
electrograms

Indirect Methods
Several different methods used, with 

each involving different pacing 
maneuver of atrial premature 
stimulations and pacing slightly 
faster than sinus rate

Not a sensitive test for SND
Direct recordings cannot be obtained in all patients for technical 

reasons
In general, for the indirect methods, the intervals between the 

premature and subsequent sinus beat (A2-A3) and the baseline 
sinus cycle length (A1-A1) are first measured; the (A2-A3) 
interval should encompass the (A1-A1) interval plus the time for 
A2 to enter and exit the sinus node; therefore, the SACT is taken 
as: ([A2 − A3] − [A1 −A1]) / 2

SACT can be affected by the site of stimulation, rate of premature 
stimulation (A2) and presence of marked sinus arrhythmia

Wide normal range in SACT: ∼50-120 ms

IV, Intravenous; SND, sinus node disease; ECG, electrocardiogram.

Figure 72-2.  Electroanatomic  remodeling of  the atria  in  sinus node disease: evi-
dence of a diffuse atrial myopathy. The figure demonstrates bipolar voltage maps 
of the right atrium in a representative patient with sinus node disease (left) and an 
age-matched reference patient. Both atria are oriented in the left anterior oblique 
projections and have  standardized voltage settings. The patient with  sinus node 
disease displays larger atria, significantly greater regions of low voltage, and areas 
of complex electrograms (double potentials in blue and fractionated electrograms 
in  pink). These  figures  demonstrate  the  presence  of  a  diffuse  atrial  myopathy  in 
patients with sinus node disease. 
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syndrome remains poorly defined. Most of these known muta-
tions were identified from studies investigating family clusters  
of SND.

SCN5A Mutations

Mutations in the SCN5A gene, which encodes the α-subunit of 
the cardiac sodium channel (Nav1.5), have been associated with 
SND and several heart rhythm disorders, including Brugada syn-
drome, long QT syndrome type 3, increased susceptibility to 
atrial fibrillation, and progressive cardiac conduction defect.13 To 
date, at least 20 mutations in the SCN5A gene have been identi-
fied as leading to both loss and gain of function of the Nav1.5.14,15 
Loss-of-function mutation of Nav1.5 results in the impairment 
of impulse initiation and impulse propagation within the SA node 
and between the SA node and the atrium, whereas gain of func-
tion mutation of the Nav1.5 results in sinus bradycardia as seen 
in patients with long QT syndrome type 3.16 Interestingly, Nav1.5 
appears to have only a secondary pacemaking role by facilitating 
action potential propagation without contributing to the sino-
atrial node automaticity in animal studies, given that Nav1.5 was 
only found in the periphery but not in the center of the murine 
sinus node.17,18 However, one recent report suggested the pres-
ence of sodium current in human sinoatrial nodal cells19; this has 
since been confirmed by a subsequent study using immunohisto-
chemistry and qualitative polymerase chain reaction, whereby 
both protein expression and mRNA levels of Nav1.5 were seen 
in the human sinus node, although these were significantly lower 
than in the paranodal area and the right atrium.3

Figure 72-3.  Mutations  and  mechanisms  underlying  SCN5A-related  sinus  node  disease.  A, The  proposed  membrane  topology  of  the  cardiac  sodium  channel  (Nav1.5) 
showing the locations of the recently studied 13 mutations linked to familial sick sinus syndrome. The molecular mechanisms include various channel gating abnormalities 
and trafficking defects resulting in either similar (group 1, white), reduced (group 2, light blue) or no (group 3, blue) current. B, The multiple molecular mechanisms of various 
channel gating abnormalities and trafficking defects involved in SCN5A-related familial sinus node disease. 

(From Gui J, Wang T, Jones RP, et al: Multiple loss-of-function mechanisms contribute to SCN5A-related familial sick sinus syndrome, PLoS One 5:e10985, 2010.)
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The mechanisms underlying SND because of SCN5A muta-
tions are likely to be complex. Insights can be gained from a 
heterozygous SCN5A knockout model in which SCN5A defi-
ciency led to sinus bradycardia and prolonged sinoatrial conduc-
tion time indicative of decreased sinoatrial node automaticity and 
slower conduction.20 These electrophysiological changes were 
accompanied by TGF-β1–mediated fibrosis in the sinoatrial node 
and transcriptional remodeling of ion channels, thereby demon-
strating the regulatory role for Nav1.5 in cellular biological 
process. In addition, recent comprehensive biophysical charac-
terization of mutant Nav1.5 channels linked to familial sick sinus 
syndrome has revealed multiple molecular mechanisms, includ-
ing various channel gating abnormalities and trafficking defects 
(Figure 72-3).21

HCN4 Mutations

The HCN4 channels are responsible for the hyperpolarization 
activated funny current (If) essential to sinoatrial node automatic-
ity. They are highly expressed in the sinus node, with mutations 
in the HCN4 gene also found to be associated with familial 
SND. To date, five variants have been identified in various fami-
lies with:
1. Sinus bradycardia, chronotropic incompetence and atrial 

fibrillation with single base-pair deletion in exon 5 of the 
HCN4 gene22

2. Sinus node dysfunction, QT prolongation, and polymorphic 
ventricular tachycardia with a missense mutation in the 
HCN4 C-linker23
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Structural Remodeling
Significant structural changes of the sinus node have been docu-
mented with senescence. These changes include an enlarged sinus 
node complex with increased sinoatrial conduction distance, 
hypertrophy of the sinoatrial cells, and increased area lacking con-
nexin43.33,36 Aging-related reduction in connexin43 could be 
related to long-term activation of C-Jun amino-terminal kinase 
resulting in altered conduction.32 In addition, extracellular matrix 
remodeling because of aging has shown variable changes in the 
murine sinus node, including transforming growth factor β1 medi-
ated interstitial fibrosis,20 or a decrease in type 1 and 3 collagen 
despite a decrease in matrix metalloproteinase 2 and elastin, and 
increased transforming growth factor β1 and tumor necrosis factor 
α in another study.33 Nevertheless, the signaling cascade underly-
ing aging-related structural remodeling of the sinus node is highly 
complex and remains incompletely understood.

Ionic Remodeling
Although the structural changes might in part account for the 
electrophysiological manifestations, age-related ionic changes are 
also important contributors to sinus node remodeling. Currently, 
the molecular mechanisms involved in aging-related ionic remod-
eling are poorly defined. An initial preclinical study has shown 
reduced HCN2 and HCN4 expression and function (responsible 
for the pacemaker current, If), which could account for the 
reduced sinoatrial (SA) node automaticity in the aging sinus 
node.37 In a guinea pig model, the aging sinus node showed a 
decline in Cav1.2 (responsible for ICa,L) protein expression with 
greater sensitivity to calcium channel blockade and reduced 
amplitude of extracellular potential, which could account for 
reduced sinus node excitability.34 However, a myriad of changes 
in the mRNA transcripts of ion channels involved in normal 
pacemaking has recently been described with increased Nav1.5 
(responsible for INa), Cav1.2 (ICa,L), Kv1.2 & Kv4.2 (Ito), KvLQT1 
(IK,s), and Kir6.1 (IK,ATP), together with decreased HCN1 (If), 
Kv1.5 (IK,ur) and Kir3.4 (IK,ACh).31 In addition, the same study also 
demonstrated a significant decrease in ryanodine receptor (RYR2) 
expression, which might contribute to aging-related intrinsic 
heart rate slowing.31

Congestive Heart Failure

Reduced sinus node reserve has been documented in patients 
with congestive heart failure, resulting in an increased risk of 
iatrogenic SND when concurrent negatively chronotropic agents 
are used to improve the prognosis in such patients.38,39

Electrophysiological Remodeling
Prolongation of intrinsic sinus cycle length, sinoatrial conduction 
time, and sinus node recovery time has been demonstrated in 
heart failure patients along with a caudal shift in sinus node activ-
ity.38,39 Similar electrophysiological findings were demonstrated 
in both large and small animal models of ischemic and nonisch-
emic heart failure.40-43

Structural Remodeling
Indirect evidence of structural remodeling of the sinus node in 
patients with heart failure can be gained from electroanatomic 
mapping findings of reduced bipolar voltage amplitude in the 
superior region of the crista terminalis, as well as areas of electri-
cal silence indicating scarring along the crista terminalis.39

Ionic Remodeling
Early work in isolated sinoatrial cells from rabbits with volume 
and pressure overload–induced heart failure showed a reduction 
in both If and IK,s.40 Both HCN2 and HCN4 expressions at the 
mRNA and protein levels were also found to be significantly 

3. Sinus bradycardia with HCN4 mutation near cyclic AMP 
binding site24

4. Sinus bradycardia with point mutation in the HCN4 ion 
channel pore25

5. Sinus bradycardia with mutation in the pore region of the 
HCN4 channel26

All these mutations have been shown to result in decreased 
inward current in the diastolic depolarization range of sinoatrial 
cells thereby contributing to SND.

Other Mutations

Several other mutations are also associated with SND, including 
those involving the ankyrin family of proteins and nuclear mem-
brane protein emerin. The ankyrin family of proteins is involved 
in targeting and membrane stabilization of cardiac ion channels, 
among its many other functions. Specifically, mutation of the 
ANK2 gene, which encodes ankyrin-B, has been identified in 
patients with long QT syndrome type 4 who also had increased 
atrial fibrillation, ventricular arrhythmias, and severe sinus node 
dysfunction.27 Recent work has highlighted that ankyrin-B is 
present in the human sinoatrial node and has an important role 
in targeting ion channels and transporters, calcium homeostasis 
and nodal automaticity.28 Multiple ANK2 loss of function vari-
ants is now known, which can result in different severity of clini-
cal phenotypes, but the underlying molecular basis remains 
incompletely understood.

Emerin is a nuclear envelope protein encoded by the EMD 
gene. Mutation in the EMD gene (Lys37del) can result in Emery–
Dreifuss muscular dystrophy when coexisting LMNA mutation is 
present. Emery–Dreifuss muscular dystrophy is an X-linked dis-
order characterized by muscle contractures, progressive skeletal 
myopathy, cardiomyopathy, SND in early adulthood, and atrial 
fibrillation.29 However, the same EMD gene mutation has 
also been linked with nonsyndromic X-linked atrial fibrillation 
and SND.30

Sinus Node Remodeling

Subclinical changes in sinus node function have been described 
in a number of known causative and novel risk factors for SND. 
It is likely that a threshold needs to be reached in each individual 
before sinus node remodeling manifests clinically as SND, and 
the presence of multiple such risk factors will likely accelerate 
this process.

Aging

Sinus node function is known to deteriorate with aging, which 
could account for the increased incidence of SND and pacemaker 
implantations in this population.

Electrophysiological Remodeling
Both clinical and basic studies have demonstrated that the intrin-
sic heart rate decreases while sinoatrial conduction time increases 
with aging.6,20,31-34 Specifically, recent detailed mapping of the 
sinoatrial region has shown increased conduction time and 
reduced conduction velocity of the action potential across the 
sinus node.32 An inferior shift of the leading pacemaker site has 
also been shown in the murine aging model.33 Furthermore, sinus 
node recovery time was found to be significantly prolonged with 
aging together with a global atrial electrical remodeling 
process.31,35 The senescent sinus node also exhibited increased 
action potential duration.31
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as a likely mechanism for sinus node remodeling owing to atrial 
arrhythmias.49

Ionic Remodeling
In a rapid-pacing canine model of atrial fibrillation, downregula-
tion of sinus node HCN2 and HCN4 and mink subunit expres-
sion at the messenger RNA (mRNA) levels has been reported 
together with reduced densities of their corresponding If and 
IK,s.45 In the same animal model, downregulation of RYR2 expres-
sion was evident in the superior sinus node. Furthermore, there 
was impairment of isoproterenol-induced late diastolic calcium 
elevation and reduced heart rate response to caffeine in the supe-
rior sinus node suggestive of impaired spontaneous sarcoplasmic 
reticulum calcium release.46 Taken together, both abnormal 
membrane and calcium clocks are implicated in the atrial arrhyth-
mias related ionic remodeling of the sinus node.

Other Associated Conditions

In addition to the aforementioned factors, several other condi-
tions are also known to affect sinus node function, including atrial 
septal defects, loss of atrioventricular synchrony owing to VVI 
pacing, pulmonary hypertension with right ventricular hypertro-
phy, diabetes mellitus, coronary artery disease, and obstructive 
sleep apnea.1,8,50,51 Interestingly, these conditions are also known 
to result in the development of atrial substrates that predispose 
to atrial fibrillation.

Conclusions

Advancements in cardiovascular mapping, molecular biology, and 
genetics over the last few decades have contributed to our 
improved understanding of the complex nature of the sinus node. 
However, the added knowledge also highlights new challenges to 
unraveling the mechanistic aspects underlying various sinus node 
abnormalities.
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reduced in the sinus node of dogs with pacing induced heart 
failure.41 These studies suggest the contribution of If remodeling 
to reduced sinus node automaticity. Moreover, there is evidence 
of impaired rhythmic spontaneous sarcoplasmic reticulum 
calcium release in the superior sinus node of heart failure dogs.42 
More recently, detailed gene expression analysis showed exten-
sive ionic remodeling at the mRNA level in a small animal model 
of ischemic heart failure.43 However, differential results were seen 
with increased HCN2 and HCN4 expression, INa and ICa,L, IK,r 
and IK,s and RYR2. It is evident that further research is warranted 
to improve the current understanding of the mechanisms under-
lying ionic remodeling owing to heart failure.

Atrial Arrhythmias

As mentioned earlier, patients with SND sometimes exhibit 
tachyarrhythmic or bradyarrhythmic syndrome. Their increased 
risk of developing atrial fibrillation can be accounted for by the 
underlying atrial myopathy. On the other hand, it is also known 
that patients with atrial arrhythmias demonstrate subclinical 
changes in sinus node function.

Electrophysiological Remodeling
Previous reviews have highlighted in detail the electrophysiologi-
cal remodeling of the sinus node because of rapid atrial pacing 
model or atrial fibrillation in a myriad of preclinical and clinical 
studies.1,6 These changes include slowing of intrinsic heart rate, 
prolonged sinus node recovery time, and increased sinoatrial 
conduction time.44-46 Importantly, these changes were evident 
even following transient exposure of the sinus node to atrial 
arrhythmia, whereas reverse remodeling has also been demon-
strated following termination of the arrhythmia.47 In addition, 
more recent work using high-density noncontact mapping has 
shown a caudal shift in sinus node activation, with slower conduc-
tion along preferential pathways in patients with chronic atrial 
flutter.5

Structural Remodeling
Progressive fibrosis with cell loss and degeneration has been 
noted in the sinus node of patients with long-standing chronic 
atrial fibrillation.48 This was in keeping with recent electroana-
tomic mapping in patients with atrial arrhythmias demonstrating 
significantly lower bipolar voltage in the sinus node region near 
the high lateral right atrium.5,44 In addition, a significant reduc-
tion in the amount of capillaries in the sinus node was seen in 
chronic atrial fibrillation patients, thereby implicating ischemia 
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adjacent to scars or natural anatomic barriers, such as the tricus-
pid or mitral annulus. Typical atrial flutter, lower loop reentry, 
double loop reentry, left atrial macro-reentrant AT, scar AT, 
reverse typical atrial flutter, and right atrial free-wall macro-
reentry all are classified as macro-reentrant ATs. Atrial tachycar-
dias occurring in the setting of congenital heart disease are 
described in Chapter 78, and those occurring after atrial fibrilla-
tion ablation in Chapter 123. Atrial tachycardias occurring after 
atrial fibrillation ablation may be extremely complex, involving 
multiple loops, and often are related to gaps in previously created 
ablation lines.

Under this classification scheme, some tachycardias originat-
ing in the atrium are left unclassified. For example, inappropriate 
sinus tachycardia and sinus node reentry cannot be classified 
easily. Despite the limitations of this classification scheme and 
the fact that most clinical arrhythmias are not classified by mech-
anism, it is useful to think of ATs as being either focal or macro-
reentrant. This differentiation has important implications for 
ablative therapy, because macroreentrant ATs often require 
mapping of large segments of the circuit using techniques  
of “entrainment mapping” or “scar mapping” and delivery of 
multiple radiofrequency ablation lesions for termination of 
tachycardia.

A new technique has been proposed to differentiate between 
focal and macroreentrant ATs based on the surface electrocardio-
gram (ECG).2 Using non-invasive methodologies that did not 
require mapping in the electrophysiology laboratory, the study 
investigators analyzed quantitative ECG metrics with computer-
ized signal-averaging techniques. A short atrial activation time 
relative to the tachycardia cycle length was used to differentiate 
focal from macroreentrant ATs based on the principle that mac-
roreentrant ATs have activation throughout the cycle length in 
contrast to focal ATs. The investigators were able to develop 
algorithms to quantify P or F wave duration with overlying T 
waves by transitions in slope relative to the expected T waves 
generated from scaling of the sinus rate T wave. Electrocardio-
graphic P wave duration correlated with the duration of intraatrial 
activation. Focal ATs had shorter P wave durations and smaller 
ratios of P wave to cycle length. P waves less than 160 ms and P 
wave to cycle length ratios less than 45% differentiated focal AT 
from macroreentry with promising accuracy in patients who sub-
sequently underwent invasive catheter mapping and ablation.2

Focal Atrial Tachycardias

Sustained, focal ATs in patients who are in an electrophysiology 
laboratory for mapping and catheter ablation almost always  
arise in the absence of significant, preexisting structural heart 
disease. In one large series, among 345 patients with focal  
AT who underwent radiofrequency ablation only 4% of patients 
(n = 14) had preexisting structural heart disease.3 Notably, 
however, incessant or frequent paroxysmal tachycardia can 
produce a tachycardia-mediated cardiomyopathy. In this series, 
approximately 10% of patients with focal AT developed a 
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Atrial tachycardias (ATs) are regular atrial rhythms at a constant 
rate ≥100 beats/min that originate outside the sinus node region 
and do not require participation of the atrioventricular node  
for maintenance of the arrhythmia.1 Atrial tachycardias constitute 
a major cause of supraventricular tachycardias. Although  
sustained AT occurs relatively infrequently, bursts of nonsus-
tained AT are commonly observed on Holter or telemetry 
recordings. The mechanism of AT can be focal or macroreen-
trant. Over the last two decades, significant advances in our 
understanding of ATs have occurred. The use of advanced 
mapping tools and catheter ablation has enabled detailed assess-
ment of the substrate and characteristic anatomic locations of 
ATs. This chapter reviews information about the classification, 
mechanisms, electrocardiographic localization, and electrophysi-
ological characterization of ATs.

Classification and Mechanisms

An expert consensus group from the European Society of Cardi-
ology and the North American Society of Pacing and Electro-
physiology published a classification of atrial flutter and regular 
ATs based on mechanism and anatomy.1 Atrial tachycardias were 
classified as tachycardias with a regular atrial rate arising from 
the atrium and were further categorized as either focal or mac-
roreentrant. Focal AT can be caused by automatic, triggered, or 
microreentrant mechanisms. Focal ATs are characterized by 
radial, circular, or centrifugal spread of activation from a single 
focus or point source and lack of electrical activation spanning 
the tachycardia cycle length. Macroreentrant ATs are due to 
reentry through relatively large, potentially well-characterized 
circuits. Macroreentrant ATs are characterized by a repetitive 
pattern of electrical activation encompassing the entire cardiac 
cycle. Patterns that have been described include a single loop 
(such as common isthmus-dependent flutter), two reentrant loops 
creating a figure of eight, and reentry through narrow channels 
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tachycardia-mediated cardiomyopathy.3 A slower incessant tachy-
cardia was more frequently complicated by cardiomyopathy, and 
appendage sites were associated with a higher incidence of inces-
sant tachycardia (84%) and LV dysfunction (42%). Virtually all 
patients had restoration of normal LV function after successful 
ablation at a mean of 3 months.

Atrial arrhythmias frequently complicate heart failure and 
atrial enlargement. In an experimental model, Stambler et al.4,5 
demonstrated that heart failure induced by rapid ventricular 
pacing provides a substrate that predisposes to focal ATs. Sus-
tained ATs could be induced in greater than 90% of animals after 
an average of 3 weeks of heart failure, but in less than 10% at 
baseline in the absence of heart failure. The mode of AT induc-
tion, responses to pacing maneuvers and Ca2+ antagonists, and 
the presence of delayed afterdepolarizations suggested triggered 
activity, resulting from intracellular Ca2+ overload, as the likely 
tachycardia mechanism. Strikingly similar to the anatomic distri-
bution of focal ATs in humans, mapping and ablation studies in 
this heart failure model indicated that the ATs had a focal origin 
with sites of earliest activation located predominately along the 
crista terminalis (CT) and within or near the pulmonary veins 
(PVs). Rapid, left AT generating atrial fibrillation was localized 
and ablated inside the pulmonary vein in this model.

The autonomic nervous system likely has a critical role in 
initiating or triggering some ATs. Reports of AT triggered by 
changes in posture, belching, swallowing, as well as termination 
of tachycardia by the Valsalva maneuver, edrophonium, or 
β-adrenergic blockers, support a probable role of the autonomic 
nervous system in some patients. A close association between 
autonomic nervous system activity and paroxysmal atrial arrhyth-
mias in animal models has been documented. In dogs with 
pacing-induced heart failure, spontaneous paroxysmal ATs are 
triggered by simultaneous sympathovagal discharges.6 Likewise 
in a canine model of intermittent rapid left atrial pacing, auto-
nomic nerve discharge was shown to be an invariable trigger of 
paroxysmal atrial tachyarrhythmias.7 All spontaneous, AT and 
atrial fibrillation episodes were preceded (<5 seconds) by superior 
left ganglionated plexi nerve activity.

An interaction between respiration and supraventricular 
arrhythmias has been described in rare cases demonstrating 
bursts of atrial ectopic beats that emerge after the start of inspira-
tion and cease during expiration. A recent report described in 
detail, respiratory cycle–dependent ATs.8 Among 71 nonreen-
trant focal ATs in 60 patients, 9 respiratory cycle–dependent ATs 
(13%) were seen in 7 patients (12%). The arrhythmias were 
incessant, had irregular tachycardia cycle lengths, and emerged 
in synchrony with respiratory cycles. The P-wave morphology 
was positive or biphasic in V1 and positive in I and II. Electro-
anatomical mapping demonstrated the earliest site located around 
the RSPV or inside the SVC, and radiofrequency ablation was 
effective in eliminating these ATs.

On the electrocardiogram, focal ATs are characterized by P 
waves separated by an isoelectric interval. Activation mapping of 
focal AT demonstrates a tachycardia with activation from a dis-
crete, small, localized atrial area from which there generally is 
centrifugal or radial spread. Beyond these definitions of focal AT 
based on the electrocardiogram and activation sequence mapping, 
a number of investigators have attempted to categorize the mech-
anism of focal AT (i.e., automaticity, triggered activity, micro-
reentry) based on the responses to pacing and pharmacologic 
maneuvers in the clinical electrophysiology laboratory.

Chen et al.9 classified ATs in 36 patients into one of three 
categories based on the following groups of findings.

Automatic AT was identified in 7 of the 36 patients by the 
presence of one or more of the following characteristics: (1) atrial 
tachycardia could be initiated only by isoproterenol infusion; (2) 
programmed electrical stimulation could not initiate or terminate 
AT; (3) AT could be transiently suppressed with overdrive pacing, 

but subsequently resumed with a gradual increase in atrial rate; 
(4) termination could be achieved with propranolol; (5) a “warm-
up” or “cool-down” phenomenon, or both, could be demon-
strated; and (6) the rhythm showed adenosine insensitivity.

Atrial tachycardia attributed to triggered activity was found in 
9 of 36 patients. Triggered activity was characterized by one or 
more of the following: (1) initiation of tachycardia occurred with 
rapid atrial pacing or atrial extrastimuli, typically dependent on 
reaching a certain range of atrial pacing cycle lengths; (2) entrain-
ment of AT was not demonstrated, but overdrive suppression or 
termination was noted; (3) delayed afterdepolarizations were 
recorded from a monophasic action potential catheter at the 
tachycardia site of origin, but not recorded from areas remote 
from the tachycardia; (4) adenosine terminated the tachycardia; 
(5) isoproterenol was rarely required to induce tachycardia; and 
(6) dipyridamole, propranolol, verapamil, edrophonium, Valsalva 
maneuvers, and carotid sinus pressure terminated tachycardia in 
all patients.

Atrial tachycardia attributed to microreentry was found in 20 
patients. Microreentry was characterized by the following: (1) 
atrial tachycardia was reproducibly initiated and terminated by 
atrial pacing and extrastimuli; (2) delayed afterdepolarizations 
were not found on monophasic action potential catheter record-
ings; (3) pacing during tachycardia fulfilled criteria for manifest 
and concealed entrainment; (4) the interval between the initiating 
premature beat and the first beat of tachycardia were inversely 
related; and (5) frequent termination by verapamil and adenosine 
was observed.

The effects of adenosine on AT have been studied extensively 
by Markowitz et al.,10 who examined the mechanism-specific 
effects of adenosine on 85 ATs in 82 patients. In response to 
adenosine, termination occurred in 67 cases (84%), two patients 
exhibited a nonspecific response, and six were insensitive (8%). 
Adenosine-sensitive ATs arose from a wide distribution of sites 
in both atria. These sites included the tricuspid annulus (n = 45), 
mitral annulus (n = 8), CT (n = 15), and other sites (posteroseptal 
right atrium, atrial appendage, and interatrial septum). Adenosine-
insensitive ATs arose near the pulmonary veins and in the  
right atrium. In contrast to the study by Chen et al.9, Markowitz 
et al.10 provided evidence that adenosine-insensitive focal ATs 
are caused by microreentry.11 Electrograms at the site of origin 
of adenosine-insensitive AT typically were highly fractionated 
and had longer durations and lower amplitudes compared  
with ATs that were terminated or transiently suppressed by ade-
nosine. Similar observations were made by De Groot and 
Schalij,12 who showed that the site of origin of focal ATs was 
characterized by double potentials and fractionated and low-
voltage, long-duration electrograms—findings attributed to poor 
cell-to-cell coupling.12

Chiale et al.13,14 described the behavior and pharmacologic 
responses of a group of rate-related, repetitive uniform, focal ATs 
that were highly sensitive to intravenous lidocaine. These 
arrhythmias appear to be rare, show a variable response to intra-
venous adenosine and verapamil, and are neither consistently 
induced nor terminated by programmed premature atrial stimu-
lation, suggesting a nonreentrant mechanism. These authors 
speculated that delayed afterdepolarizations could have a deter-
mining role in these ATs.

Evaluation of studies, such as those noted here, that have 
attempted to categorize the mechanism of focal AT based on 
their responses to pacing and pharmacologic maneuvers in the 
clinical electrophysiology laboratory is difficult, as most have 
included small, heterogeneous populations and patients with a 
variety of ATs. Thus, given the lack of definitive criteria to iden-
tify the mechanism of focal AT in the electrophysiology labora-
tory, these studies remain largely descriptive. A major limitation 
to an approach for identifying the electrophysiological mecha-
nism of focal AT based on responses to drugs is that there is 
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of activation sequence, which is burdensome and compounded 
by the lack of accurate reproducibility of catheter location based 
on fluoroscopic projection alone. The ability to collect a large 
number of points with high spatial resolution (1 to 2 mm) enables 
the construction of a detailed activation map that is combined 
with the three-dimensional anatomy of the relevant chamber. 
This information provides valuable insight into the mechanism 
of tachycardia, the anatomic origin, and the relationship to other 
cardiac and extracardiac structures that are useful to guide abla-
tion. Color-coded maps of myocardial voltage at each point also 
can provide a map of the cardiac chamber voltage, which is 
helpful for identifying areas of scar and substrate abnormalities 
and could provide insight into the underlying disease process or 
pathophysiology. The ability to navigate the catheter in three-
dimensional space without exposure to ionizing radiation is a 
valuable benefit for both patient and operator. Furthermore, use 
of these systems can reduce procedural time and promote success 
and safety during ablation of complex arrhythmias. Finally, the 
ability to register the precise location of individual ablative 
lesions within the heart offers a significant advantage over fluo-
roscopy alone.

A limitation of these systems that must be recognized and is 
important in studying focal ATs is that the earliest activation 
within a given chamber will be recorded as the site of origin (i.e., 
earliest activation within that chamber), even if the arrhythmia 
arises from another chamber. This is especially important to 
recognize in performing electroanatomic mapping of the right 
atrium when the tachycardia originates from the left atrium (LA) 
or pulmonary veins. Failure to appreciate this issue fully can 
result in unsuccessful prolonged attempts being made to ablate 
focal tachycardias from the right atrium before the need to 
perform detailed left-sided mapping is recognized and successful 
ablation is ultimately enabled.

In one study, electroanatomic mapping (CARTO; Biosense, 
Webster, California) of the right atrium was performed during 
13 tachycardia episodes in 10 patients who had previous cardiac 
surgery.19 Focal ATs were defined in three patients, and macro-
reentrant circuits were found in seven patients. The mapping 
system allowed rapid distinction between a focal AT and a mac-
roreentrant mechanism. In the patients with focal mechanisms, a 
radial spread of activation was noted from the site of earliest 
activation in all directions on an isochronal map (Figure 73-1). 
The right atrial activation time was markedly shorter than the 
tachycardia cycle length, accounting for, an average of 14% of 
the tachycardia cycle length. In patients with a macroreentrant 
mechanism, isochronal maps showed a continuous progression of 
activation around the right or left atrium, with close proximity 
of earliest and latest local activation (Figure 73-2). The right 
atrial activation time was in a range similar to that of tachycardia 
cycle length, occupying 70% or more of the tachycardia cycle 
length.

Sanders et al.20 reported on the use of high-density mapping 
of focal AT. They used a high-density mapping catheter (Penta-
Ray; Biosense) to characterize a group of patients in whom prior 
attempts at atria tachycardia ablation or atrial fibrillation ablation 
were unsuccessful.20 They noted that a localized focus was found 
in 70%, whereas 30% had evidence of localized reentry charac-
terized by the ability to record electrograms during 95% of the 
tachycardia cycle length. They demonstrated that with high-
density mapping, it was possible to define regions of preferential 
conduction and intraatrial conduction delay. Higa et al.21 associ-
ates made similar observations using the technique of noncontact 
mapping. These investigators demonstrated that focal AT origi-
nates from a small area of tissue but spreads through the atrium 
by way of regions of preferential (rather than centrifugal) conduc-
tion. These investigators made several other notable observa-
tions: most ATs originate near a border of a low-voltage zone or 
an area of anisotropic conduction, and the site of successful 

important overlap in the electrophysiological and pharmacologic 
characterization of mechanisms. For example, adenosine-
sensitivity can be highly useful and specific for distinguishing 
focal from macroreentrant ATs, but it is less helpful in definitively 
identifying the electrophysiological mechanism of a focal AT. 
Whereas triggered ATs are usually terminated by adenosine and 
verapamil, the use of these pharmacologic agents to differentiate 
AT mechanisms has produced some inconsistent and variable 
results.15,16 For example, some studies suggest that verapamil and 
adenosine both terminate ATs caused by microreentry and trig-
gered activity, whereas others suggest that adenosine-insensitive 
focal ATs are caused by microreentry.9,10 In addition, adenosine 
administration can result in tachycardia termination by nonspe-
cific effects via induction of atrial extrasystoles. Thus, pharmaco-
logic interventions might not be a reliable means to identify AT 
mechanism.

Further complicating appropriate mechanistic classification of 
focal ATs, programmed stimulation can initiate and terminate 
ATs caused by triggered activity and microreentry. Use of newer 
catheters with splines allowing for multiple, high-density record-
ings in combination with three-dimensional electroanatomic 
mapping over small atrial sites could help to clarify the role of 
microreentry versus nonreentrant mechanisms in focal ATs. 
Although it may be of academic interest, the clinical significance 
of identifying the different mechanisms of focal atrial tachycardia 
is unclear. Discrimination of focal, nonreentrant tachycardia 
from microreentry may be less important because both tachycar-
dias can be ablated via focal ablation once tachycardia origin is 
identified. Therefore, knowledge of the mechanism of focal AT 
might not predict successful ablation or lack of recurrence after 
ablation.

Impact of Mapping Technologies

Extensive activation sequence mapping is typically used in the 
electrophysiology laboratory to define the presumptive mecha-
nism of AT and plan an ablation strategy. Technologies for 
mapping arrhythmias include basket mapping, electroanatomic 
mapping, and noncontact mapping systems. The mapping tech-
nologies have definite advantages over point-by-point catheter 
mapping, including the ability to map unstable, poorly reproduc-
ible, and nonsustained arrhythmias. With these technologies, 
short episodes of arrhythmias can be mapped with one or several 
beats, or the arrhythmia substrate can be mapped for areas of low 
voltage or double potentials. Many series describing the use of 
each of these new technologies to map and ablate ATs have been 
reported.17,18 These technologies typically are accompanied by 
decreased fluoroscopic exposure for the operator, more precise 
localization of tachycardia, and a better appreciation of atrial 
anatomy.

These advanced mapping systems have been found to facili-
tate identification and ablation of ATs arising from the atrial 
chamber, the atrial septum, pulmonary veins, superior vena cava 
(SVC), or coronary sinus. Color-coded display of activation 
timing is highly useful in demonstrating the site of origin of focal 
ATs. The color-coded display of chamber geometry within three-
dimensional space provided by these mapping systems helps to 
visualize the complex anatomy and relationships between cardiac 
structures that cannot be fully appreciated with the use of fluo-
roscopic imaging. The three-dimensional anatomic display is 
useful in defining the left atrial anatomy along with the locations 
of pulmonary veins. The variable projections of the electroana-
tomic system allow individually optimized views of the target 
area, display of the tip and distal shaft of the ablation catheter, 
and the potential for precise navigation to predetermined sites. 
Furthermore, newer mapping technologies can overcome some 
of the difficulties of traditional point-to-point catheter mapping 
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mapping, spontaneous ventricular ectopy, ventricular pacing or 
adenosine infusion may be useful to uncover the true P wave 
morphology. Finally, the algorithms for differentiation of AT 
origin have been based largely on analysis of tracings from 
patients without structural heart disease or atrial dilatation.  
Notwithstanding these limitations, P wave morphology can 
provide useful clues to tachycardia location. Published algorithms 
help to determine the localization of AT site of origin22-26 
(Figures 73-3, 73-4).

Tang et al.22 constructed an algorithm to help localize the site 
of AT. They studied 12-lead ECGs from 31 patients with focal 
AT who underwent mapping and successful ablation, and they 
proposed an algorithm that distinguished right atrial from left 
atrial foci with a sensitivity of 88% to 93% and a specificity of 
79% to 88%. The P wave configurations in leads aVL and V1 
were most helpful in differentiating right atrial from left atrial 
foci. A positive or biphasic P wave in aVL predicted a right atrial 
focus, whereas a positive P wave in V1 predicted a left atrial focus. 
The algorithm incorrectly predicted the location of AT in patients 
with a right superior pulmonary vein focus, showing a positive P 
wave in aVL instead of the expected negative P wave, probably 
because of the close location of the right superior pulmonary vein 
to the high lateral right atrium. In these patients, close inspection 
of the P wave morphology during sinus rhythm and during AT 
showed the change in P wave morphology in V1 from biphasic 
to a positive P wave with a right superior pulmonary vein 
tachycardia.

This algorithm was further refined for right ATs by Tada 
et al.23 Based on the left anterior oblique view of the right atrium, 
tachycardias were classified as occurring at superolateral, infero-
lateral, and inferomedial locations. A negative P wave in lead aVR 
identified an AT lying on the CT with 100% sensitivity and 93% 
specificity. A positive P wave in the inferior leads differentiated 
superolateral ATs from inferolateral ATs with a sensitivity of 86% 
and a specificity of 100%. In any AT with inferomedial or infero-
lateral foci, the P wave in at least one of the inferior leads was 
negative. Negative P waves in leads V5 and V6 identified 

ablation is near the site of tachycardia origin or the proximal 
portion of the preferential conduction pathway, rather than at the 
“breakout” point.

Electrocardiographic Localization of Focal 
Atrial Tachycardia

Atrial tachycardia foci have a characteristic anatomic distribution. 
The predominant areas of origin of focal AT include the CT, near 
or inside the four pulmonary veins (superior veins more com-
monly), around the atrioventricular annuli, around or inside the 
coronary sinus, and the parahisian region (atrial septum and tri-
angle of Koch). Less common sites of origin include the atrial 
appendages and the SVC.

There is extensive literature on using the P wave morphology 
recorded on the 12-lead ECG to identify the site of the atrial 
focus. The literature on P wave morphology dates back to early 
studies of differential pacing during electrophysiology studies or 
during open-heart surgery. Multiple algorithms have been devel-
oped and refined over the years, some of which are highlighted 
below.

These algorithms are useful despite considerable overlap in P 
wave morphology, because most ATs originate from relatively few 
sites. However, it is important to appreciate that the P wave 
configuration is in large part dependent on left atrial activation. 
Therefore, despite differences in site of origin, similar sequences 
of left atrial activation could yield nearly identical P waves. For 
example, P waves resulting from foci in the coronary sinus muscle 
can resemble flutter waves in patients with typical counterclock-
wise flutter. The overlap in P wave morphology reflects the 
limited spatial resolution of the P wave of at best 2 cm, based on 
discrimination between two different atrial pacing sites from 
mapping studies. In addition, the P wave often is obscured by the 
T wave or QRS complex during tachycardia. To better define P 
wave morphology and help to establish a fiducial point for 

Figure 73-1.  Computerized electroanatomic mapping from a patient with a focal atrial tachycardia arising from the epicardial surface of the left atrial appendage. Structural 
heart  disease  is  absent,  but  the  patient  has  an  incessant  tachycardia.  The  site  of  origin  is  focal,  with  rapid  radial  spread  of  atrial  activation  from  the  earliest  site  of 
activation. 
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longer duration of positivity in lead V1. Superior pulmonary veins 
were distinguished from inferior pulmonary veins on the basis of 
P wave amplitude for superior pulmonary vein origin in lead II 
of 100 µV or greater. This value differentiated superior from 
inferior P waves, with a specificity of 74%, a sensitivity of 81%, 
and a positive predictive value of 86%. Focal ATs arising from 
the left atrial appendage can be distinguished from left or right 
pulmonary vein tachycardias by a deeply negative P wave in lead 
I. In addition, left atrial appendage (LAA) ATs also have a P wave 

inferomedial ATs with a sensitivity of 92% and a specificity of 
100%. In ATs coming from the triangle of Koch, the P wave 
duration in the inferior leads was shorter than during sinus 
rhythm (see Figure 73-4). Foci from the right atrial appendage 
have a characteristic P wave morphology, a negative P wave in 
lead V1 becoming progressively positive across the precordial 
leads, and low-amplitude positive P waves in the inferior leads in 
a majority of patients.

Another refinement of the algorithm for pulmonary vein foci 
was reported by Haissaguerre et al.24 Criteria were devised to 
distinguish right from left pulmonary vein sites: a positive and 
relatively flat P wave in lead aVL and a positive P wave in lead I 
of greater than 50 µV indicated a right pulmonary vein origin 
with a specificities of 100% and 97% and a sensitivities of 38% 
and 72%, respectively. The positive predictive values of these two 
criteria were 100% and 98%, respectively. A notched P wave in 
lead II was a predictor of left pulmonary vein origin, with a 
specificity of 95% and sensitivity of 39%. An amplitude ratio of 
lead III/II of 0.8 or greater and the duration of positivity in lead 
V1 (longer than 80 ms) also were helpful in differentiating left 
from right pulmonary vein origin. These two criteria had speci-
ficities of 75% and 73%, sensitivities of 96% and 85%, and posi-
tive predictive values for left pulmonary vein sites of 79% and 
76%, respectively. Left pulmonary vein sites were characterized 
by low-amplitude and flat P waves in lead I, negative polarity in 
lead aVL, similar amplitudes in both limb leads III and II, and 

Figure 73-2.  Left atrial electroanatomic map of a macroreentrant atrial tachycardia. 
This  electroanatomic  map  shows  a  mitral  isthmus  reentrant  tachycardia.  This 
patient previously underwent minimally invasive surgical atrial fibrillation ablation 
More than 90 points were mapped, and the map shows an “earliest meets latest” 
or “head  meets  tail”  on  the  lateral  mitral  valve  isthmus.  The  postpacing  interval 
minus the tachycardia cycle  length  (PPI-TCL) was  less  than 10 ms  from the distal 
coronary sinus (see Figure 73-16). 
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Figure 73-3.  A schematic representation of the anatomic distribution of focal atrial 
tachycardias. The atrioventricular valvular annuli have been removed. CS, Coronary 
sinus;  CT,  crista  terminalis;  LA,  left  atrium;  LAA,  left  atrial  appendage;  MA,  mitral 
annulus; PV, pulmonary vein; RA,  right atrium; RAA,  right atrial appendage; TA,  tri-
cuspid annulus. 

(From Kistler PM, Roberts-Thompson KC, Haqqani HM, et al: P-wave morphology in 
focal atrial tachycardia: development of an algorithm to predict the anatomic site of 
origin. J Am Coll Cardiol 48:1010-1017, 2006.)
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Figure 73-4.  Algorithm for localizing the site of origin for focal atrial tachycardias. 
The  algorithm,  constructed  on  the  basis  of  findings  from  130  atrial  tachycardias, 
correctly  localized  the  focus  in  93%.  CS,  Coronary  sinus;  CT,  crista  terminalis;  inf., 
inferior; iso, isoelectric; LA, left atrium; LAA, left atrial appendage; MA, mitral annulus; 
PV,  pulmonary  vein;  RA,  right  atrium;  RAA,  right  atrial  appendage;  SMA,  superior 
mitral annulus; TA, tricuspid annulus. 

(From Kistler PM, Roberts-Thompson KC, Haqqani HM, et al: P-wave morphology in 
focal atrial tachycardia: development of an algorithm to predict the anatomic site of 
origin. J Am Coll Cardiol 48:1010-1017, 2006.)
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tachycardia origin and could be useful in procedure planning 
before catheter ablation.29 As noted previously, the standard 
12-lead surface ECG remains a useful tool for providing an initial 
approximation of the site of origin of AT, but it has numerous 
limitations. Body surface potential mapping incorporates a  
much larger number of electrodes, but does not provide anatomic 
information. The recent development of electrocardiographic 
imaging represents further advancement in high-resolution non-
invasive mapping by combining body surface electrodes and 
heart-torso geometric information to produce detailed electro-
anatomic maps of the epicardial surface through the application 
of inverse solution mathematical algorithms. This methodology 
has permitted accurate localization of focal, microreentrant, and 
macroreentrant ATs.30-32

Roten et al.32 described a case report in which ECM was 
performed before an ablation procedure in a patient who devel-
oped AT 2 years after bilateral pulmonary transplantation. Tachy-
cardia origin was located in a scar region medial to the anastomosis 
of the left inferior pulmonary donor vein. ECM matched with 
results of invasive electroanatomic (Carto) mapping and pre-
dicted both tachycardia mechanism and origin. In this case, 
tachycardia mechanism was microreentry from a scar region at 
the medial anastomosis of the left inferior pulmonary vein, as 
more than 75% of the tachycardia cycle length was recordable 
within a few millimeters.

Atrial Tachycardia Arising from the Crista Terminalis

Atrial tachycardias can be located all along the CT, which has 
been described as a “ring of fire” because it is a common location 
for ATs in patients without structural heart disease, accounting 
for two thirds of right ATs in one study (Figures 73-5, 73-6). One 
physiological factor contributing to the clustering of ATs in this 
area is that the CT demonstrates marked anisotropy because of 
poor transverse cell-to-cell coupling, which could contribute to 
slow conduction and microreentry. Another contributing factor 
is that the CT contains clusters of cells with automaticity. The 
ECG characteristics of these tachycardias were described earlier 
and depend on site of origin from the CT (e.g., superior versus 
inferior). Intracardiac echocardiography can be useful to demon-
strate the close anatomic proximity of the tachycardia focus to 

that is upright or biphasic in lead V1 and highly positive in the 
inferior leads.

Hachiya et al.24 further refined and simplified the algorithm 
for left AT. Their algorithm involves two steps: a positive P wave 
in V1 localizes the site of origin to the pulmonary veins, and a 
biphasic or negative P wave in V1 localizes the septal or superior 
mitral annulus or left atrial appendage.25

Kistler et al.26, building on prior algorithms and using data 
from a series of 126 patients with 130 ATs, devised another algo-
rithm that identifies tachycardia site of origin.26 This algorithm 
is presented as Figure 73-4; once again V1 was critical. They 
found that a negative or a positive-negative P wave in V1 dem-
onstrated a specificity of 100% for a right atrial focus, and a 
positive or negative-positive P wave in V1 demonstrated a sensi-
tivity of 100% for a left atrial focus. Potential limitations of this 
algorithm include possible inaccuracies in distinguishing between 
the left and right PVs and localizing tachycardias close to the 
interatrial septum and that it considers the CT as a single 
location.

A refinement of the P wave algorithm based on a computa-
tional simulation study aimed to improve this algorithm’s ability 
to distinguish between various focal origins along the CT.27 If the 
peak of the P wave in lead III is positive with the amplitude 
greater than that in V1, then the origin is in the superior CT. In 
addition, the larger the difference, the more superior the excita-
tion. If the peak P wave in lead III is negative or has a smaller 
amplitude than the positive peak of V1, then the excitation origin 
is in the inferior CT.

A newer P wave morphology algorithm was designed to 
further improve the localization of focal AT.28 A combination of 
the inferior ECG leads along with the aVR lead and regrouping 
of atrial sites of origin into two areas that had similar ECG pat-
terns (high atrial and right low septal origins) improved predic-
tive accuracy compared with the algorithm by Kistler et al.26 
Positive P waves in inferior leads and a negative P wave in the 
aVR lead indicated high atrial origins (high CT, superior PVs, 
and right atrial appendage [RAA]), and negative P waves in infe-
rior leads and a positive P wave in the aVR lead suggested right 
low septal origins (coronary sinus [CS] ostium and inferior tri-
cuspid annulus).

Noninvasive electrocardiographic imaging or electrocardio-
graphic mapping (ECM) is a promising tool for diagnosis of 

Figure 73-5.  Electrocardiogram during atrial tachycardia arising from the crista terminalis in a 60-year-old female patient who developed a tachycardia-induced cardiomy-
opathy. Note that the P wave morphology is positive in lead aVL and biphasic (positive/negative) in lead V1 consistent with a right atrial focus. 
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of ridges formed by pectinate muscles, which arise from the CT. 
The characteristic electrocardiographic pattern associated with 
RAA tachycardia shows negative P waves in lead V1 that become 
progressively positive across the rest of the precordial leads, along 
with upright P waves in the inferior leads, positive or isoelectric-
positive in lead I, and an inverted P wave in lead aVR. As with 
other right ATs that arise from the superior crista, RAA can be 
confused with sinus tachycardia. At least one case series has sug-
gested that RAA tachycardias arise more commonly in younger 
male patients and can manifest as an incessant tachycardia result-
ing in left ventricular dysfunction secondary to tachycardia-
induced cardiomyopathy.35,38

Catheter ablation of focal RAA tachycardia is relatively 
straightforward and has high success rates.35,38 However, there are 
at least two case reports of RAA tachycardias that were more 
challenging to eliminate with catheter ablation. One case of RAA 
tachycardia that which originated in the inferior/lateral aspect of 
the appendage could not be ablated despite multiple attempts 
using manual catheter ablation, but it was successfully ablated 
using magnetic navigation.39 Another case of an AT that origi-
nated at the apex of the RAA was resistant to catheter ablation 
and required surgical right atrial appendectomy to eliminate the 
tachycardia.40

The SVC is an uncommon site of origin for focal ATs 
(<2%).41,42 Cardiac muscle extends for a distance into the SVC in 
human hearts, and the electrophysiological characteristics of the 
SVC and RA muscle are similar. AT originating in the SVC can 
arise from 1 to 3 cm above the SVC-RA junction and conduct to 
the right atrium in a 1 : 1 manner or with variable conduction 
delay or block. AT arising from the area of the SVC demonstrates 
a P wave morphology that is positive in leads I, II, III, and aVF, 
isoelectric or negative in lead aVL, biphasic (positive then nega-
tive) in lead V1, and positive or isoelectric in leads V2 to V6 
(Figures 73-7, 73-8). Radiofrequency (RF) catheter ablation of 
SVC foci is usually successful in eliminating tachycardia. Rather 
than directly targeting the AT focus in the SVC, an alternative 
strategy is electrical disconnection of the SVC muscle sleeve at 
the SVC-RA junction in a circumferential or segmental fashion 
or isolation of the arrhythmogenic area from the rest of the SVC. 
Careful attention should be paid to avoid injury to the phrenic 
nerve during ablation in this region, and complete SVC isolation 
is best avoided because of the risk of SVC stenosis.43 The SVC 
also has been reported as having a role in arrhythmia initiation 

the crista during mapping. Ablation of tachycardias arising from 
the superior CT carries a small risk of damage to the phrenic 
nerve resulting in diaphragmatic paralysis.

Differentiating ATs originating at the superior CT from sinus 
tachycardia can be difficult at times in diaphragm paralysis. There 
may be subtle differences in the P wave morphology in AT origi-
nating in the superior CT compared with the sinus P wave. 
Administration of isoproterenol can help to differentiate sinus 
tachycardia from superior crista, focal AT. The origin of earliest 
activation in sinus tachycardia will move superiorly up the CT 
with isoproterenol, whereas in focal AT, isoproterenol will 
increase the AT rate, but the location of earliest atrial activation 
will not change substantially.

Atrial Tachycardia Arising from the Tricuspid 
Atrioventricular Annulus

The tricuspid annulus probably represents the second most 
common location of right-sided ATs. In several series, tachycar-
dias arising from the tricuspid annulus accounted for 13% to 22% 
of right ATs.33 Tricuspid annular AT has negative or notched P 
waves in V1 and invariably positive P waves in lead aVL. Reports 
describe foci from around the entire circumference of the tricus-
pid annulus. Inferior foci tend to have negative P waves in leads 
II, III, and aVF, whereas superior foci are usually isoelectric or 
positive in these leads. Foci from the superior tricuspid annulus 
and the RAA have similarity P wave morphologies, consistent 
with their close proximity. The presence of myocytes with AV 
nodal-type electrophysiologic characteristics around the entire 
tricuspid annulus has been described in animals.34 These cells are 
histologically similar to the atrial cells but resemble nodal cells 
in their cellular electrophysiology, response to adenosine, and 
lack of connexin43. These cells can serve as the substrate for AT 
originating from around the tricuspid annulus.

Atrial Tachycardia Arising from the Right Atrial 
Appendage and Superior Vena Cava

The RAA is an uncommon site of origin for AT (<5% of ectopic 
ATs in several series), although both appendages are a more 
common site for incessant ATs.35-37 The appendage is composed 

Figure 73-6.  Electroanatomic map of  the right atrium (right anterior oblique projection;  left panel) and fluoroscopic  image  (left anterior oblique projection;  right panel) 
obtained during mapping and ablation of a focal atrial tachycardia arising from the crista terminalis (electrocardiogram during this tachycardia is shown in figure 38-5). Red 
dots  indicate the site of successful tachycardia ablation. The patient’s cardiomyopathy resolved after successful ablation of this tachycardia. AB, ablation catheter; His, His 
bundle catheter; SVC, superior vena cava; IVC, inferior vena cava; CS Os, coronary sinus ostium; RAA, right atrial appendage; RV, RV catheter). 
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Figure 73-7.  Spontaneous,  ambulatory  monitor  recording  (A,  top panel)  and  electrocardiogram  (ECG;  B,  bottom panel)  during  focal  atrial  tachycardia  arising  from  the 
superior vena cava. The patient was a 25-year-old woman with recurrent episodes of highly symptomatic tachycardia at rates of 170 to 180 beats/min that were refractory 
to β-blockers, calcium channel blockers, and sotalol. During tachycardia, the P wave morphology is positive in leads I, II, III, and aVF, negative in lead aVR, isoelectric in lead 
aVL, biphasic (positive then negative) in lead V1, and positive or isoelectric in leads V2 to V6. 
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Figure 73-8.  Fluoroscopic image (right anterior oblique projection; left panel), electrocardiographic and intracardiac electrograms (middle panel) and electroanatomic map 
(left anterior oblique projection;  right panel) obtained during mapping and ablation of a  focal atrial  tachycardia arising  from the superior vena cava  (electrocardiogram 
shown in Figures 73-7). The electrogram recorded at the site of tachycardia origin (arrow, middle panel) preceded the onset of the P wave by 15 to 20 ms. Red dots on the 
electroanatomic map indicate a site of successful tachycardia ablation. The red dot with a yellow circle around it indicates the site of tachycardia termination during ablation 
along the medial aspect of the superior vena cava (SVC) 1 to 2 cm above the SVC–right atrial junction. 
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and maintenance in 5% to 10% of patients with paroxysmal AF.44 
Fibrillatory conduction from a focus in the SVC with exit block 
to the right atrium masquerading as a focal right AT also has been 
reported.45

Atrial Tachycardia Arising from the Coronary Sinus

Focal ATs were reported to arise from the coronary sinus area in 
up to 10% of patients in one study.26 Most patients had 

tachycardia arising from outside the coronary sinus or just inside 
the os (Figures 73-9, 73-10).46 AT also arose from deep within 
the coronary sinus, presumably from the coronary sinus muscu-
lature, based on the observation that the tachycardia could not 
be ablated from the left atrial endocardium but could be ablated 
from within the coronary sinus.47 The arrhythmogenic substrate 
is believed to be the muscular sleeves on the epicardial atrial 
surface surrounding the coronary sinus and extending from the 
CS ostium to the lateral aspect of the mitral annulus. In human 
hearts, the CS musculature provides electrical connections to the 
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followed by an upright component. Across the precordial leads, 
the initial component becomes more negative and the second 
component becomes isoelectric. Foci located within the body of 
the CS will have a P wave in V1 that is upright from the onset, 
without an isoelectric segment and P waves across the precordial 
leads that are frequently upright (Figure 73-11).

Atrial Tachycardia Arising from the Atrial Septum 
and Para-Hisian Regions

Focal ATs originating in the area of the atrial septum in the vicin-
ity of the atrioventricular node include AT arising from the ante-
rior, mid-, and posterior septal regions and from the apex of the 
triangle of Koch (e.g., the para-Hisian region).48-52 These tachy-
cardias, like ones arising from near the tricuspid and mitral 
annuli, tend to be more sensitive to lower doses of adenosine than 
ATs arising from the CT. In addition, in one study, 45% of 

LA most prominently at the proximal portion and activation from 
the RA can conduct to the LA via these electrical connections. A 
discrete potential is noted after the coronary sinus electrogram 
in sinus rhythm and preceding the surface P wave by 30 to 50 ms 
during tachycardia. Successful ablation sites typically have activa-
tion at least 20 ms before the onset of the P wave.47 Macroreen-
trant ATs can also involve the coronary sinus and require ablation 
on the left atrial endocardial surface as well as the coronary sinus.

The electrocardiographic pattern of ATs arising from the CS 
musculature is somewhat typical, with deeply negative P waves 
in the inferior leads and positive P waves in aVR. As such, the 
morphology of the ECG during focal AT arising from CS can be 
similar to and can be confused with that of typical counterclock-
wise atrial flutter (AFL), which has an exit site at the CS ostium. 
Notably, tachycardia foci from the CS ostium have characteristic 
P wave morphologies in the precordial leads. Lead V1 is biphasic 
with an initial component that is either isoelectric or mildly 
inverted (when timed to onset of the P wave in inferior leads) 

Figure 73-9.  Electrocardiogram during focal atrial tachycardia arising from the coronary sinus ostium in a 60-year-old woman with an ischemic cardiomyopathy. The patient’s 
CRT-ICD recorded multiple episodes of supraventricular tachycardia that resulted in a loss of biventricular pacing. The atrial rate during tachycardia shown is 134 beats/min 
(450 ms). Note the P wave morphology during tachycardia resembles and may be confused with that of typical counterclockwise atrial flutter, as it is deeply negative in 
leads II, III, and aVF and markedly positive in lead aVR. Lead V1 is biphasic with an initial component that is isoelectric (when timed to onset of the P wave in inferior leads) 
followed by an upright component. Across the precordial leads, the initial component becomes more negative and the second component becomes isoelectric. 
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Figure 73-10.  Electroanatomic map of  the  right atrium (left anterior oblique  [LAO] projection;  left panel) and fluoroscopic  image  (LAO projection;  right panel) obtained 
during mapping and ablation of a  focal atrial  tachycardia arising  from the coronary sinus os  (electrocardiogram shown  in Figure 38-9). The  red dot  indicates  the site of 
successful tachycardia ablation at the coronary sinus os. 

RA

AB

RAA
SVC

His

CS
TA

Os

LAO

CS



708 SUPRAVENTRICULAR TACHYARRHYTHMIAS: MECHANISMS, CLINICAL FEATURES, AND MANAGEMENT

these tachycardias are adenosine and verapamil-sensitive, whereas 
others report that they are adenosine-insensitive.53 Some reports 
of ATs from the apex of the triangle of Koch suggest reentry as 
the underlying mechanism, whereas others argue that triggered 
activity is the most likely potential mechanism.52,54

ECG findings suggestive of a para-Hisian AT include narrow-
ing of the P wave during AT compared with sinus rhythm, and 
biphasic P waves in V1, with the dominant positive or negative 
component having a polarity opposite to that observed in the 
inferior leads (Figures 73-12, 73-13). Some but not all reports 
suggest that a left-sided para-Hisian AT origin is associated with 
positive P waves in lead V1.50,51 The P waves are consistently 
positive or isoelectric in leads I and aVL. The P wave morphol-
ogy in the inferior leads may show two distinct patterns: (1) 
negative or biphasic with terminal negativity or (2) positive or 
biphasic P waves and terminal positivity. The P wave morphology 
in the inferior leads during tachycardia is determined largely by 
the route of left atrial activation: via the posteroinferior input 
from the coronary sinus versus via the Bachmann bundle.

Catheter ablation of this form of AT originating in the peri-
nodal region is safe and effective. In most patients, these tachy-
cardias can be ablated without damage to AV nodal conduction. 
In a recent detailed multicenter report of focal ATs arising exclu-
sively from the para-Hisian region in 38 patients, catheter abla-
tion was attempted in 30 patients and was successful in 26 (87%).52 
Notably catheter ablation was not attempted in eight patients 
because of patient preference in avoiding the potential risk of 
complete AV block or left heart catheterization. RF energy was 
applied in 22 patients, and cryoenergy was applied in eight 
patients. Two patients had transient 2 : 1 AV block that resolved 
during the procedure. Two other patients had a prolonged PR 
interval after ablation.

patients with a septal tachycardia required isoproterenol for 
tachycardia induction, compared with 32% of patients with AT 
originating in the right atrial free wall.

Anteroseptal and midseptal right ATs have a biphasic or nega-
tive P wave morphology in lead V1. The combination of a nega-
tive or biphasic P wave in V1 and a positive or biphasic P wave 
in all inferior leads favors an anteroseptal AT. The presence of a 
negative or biphasic P wave in V1 and a negative P wave in at 
least two of the three inferior leads favors a midseptal AT. The 
presence of a positive P wave in V1 and a negative P wave in all 
three inferior leads favors a posteroseptal AT. The electrophysiol-
ogy study is critical for differentiating these tachycardias from 
atypical AV node reentry or a septal accessory pathway. In several 
series, 27% to 35% of patients had tachycardias originating from 
this region.

Atrial tachycardias can originate from near the apex of the 
triangle of Koch (i.e., anteroseptal tricuspid annulus, in close 
proximity to the His bundle recording) in 10% or more of 
patients with tachycardias arising from the right atrium. A loca-
tion is considered para-Hisian when either a His deflection is 
observed at the site of earliest atrial activation during tachycardia 
or the successful ablation site along the tricuspid annulus is 
within 1 cm of a site recording the His bundle potential.52

It has been proposed that para-Hisian ATs have properties 
consistent with AT arising circumferentially along the tricuspid 
annulus, and as such should be considered a subset of this broader 
group of annular ATs.52 Atrial tissue surrounding the AV annuli 
is specialized and distinct from other atrial myocytes. Periannular 
cells are similar to atrial cells histologically, but can resemble AV 
nodal transitional cells electrophysiologically. There is contro-
versy in the literature regarding the pharmacologic behavior and 
mechanism of these para-Hisian ATs. Some reports indicate that 

Figure 73-11.  Electrocardiogram (ECG; left panel) and intracardiac electrograms (right panel) recorded during focal atrial tachycardia arising from the body of the coronary 
sinus. The  patient  was  a  53-year-old  man  with  recurrent  episodes  of  adenosine-sensitive  supraventricular  tachycardia  (SVT).  During  an  electrophysiology  study,  typical 
slow–fast AV nodal reentrant tachycardia initially was induced. Following atrioventricular node slow pathway modification, another adenosine-sensitive SVT arose spontane-
ously during isoproterenol infusion. This latter SVT (cycle length, 430 ms) was demonstrated to be a focal atrial tachycardia. Note that a catheter-induced PVC (second beat 
on ECG at left) during tachycardia allows one to uncover the “true” P wave morphology, which is negative in the inferior leads and upright positive in V1. Earliest activation 
during  tachycardia  was  recorded  on  the  coronary  sinus  (CS)  catheter  at  poles  5  and  6.  An  ablation  catheter  placed  in  the  mid  CS  body  recorded  an  electrogram  that 
preceded CS activation and the onset of the P wave by 15 to 20 ms. Note that the electrogram recorded on the ablation catheter reveals two components: a near-field 
component (sharper, larger amplitude electrogram) from CS musculature that precedes a far-field component (lower amplitude and frequency) from left atrial myocardium 
consistent with an origin of atrial tachycardia in the CS musculature. 
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Figure 73-12.  Electrocardiogram recorded during focal atrial tachycardia arising from the atrial septum in the para-Hisian region. The patient was a 75-year-old woman 
with an incessant long-RP supraventricular tachycardia at rates of 110 to 120 beats/min refractory to β-blockers that terminated with vagal maneuvers or adenosine. Note 
that the P wave during tachycardia is narrow (<80 ms), and its morphology is isoelectric in lead I and biphasic in lead V1 and the inferior leads. 
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Figure 73-13.  Electrocardiogram during termination of focal atrial tachycardia arising from the left atrial septum (see Figures 38-12, 38-14) in response to 6 mg of intrave-
nous adenosine. Note the slowing of tachycardia rate without development of AV block followed by termination of tachycardia consistent with an atrial tachycardia. The 
P wave during tachycardia is much narrower than that during sinus rhythm consistent with an origin in the atrial septum. 
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In cases of para-Hisian AT, it is important to map both the 
right and left atrial septum (and the noncoronary cusp; Figure 
73-14). Atrial activation mapping on the right side alone will not 
differentiate between a right and left atrial site of tachycardia 
origin, implying rapid direct transseptal conduction by way of the 
Bachmann bundle, which results in an early right-sided break-
through. In one series of 16 patients with the earliest atrial activa-
tion in the triangle of Koch, a left atrial focus was found in nearly 
40% of patients.

There are a number of reports demonstrating that RF energy 
applications within the aortic sinuses of Valsalva can eliminate 
focal ATs originating from near the atrioventricular node or para-
Hisian region.55-64 Of note, many of the patients in these reports 
had undergone multiple previous unsuccessful ablation proce-
dures before successful ablation of ATs from the aortic sinuses. 

When earliest activation is recorded in the proximal electrode of 
the His-bundle catheter, but ablation in this region cannot elimi-
nate tachycardia, then consideration should be given to attempt-
ing ablation from within the aortic sinus of Valsalva.

Each of the aortic sinuses of Valsalva, is in contact with the 
atrial myocardium, which enables mapping and ablation of some 
ATs from the aortic sinuses of Valsalva. In a recent series, among 
113 patients with AT, 13 patients had midseptal to anteroseptal 
AT and 12 patients (9%) underwent successful ablation from the 
noncoronary cusp (n = 10), right coronary cusp (n = 1) or left 
coronary cusp (n = 1) without complication.64 During long-term 
follow up, AT recurred in only one patient.

The majority of these ATs are successfully ablated within the 
noncoronary sinus of Valsalva (NSV). ATs successfully ablated 
from the NSV typically have a negative/positive P wave in lead 
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Most reported cases of catheter ablation of NSV tachycardias 
originating from near the AV node or His bundle region have 
not resulted in impairment of AV conduction. Whether or not a 
His-bundle potential can be recorded at the NSV should be 
assessed before the RF energy application to avoid this particular 
complication.

In addition, before performing catheter ablation within the 
aortic sinuses of Valsalva, coronary angiography or selective angi-
ography of the aortic sinuses should be performed to ensure that 
the distance between the ablation catheter and coronary ostium 
is more than 10 mm. Coronary angiography should be performed 
again after the ablation procedure to rule out any coronary 
spasms, stenoses, or occlusions. An alternative approach to coro-
nary angiography uses intracardiac echocardiography to localize 
the catheter within the NSV.

In summary, tachycardias located in atrial septal region require 
careful mapping of both sides of the septum and, in some cases, 
mapping and ablation in the aortic sinuses of Valsalva. The aortic 
root occupies a central location between the tricuspid and mitral 
annulus and in close vicinity to the His bundle. Because of the 
close proximity of these ATs to the AV node, care needs to be 
taken to avoid AV block during ablation. However, successful 
radiofrequency ablation is achievable in the majority of cases 
without complication.

V1, isoelectric P in lead I, and upright or biphasic (with terminal 
positivity) P wave morphology in the inferior leads. The NSV is 
adjacent to the epicardial aspect of the atrial myocardium located 
between the right and left atria, immediately anterior to the 
interatrial septum. The fast pathway input to the AV node is 
located in close proximity to the anterior portion of the NSV. RF 
applications at the NSV result in left atrial lesions located between 
the floor of the fossa ovalis and the mitral annulus. This area can 
be difficult to position an ablation catheter with sufficient stabil-
ity and adequate tissue contact using either a retrograde or trans-
septal approach. Catheter stability within the NSV allows for the 
creation of lesions in the deeper tissues that are otherwise not 
accessible.

A few ATs have been reported to have been successfully 
ablated within the right or left sinus of Valsalva.61-63 In one study, 
a negative/positive or isoelectric P wave in leads I and aVL was 
supportive of a left sinus of Valsalva AT versus an NSV AT in 
which positive P waves in leads I and aVL were observed.

Analysis of electrograms can be helpful for identifying the 
correct positioning of the mapping and ablation catheter at the 
aortic sinuses of Valsalva during the ablation procedure. NSV 
electrograms during sinus rhythm have a larger atrial amplitude 
than ventricular amplitude, which differs from left and right sinus 
of Valsalva electrograms.63

Figure 73-14.  Biatrial electroanatomic map (right anterior oblique projection; upper panel) and fluoroscopic images (lower panels) obtained during mapping and ablation 
of a focal atrial tachycardia arising from the left side of the atrial septum in the para-Hisian region (electrocardiogram and electrograms are shown in Figures 73-12). The 
earliest activation in the right atrium during atrial tachycardia was recorded in the midseptum (red dot on the right atrial map on the left with the accompanying fluoroscopic 
image shown at the  lower left  in a left anterior oblique projection with the ablation catheter in the right atrium) less than 1 cm from the His bundle potential recording. 
Earliest activation and the site of successful tachycardia ablation was on the left side of the atrial septum (orange dot on the left atrial map on the right with accompanying 
fluoroscopic images shown in the left and right anterior oblique projections at the bottom with the ablation catheter in the left atrium). Note the close proximity of the 
ablation catheter in the left atrium to the His bundle catheter in the right atrium on the fluoroscopic images. The site of origin in the left atrium was less than 1.5 cm from 
the earliest activation site in the midseptum of the right atrium. Note that during tachycardia at a cycle length around 500 ms, there is rapid, biatrial activation in less than 
50 ms, consistent with a focal atrial tachycardia arising from the atrial septum. RA, right atrium; LA, left atrium; LAA, left atrial appendage; LSPV, left superior pulmonary vein; 
LIPV, left inferior pulmonary vein; RSPV, right superior pulmonary vein. 
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can also have negative P waves in aVL. The inferior leads can be 
used to differentiate superior from inferior PV sites (tall and 
upright versus low amplitude or inverted).

Atrial Tachycardia Arising from the Mitral 
Atrioventricular Annulus

The mitral annulus is the second most common location of focal 
AT in the LA, after the pulmonary vein region. Interestingly, 
there appears to be a clustering of these foci around the superior 
aspect of the mitral annulus in immediate proximity to the region 
of the left fibrous trigone at the aortic-mitral continuity. A supe-
rior mitral annular location (as well as a location along the left 
side of the atrial septum or at the noncoronary cusp) should be 
considered for AT when the earliest right atrial activity is recorded 
in the para-Hisian region (approximately 0 to 20 ms before P 
wave onset) and the P wave demonstrates a characteristic mor-
phology consisting of a biphasic (negative followed by positive) 
appearance in the precordial leads and a low amplitude appear-
ance in the limb leads.71,72 Lead aVL is negative or isoelectric, 
and the inferior leads are positive during ATs arising from the 
superior mitral annulus. These ECG findings have a sensitivity 
of 88% and a specificity of 99%. The initial negative component 
of the P wave in lead V1 is unusual for left ATs, but it can be 
explained by the relatively anterior position of the mitral annulus 
in this region. Focal ablation of these tachycardias usually is suc-
cessful. It is speculated that remnants of the developing special-
ized conduction system at the mitral annulus-aorta junction could 
be the underlying substrate of this arrhythmia.71 Myocardial cells 
at the mitral annulus-aorta junction exhibit AV node–like elec-
trophysiologic properties, respond to adenosine, lack connexin, 
and give rise to catecholamine-induced triggered activity owing 
to delayed afterdepolarizations.73,74

Atrial Tachycardia Arising from the Left  
Atrial Appendage

Atrial tachycardia can arise from the left atrial appendage (~2% 
of sustained ATs). LAA tachycardias are often incessant and are 
associated with tachycardia-mediated cardiomyopathy in some 
cases. The P wave during LAA tachycardias is deeply negative in 
leads I and aVL, which has a sensitivity of 92% and a positive 
predictive accuracy of 92% with a specificity of 97%, highly posi-
tive in the inferior leads, and broad and positive in lead V1.75,76 
The atrial activation sequence typically shows activation in the 
distal coronary sinus earlier than the P wave.

A recent report indicated that focal AT originating from the 
distal portion of the left atrial appendage could be ablated suc-
cessfully and acutely with RF energy in 13 of 14 patients, with 
no long-term recurrences in the 13 successful cases.77 However, 
in some reported cases, elimination of AT arising from the body 
or apex of the LAA is refractory to endocardial catheter abla-
tion.78 This result is similar to what was described earlier for 
tachycardias arising from the RAA and is likely related to the 
complex, blind cul-de-sac, heavily trabeculated anatomy of the 
left atrial appendage that makes it difficult to manipulate cathe-
ters safely or to apply sufficient contact force at the LAA apex. 
Rarely, a left atrial appendage tachycardia will need to be ablated 
epicardially, eliminated via surgical left atrial appendectomy, or 
abolished via thoracoscopic appendage exclusion.79-83

Sinus Node Reentrant Tachycardia

Tachycardias arising from this region are presumed to be due to 
microreentry in tissue near the sinus node or perinodal region 

Left Atrial and Pulmonary Vein Tachycardias

Focal tachycardias originating in the LA and pulmonary veins not 
associated with prior catheter ablation for AF form an important 
subset of all ATs, reportedly constituting 10% to 40% of all focal 
ATs.26,65 These tachycardias can occur in a wide spectrum of clini-
cal settings ranging from structurally normal hearts to advanced 
cardiac disease and in patients who have undergone a cardiac or 
lung transplant.32,65,66 Catheter ablation is a generally successful 
treatment for these focal ATs, including those refractory to phar-
macologic therapy. Left atrial and pulmonary vein tachycardias 
occur commonly in patients following ablation for AF, but will 
not be discussed here.

The pulmonary veins and mitral valve annulus are the main 
source of focal left ATs. A majority of pulmonary vein tachycar-
dias originate from the ostium, rather than from deep inside the 
veins with a strong propensity for the superior veins. In addition, 
it is rare for ATs to recur from different sites in the pulmonary 
veins or for atrial fibrillation to develop after a pulmonary vein 
focal ablation.67-69 Therefore, unlike patients with PV triggers 
and atrial fibrillation in which there are usually multiple triggers 
in multiple veins and the pathophysiology involves a diffuse, 
chronic process often with extensive atrial remodeling, patients 
whose sole clinical arrhythmia is AT appear to have an isolated 
or focal process. As such, patients with focal left-sided AT are 
curable in the long term with focal ablation.

Superior (Bachmann bundle), inferior (coronary sinus), and 
septal (fossa ovalis) interatrial electrical connections exist between 
the right and left atria. Additional posterior electrical connections 
between the right-sided pulmonary veins and right atrial poste-
rior walls exist in human hearts. This can compound the difficulty 
differentiating between an AT originating from the pulmonary 
veins and one arising from the posterior right atrium. Focal  
AT from the PV usually has a positive P wave across the precor-
dium, from V1 to V6. Careful analysis of the P wave configuration 
in V1 may be helpful; the posterior right atrial sites have a bipha-
sic P wave in V1, with a positive-negative configuration, and 
the right superior pulmonary vein sites have a positive P wave in 
V1 (Figure 73-15). A second differentiating feature is that P 
waves from the right superior pulmonary vein show notching in 
lead II in 80%, but are smooth in those coming from the region 
of the SVC.

Analysis of electrograms recorded from the posterior right 
atrium, CS, and His bundle regions during AT often reveals  
two components consisting of near-field and far-field compo-
nents, which can assist in determining whether the tachycardia 
originates in the right or left atria.70 In the right atrial electro-
grams, when the amplitude of the first component (near-field 
electrogram, a sharper electrogram) is higher than that of the 
second component, the AT originates in the right atrium. Like-
wise, analysis of CS electrograms consisting of a near-field  
component from CS musculature and a far-field component  
from left atrial myocardium can uncover LA activation preceding 
right atrial activation. Similarly, near-field and far-field compo-
nents from RA and LA activation can be identified on the His 
bundle atrial electrograms.70 A near-field electrogram followed 
by a far-field signal on the His bundle electrogram during AT 
suggests a probable right atrial focal AT, whereas a far-field fol-
lowed by a near-field electrogram sequence predicts the need for 
LA access.

Although the limitations and accuracies of these algorithms 
have been discussed previously, P wave characteristics can assist 
in the localization of the focus to a particular PV. P waves from 
the left-sided PVs are generally broad in V1 and are notched, 
particularly in the inferior leads but also in V1. A positive P wave 
in lead I suggests a focus in the right-sided PV, and an inverted 
P wave suggests a left-sided PV. An upright P wave in aVL is 
consistent with a right-sided PV focus; however, right-sided PV 
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P wave configuration in tachycardia and sinus rhythm. It is  
likely that some patients have primary autonomic abnormalities, 
including postural orthostatic tachycardia syndrome in some. 
Some patients may have primary abnormalities of the sinus  
node. A recent analysis of 18 patients with inappropriate  
sinus tachycardia receiving intravenous adenosine (0.1 to  
0.15 mg/kg) showed that these patients demonstrated a blunted 
response, with less sinus cycle length prolongation than age-
matched control subjects undergoing electrophysiology studies.84 
The blunted response was also seen after pharmacologic  
autonomic blockade. These observations suggest that structural 
abnormalities of the sinus node are responsible for this syndrome. 
A recent report85 suggested that β-adrenergic receptor autoanti-
bodies are involved in the mechanism of inappropriate  
sinus tachycardia. In the electrophysiology laboratory, a  
distinction should be made between inappropriate sinus tachy-
cardia and a focal automatic AT with an origin close to the 
superior CT.85

(superior CT). The P wave morphology during tachycardia 
should be identical to that seen during sinus rhythm.

Inappropriate Sinus Tachycardia

The uncommon, poorly characterized entity of inappropriate 
sinus tachycardia is probably a heterogeneous disorder. The  
hallmark feature of this syndrome is a consistently elevated 
resting heart rate (>95 beats/min) and an exaggerated heart rate 
response to low levels of physical activity. The average sinus  
rate during 24-hour Holter monitoring usually is greater than  
90 beats/min, and a persistent increase of at least 25 beats/min 
occurs when arising from supine to an upright position, in the 
absence of orthostatic arterial hypotension. Some affected 
patients have an elevated intrinsic heart rate, and others have 
increased responsiveness to infusions of isoproterenol. The  
ECG characteristics of this tachycardia include an identical  

Figure 73-15.  Electrocardiogram recorded during focal atrial tachycardia (top panel) arising from the ostium of the right superior pulmonary vein. Note that the P wave 
morphology during tachycardia is positive in lead V1, across the precordium and in leads, I, II, III, aVF, and aVL. Electroanatomic map of the left atrium (right anterior oblique 
projection; bottom panel) obtained during mapping and ablation of a focal atrial tachycardia arising from anterior surface of the left atrium at the ostium of the right superior 
pulmonary vein. A red dot indicates the site of successful tachycardia ablation. RIPV, right inferior pulmonary vein. 
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electrophysiology study received intravenous boluses of 6 to 
18 mg of adenosine. For patients with AT (n = 53), no consistent 
correlation was found between the response to adenosine and the 
location of the atrial focus. Termination or suppression of tachy-
cardia with adenosine was observed in 56% of patients, but was 
not helpful for differentiating automatic tachycardias from trig-
gered or reentrant tachycardias. Only patients with ATs demon-
strated atrial cycle length oscillations (23%) before suppression 
with adenosine. AV block after adenosine was observed only in 
patients with AT, but it occurred uncommonly, being noted in 
only 27% of patients. Termination of AT renders the presence of 
a macroreentrant AT highly unlikely.

A variety of pacing maneuvers have been reported to be useful 
for the differentiation of AT from other forms of supraventricular 
tachycardia87,88 (Tables 73-1, 73-2). Ventricular pacing can be 
useful for differentiating AT from AV nodal reentry tachycardia 

Electrophysiological Differential Diagnosis of 
Focal Atrial Tachycardia

Atrial tachycardias, particularly those originating from the septal 
region, must be differentiated from concealed septal bypass tract–
mediated tachycardia (i.e., orthodromic reciprocating tachycar-
dia), atrioventricular node reentry tachycardia (AVNRT) and its 
variants, and other rare entities such as concealed nodoventricu-
lar or nodofascicular pathways. One of the most useful electro-
cardiographic or electrophysiological findings is AV block during 
tachycardia; when it occurs, a concealed bypass tract is eliminated 
as a diagnostic possibility.

Adenosine administration is a useful diagnostic tool in patients 
with supraventricular tachycardia.86 In a report from Scheinman 
et al., 229 patients with supraventricular tachycardia during an 

Table 73-1. Prevalence and Diagnostic Value of Baseline Observations and Tachycardia Features

Baseline 
Observation/ 
Feature

Prevalence 
(%)

Sensitivity (%) Specificity (%) PPV (%) NPV (%)

AVNRT ORT AT AVNRT ORT AT AVNRT ORT AT AVNRT ORT AT

Baseline Observation

Preexcitation present 
during sinus rhythm

15 3 41 4 69 97 83 10 86 3 46 78 86

Dual AV nodal 
physiology

55 86 10 36 83 24 42 86 6 8 82 36 82

VA block CL > 600 ms 
at baseline

11 8 2 50 84 84 84 41 5 55 41 66 93

Extranodal response 
to para-hisian pacing

18 5 47 0 67 96 80 17 83 0 36 80 85

Tachycardia Features

Induction dependent 
on a critical AH 
interval

55 90 16 4 88 26 36 91 8 1 87 42 71

Isoproterenol 
required to sustain 
tachycardia

39 47 23 57 68 51 62 65 18 17 56 58 91

Tachycardia CL 
≥500 ms

3 4 2 0 99 96 97 83 17 0 44 69 87

Septal VA interval 
>70 ms

53 16 100 100 0 69 54 17 59 24 0 100 100

Eccentric atrial 
activation

31 0 74 61 30 89 74 0 76 24 19 88 93

Spontaneous AV 
block during 
tachycardia

10 11 0 33 91 85 93 60 0 40 44 65 91

Spontaneous 
termination with AV 
block

28 33 31 0 78 73 67 66 34 0 48 70 82

Development of RBBB 32 31 36 30 66 69 67 54 35 11 42 71 82

Development of LBBB 12 1 36 4 73 99 87 4 92 4 36 81 87

Increase in VA interval 
>20 ms with BBB

7 0 35 0 69 100 80 0 100 0 51 57 92

PPV, Positive predictive value; NPV, negative predictive value; AVNRT, atrioventricular nodal reentry tachycardia; ORT, orthodromic reciprocating tachycardia; AT, atrial 
tachycardia; AH, atrial His bundle; VA, ventriculoatrial; CL, cycle length; AV, atrioventricular; RBBB, right bundle branch block; LBBB, left bundle branch block; BBB, bundle 
branch block.
From Knight BP, Ebinger M, Oral H, et al: Diagnostic value of tachycardia features and pacing maneuvers during paroxysmal supraventricular tachycardia. J Am Coll 
Cardiol 36:574-582, 2000.
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and AV reentry tachycardia. Ventricular burst pacing for at least 
3 to 6 beats at a cycle length shorter than the tachycardia cycle 
length results in tachycardia termination, entrainment of the 
tachycardia, or dissociation of the ventricle from the tachycardia. 
If the ventricle is dissociated from the tachycardia, a bypass tract 
is excluded. If burst pacing reproducibly terminates tachycardia 
without conduction to the atrium, AT is excluded as the 
mechanism.

Burst pacing sometimes can be performed from the right 
ventricle for longer periods at a cycle length just shorter than the 
tachycardia cycle length. When atrial activation is accelerated to 
the pacing rate with 1 : 1 ventriculoatrial conduction, and if the 
atrial activation sequence during pacing is different from that 
during tachycardia, then either an AT or a bystander accessory 
pathway is present. When ventricular pacing is stopped and the 
electrogram sequence following the last paced ventricular beat 
demonstrates a V-A-A-V response (i.e., the last atrial complex 
accelerated to the pacing rate is followed by another atrial 
complex before the next ventricular complex), an AT is present. 
This finding is apparent because, following cessation of ventricu-
lar overdrive pacing during an AT, the last entrained atrial depo-
larization cannot conduct in an anterograde manner because the 
AV node is refractory after recent retrograde conduction; this 
results in two atrial depolarizations between ventricular depolar-
izations (V-A-A-V response). A “pseudo” V-A-A-V response may 
be seen in patients with slowly conducting septal accessory path-
ways or AV node reentry, particularly of the fast-slow or slow-
slow types. A “V-A-H-A-V” sequence also may be seen with AV 
nodal reentry.

Delivering a ventricular extrastimulus during tachycardia 
might also provide diagnostic clues to the mechanism of an SVT. 
Any effect with a ventricular extrastimulus when the His bundle 
is refractory, including tachycardia termination without depolar-
izing the atrium, atrial preexcitation, or paradoxical delay of the 
subsequent atrial response excludes a diagnosis of AT.

Atrial pacing maneuvers also can be helpful to differentiate 
the various forms of supraventricular tachycardia. Overdrive 
pacing of the right atrium during tachycardia at a cycle length 
slightly shorter than the tachycardia cycle length can result in 
tachycardia termination (diagnostic maneuver not helpful) or 
tachycardia continuation upon cessation of pacing. If the V-A 
interval of the return cycle is within 10 ms of the V-A interval 
during the tachycardia, then the tachycardia is due to AV nodal 
reentry or a bypass tract. If the V-A interval is variable or differ-
ent after pacing ceases, then AT is present. A second maneuver 
is atrial overdrive pacing during tachycardia at the longest cycle 
length, which results in AV block. The last paced atrial-His 
bundle (A-H) interval upon cessation of pacing is evaluated. If 
termination of the tachycardia is associated with a relatively short 
A-H interval compared with the A-H intervals that resulted in 
continuation of the tachycardia, then the tachycardia is consid-
ered to be AV node dependent and cannot be an AT. Another 
useful maneuver is to compare the A-H interval during tachycar-
dia and atrial pacing from the high right atrium at or near the 
tachycardia cycle length. If the A-H interval during atrial pacing 
at the tachycardia cycle length is more than 40 ms longer than 
the A-H interval during tachycardia, atypical AV nodal reentry is 
much more likely. The A-H intervals during atrial pacing and 
tachycardia will be within 20 ms for ATs and concealed bypass 
tracts. Atrial pacing should be performed as soon as possible after 
tachycardia termination.

Tachycardia cycle length variability of 15 ms or more associ-
ated with a change in atrial cycle length that predicts a change in 
ventricular cycle length favors either AT or atypical AVNRT. A 
change in atrial cycle length that is preceded by the change in 
the preceding cycle length or H-H interval is suggestive of 
AVNRT or orthodromic reciprocating tachycardia.89

The postpacing interval response to atrial overdrive pacing 
during tachycardia also may be useful to localize the site of origin 
of focal AT. Mohamed et al.90 performed atrial overdrive pacing 
during AT at a rate slighter faster than the tachycardia rate. 
Measurement of the postpacing interval minus the tachycardia 
cycle length (PPI-TCL) from various sites in the right and left 
atria localized the tachycardia focus when the PPI-TCL was 
minimized (e.g., for the successful ablation site, 11 ± 8 ms). 
The investigators explained this observation by hypothesizing 
that the difference between the PPI and the TCL was propor-
tional to the distance of the pacing site to the tachycardia focus 
and conduction time through the surrounding or perifocal tissue. 
In this study, overdrive suppression of the AT focus was not 
apparent. The PPI-TCL was never greater than 20 ms at a suc-
cessful ablation site, suggesting minimal slowing by tissue near 
the atrial focus.

Macroreentrant Atrial Tachycardia

Classification

Macroreentrant ATs can be divided into those that are isthmus 
dependent (i.e., dependent on conduction through the tricuspid 
annulus–inferior vena cava isthmus) or not isthmus dependent.1 
A majority of macroreentrant ATs in the adult population are 
isthmus dependent. A majority of non–isthmus-dependent  
macroreentrant ATs are related to an area of scar, often from a 
previous surgical incision. Some examples of macroreentrant  
ATs include typical atrial flutter, lower loop reentry, double-wave 
reentry, macroreentrant AT from the right atrial free wall, and 
macroreentrant ATs occurring in the right or left atria related to 
previous surgery, including atriotomy, surgical scarring, and  
the presence of septal prosthetic patches, suture lines, or other 
anatomic obstacles. An increasing frequency of macroreentrant 
left ATs is currently being seen after atrial fibrillation ablation. 
Some unusual causes of macroreentrant tachycardia include 
reentry at sites of donor recipient anastomosis from either  
orthotopic heart transplantation or lung transplantation.91 
Recently there has been increased recognition of macroreentrant 
ATs arising from scarring in patients who have not undergone 
previous atrial surgery or catheter ablation. Such spontaneous 
scarring has been described in the posterior wall of the LA,  
as well as in the posterolateral and lateral right atrium, and is 
recognized as part of an atrial cardiomyopathy.92,93 The successful 
ablation electrogram in these cases is frequently characterized  
by a long fractionated signal, middiastolic signal, broad, frag-
mented signal that encompasses much of the tachycardia cycle 
length.

Diagnostic Maneuvers

Electrophysiological characterization, mapping, and ablation of 
macroreentrant AT has been performed using standard  
electrophysiological techniques to demonstrate entrainment by 
recording diastolic atrial potentials from an area of slow conduc-
tion. They extrapolated data from animal studies showing that 
anatomic barriers resulting from residual atrial scars provide the 
substrate for atrial reentry. Multiple endocardial recordings were 
made to define the protected zone of slow conduction, generally 
using standard techniques of entrainment. For example, potential 
target sites for ablation were defined by determining whether 
pacing from that site was associated with concealed entrainment. 
Atrial mapping and pacing were performed to look for the first 
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Concealed entrainment identified any isthmus site with 100% 
sensitivity with the flutter cycle length minus 10 ms but with a 
specificity of only 54%. Specificity increased to 98% with pacing 
at flutter cycle length minus 40 ms, but the sensitivity was 
decreased to 65%. At the flutter cycle length minus 30 ms, sen-
sitivity was 85% and specificity was 90%. Concealed entrainment 
was seen from a nonisthmus site in 5 of 10 patients. Another 
caveat is that pacing at cycle lengths more than 10 to 20 ms faster 
than the tachycardia could results in PPIs that are higher than 
expected because of local pacing latency.97 These findings high-
light the observation by Nakagawa et al.94 that targeting sites for 
ablation based solely on entrainment will result in a less than ideal 
success rate. Nevertheless, the techniques used by Nakagawa 
et al.94 have limitations as well, including the need for meticulous 
attention to labeling of points acquired by the electroanatomic 
mapping system, differentiation of electrograms with low voltage 
from poor contact, selection of the fiducial point on the electro-
gram for timing, and sensitivity of the map to incorrect labeling 
of electrograms. These findings underscore the difficulties of 
relying on any one criterion for defining sites of ablation of these 
complex macroreentrant tachycardias. In general, current 
approaches that combine the definition of anatomy with electro-
physiologic mapping data are warranted for attempted ablation 
of these complex arrhythmias.

Electrocardiographic Characterization  
of Macroreentrant Atrial Tachycardia

The surface ECG is of limited value for precise anatomic local-
ization of macroreentrant tachycardias. Its use certainly is much 
less straightforward and has many more limitations than electro-
cardiographic localization of focal ATs using P wave morphology. 
The ECG is most useful for establishing a diagnosis of typical 
counterclockwise AFL. Electrocardiographic localization of the 
macroreentrant tachycardia circuit is influenced by altered atrial 
anatomy, previous surgical incisions, and conduction of the atrial 
wavefront. For example, clockwise and counterclockwise atrial 
flutters are characterized by P waves of opposite polarity in the 
inferior leads. The tachycardia circuit encompassed by these two 
flutters is the same, but the P wave polarity is affected by the 
direction in which the atrial wavefront travels (e.g., craniocaudal 
or reverse direction) and the route of left atrial activation. Mac-
roreentrant circuits near the subeustachian isthmus can result in 
P wave morphology similar or identical to that seen with typical 
atrial flutter.96

Atypical AFL from the right or left atria has no uniform 
electrocardiographic characteristics (other than being different 
from the stereotypic appearance of typical right AFL).98 An 
important point is that once the patient has had a previous abla-
tion, the electrocardiographic appearance of the P wave mor-
phology can be altered.99 Furthermore, a focal AT that arises near 
an area of previous ablation can appear electrocardiographically 
like a flutter because of the altered atrial activation sequence 
caused by the line of block.

Despite the known limitations, a number of studies have 
attempted to address whether there are general clues from the 
12-lead ECG that might assist the clinician in the localization of 
an atrial macroreentrant circuits.100,101 V1 is the most useful lead 
for distinguishing left from right atrial origin, but much overlap 
exists. A broad-based upright V1 is predictive of a left-sided 
flutter. In addition, a negative P wave in lead aVL and low ampli-
tude of the P waves in inferior leads are more consistent with left 
than right AFL. Conversely, when V1 is deeply inverted, it is 
suggestive of a right-sided flutter. In addition, right atrial mac-
roreentrant AT tends to have a higher incidence of negative 

PPI within 10 to 30 ms of the TCL (Figure 73-16). When a 
postsurgical structural abnormality was present or a natural ana-
tomic barrier (e.g., venous orifice, valve annulus) was nearby, 
mapping was more detailed in that region. In contrast with focal 
AT ablation, in which a single site of origin can be ablated to 
terminate tachycardia, macroreentrant AT usually requires abla-
tion performed over a larger region, often defined by anatomic 
barriers or by adjacent scars separated by an isthmus of tissue 
serving as a critical area of slow conduction. Often these sites are 
characterized by double potentials or areas with low-voltage, 
long-duration, and more fractionated electrograms. Cycle length 
variability (greater than 15%) is rarely seen with macroreentrant 
AT, but it is not uncommon with focal AT. Atrial macroreentrant  
tachycardias also occur less commonly in patients without  
previous cardiac surgery, catheter ablation, or obvious structural 
heart disease. In these patients, electrically silent areas act as  
barriers for tachycardia. Like focal ATs, macroreentrant ATs  
generally incorporate several “typical” areas as part of the reen-
trant circuit. For example, the most common site involved in the 
right atrium is the isthmus between the tricuspid valve and the 
inferior vena cava and in the LA the mitral isthmus, roof, or atrial 
septum.

The advent of computer mapping techniques has allowed a 
more precise and rapid identification of arrhythmia mechanisms. 
A second approach to studying the mechanism of macroreentrant 
ATs has focused on the concept of macroreentry around a scar or 
previous surgical incision. These new technologies have allowed 
anatomic reconstruction of the cardiac chambers with recording 
of local activation times and identification of atrial scar tissue, 
allowing for the construction of isochronal maps of a substantial 
portion of or the entirety of the tachycardia circuit in many 
patients. Nakagawa et al.94 made a fundamental contribution in 
this area with a study of 16 patients who had congenital heart 
disease surgery and underwent mapping and ablation of right 
atrial macroreentrant tachycardias. These workers mapped 15 
macroreentrant ATs in 13 patients using the CARTO electroana-
tomic mapping system. First, they noted that all macroreentrant 
ATs propagated through narrow channels (<2.7 cm) defined by 
the mapping system as an area of decreased electrogram voltage 
between two close dense or thin scars. These workers coined the 
phrase “no channel–no macro-reentry.” Electrogram morphol-
ogy, electrogram amplitude, and electrogram timing did not dif-
ferentiate between sites within and those outside a narrow 
channel. Entrainment mapping failed to differentiate sites within 
the circuit but outside the channel (“outer loop” sites) from sites 
within the circuit and within the channel. Entrainment pacing 
was not done in many of the patients because it often resulted in 
the induction of a new tachycardia or in the termination of the 
original tachycardia. Additional limitations to entrainment 
mapping include difficulty measuring PPIs because of low ampli-
tude or absence of atrial potentials in scarred atria or inability to 
pace the tissue. To overcome this limitation, measurements of the 
PPI-TCL can be made based on the N + 1 difference, or from 
recording sites remote from the pacing electrode.95 Entrainment 
mapping can also induce atrial fibrillation. Finally, the investiga-
tors were able to record double potentials during atrial pacing at 
slow rates, suggesting fixed sites of anatomic block. In general, it 
appears that the size and location of the scars or associated natural 
anatomic barriers (e.g., valve annulus, SVC, pulmonary veins, or 
inferior vena cava) determine the size and properties of the tachy-
cardia circuit.

The sensitivity and specificity of classical criteria for con-
cealed entrainment for identification of a critical isthmus are 
based on studies performed during ventricular tachycardia. The 
sensitivity and specificity of these criteria for defining entrain-
ment in the atrium were examined by Morton et al.96 They used 
the model of typical atrial flutter and performed entrainment 
mapping from seven sites at four different cycle lengths. 
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Figure 73-16.  Entrainment of macrorentrant atrial tachycardia from the coronary sinus. A 12-lead electrocardiogram (A) and intracardiac tracings (B) are shown. Surface 
electrocardiographic tracings; intracardiac recordings are shown with pacing from an ablation catheter in the distal coronary sinus region. The postpacing interval minus 
the tachycardia cycle length is 4 ms. Pacing from other sites in the left atrium and in the right atrium was associated with much longer postpacing intervals. 
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Lower loop reentry (counterclockwise) involves only the 
lower portion of the right atrium and depends on conduction 
through the cavotricuspid isthmus. The wavefront rotates around 
the inferior vena cava and tricuspid annulus with a breakthrough 
site at the low lateral tricuspid annulus. This arrhythmia will be 
ablated successfully in the cavotricuspid isthmus.

Left Atrial Macroreentrant Flutters

A number of laboratories have characterized left atrial macro-
reentrant circuits, or “left atrial flutters.” In two early studies, 
macroreentrant left atrial flutters were mapped with the CARTO 
electroanatomic mapping system and were ablated successfully in 
more than 70% of patients.103,104 Most patients had structural 
heart disease, and 14% to 32% had mitral valve disease. Multiple 
left atrial scars and channels are typical. The most frequent loca-
tions are between an atriotomy scar and the mitral annulus. The 
investigators described macroreentrant ATs as having a continu-
ous sequence of atrial activation, with adjacent earliest and latest 
activation and the range of activation times occupying 90% or 
more of the tachycardia cycle length. Entrainment mapping was 
done in some patients to locate a critical isthmus of slow conduc-
tion. A right atrial macroreentrant circuit was excluded by 
showing that the PPI in the right atrium was longer than the 
tachycardia cycle length by 40 ms or longer from three or more 
sites in the right atrium, including the cavotricuspid isthmus and 
right atrial free wall. Spontaneous variation of greater than 
100 ms was seen in the right atrium, with concomitant variations 
in the LA of less than 20 ms, and right atrial activation accounted 
for less than 50% of the arrhythmia cycle length from more than 
eight points during sequential catheter mapping. The left atrial 
flutters typically were characterized by large reentrant circuits 
that rotated around the mitral annulus, electrically silent areas, 
and lines of double potentials near acquired or natural anatomic 
barriers, such as the pulmonary veins (Figure 73-17). Electrically 
silent areas were defined as those with no recordable electrogram 
or an electrogram amplitude of less than 0.05 mV. A dual-loop 
reentrant circuit was defined for 74% of tachycardias, and a 
single-loop circuit was defined in the remaining 26% of tachy-
cardias in one series of patients. In some studies, the mapping 

polarity in at least one precordial lead compared with LA 
macroreentry.

Left-sided atrial flutter originating from the posterior or 
lateral wall of the LA and involving the left pulmonary veins is 
characterized by coronary sinus activation that usually proceeds 
from the distal or mid coronary sinus to the proximal coronary 
sinus and demonstrates craniocaudal activation. Miyazaki et al. 
described a simplified approach to the rapid electrophysiological 
differentiation of left and right ATs.102 Entrainment was per-
formed at three sites: the high right atrium, proximal coronary 
sinus, and distal coronary sinus. PPI-TCL less than versus greater 
than 50 ms at the high RA distinguished RA from LA reentrant 
circuits. PPI-TCL was less than 50 ms for right atrial circuits and 
greater than 50 ms from the high lateral right atrium for left 
atrial circuits. For left atrial circuits, the PPI-TCL difference at 
the proximal and distal coronary sinus greater than versus less 
than 50 ms differentiated perimitral reentry, from reentry involv-
ing the right pulmonary veins and septum. If the PPI-TCL, the 
difference was less than 50 ms from the proximal coronary sinus 
but greater than 50 ms at the distal coronary sinus, then the 
tachycardia was likely to involve the right pulmonary veins and 
septum (see Figure 73-16). The predictive accuracy for determin-
ing the successful ablation region was 93%.

Specific Types of Macroreentrant  
Atrial Tachycardia

Right Atrial Macroreentrant Flutters

Right atrial macroreentrant circuits include typical atrial flutter 
(counterclockwise or clockwise, cavotricuspid, isthmus depen-
dent) and atypical flutters. Atypical flutters include right atrial 
free wall reentry, upper loop reentry, and lower loop reentry. In 
addition, during some atypical AFLs, the location of the circuit 
is variable and may involve dual-loop reentry (figure-eight) or 
complex reentrant mechanisms. Atypical reentrant circuits 
usually are related to surgical scars or electrically silent areas and 
anatomic obstacles (in the RA: SVC, inferior vena cava, CT, 
tricuspid annulus). As a general rule, the more complex the 
surgery, the more arrhythmogenic channels between scars exist, 
which produces a larger number of tachycardias. Single- and 
multiple-conduction isthmuses bordered by fixed and or func-
tional low-voltage zones are critical for these reentrant circuits.

Right atrial free wall reentry probably is the most common 
form of right atrial atypical flutter. During right atrial free wall 
atypical atrial flutter, the activation wavefront circulates around 
a low-voltage or electrically silent zone in the lateral, posterolat-
eral, or anterior free wall. This low-voltage region could be due 
to spontaneous scar formation or a prior cardiac surgical proce-
dure. Radiofrequency ablation of the channel between the infe-
rior vena cava or tricuspid annulus and the central obstacle can 
eliminate this form of macroreentry.

The CT is not always a fixed line of conduction block. Con-
duction gaps in the CT may provide the substrate for upper loop 
reentry as well as other double-loop atypical flutters. Upper loop 
reentry involves the upper portion of the right atrium with a 
reentrant circuit that rotates around the SVC and a lower turn-
around point located at a conduction gap in the CT. Radiofre-
quency linear ablation of the conduction gap in the CT eliminates 
reentry. An incomplete line of block in the CT during typical 
AFL can result in double-loop reentry during typical AFL, one 
circulating around the tricuspid annulus and the other rotating 
around a part of the CT through the conduction gap. Radiofre-
quency ablation of the cavotricuspid isthmus and the gap in the 
CT eliminates both reentrant loops.

Figure 73-17.  Schematic diagram of left atrial flutter circuits showing the location 
of  silent  areas  and  the  percentage  with  circuits  encountered  in  the  left  atrium. 
Nearly  half  of  the  silent  areas  were  located  in  the  posterior  left  atrium.  LPV,  Left 
pulmonary vein; RPV, right pulmonary vein. 

(From Jais P, Shah DC, Haissaguerre M, et al: Mapping and ablation of left atrial flutters. 
Circulation 101:2928-2934, 2000.)
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Macroreentrant Atrial Tachycardia after  
Previous Atrial Fibrillation Ablation  
Procedures (Surgical or Catheter)

Atrial macroreentrant tachycardias after atrial fibrillation (cath-
eter or surgical) ablation can be complex and is discussed in  
more detail in Chapters 78 and 123. These tachycardias typically 
are microreentrant or macroreentrant. The type of tachycardia 
observed after atrial fibrillation ablation depends significantly  
on the previous atrial fibrillation ablation strategy.110-112 
Recurrent organized left ATs may be seen in 5% to 50% of 
patients and are more likely to be focal in patients with pulmo-
nary vein isolation procedures and more likely to be macroreen-
trant in patients with linear lesions. Most patients with a  
focal origin for their tachycardia will have a site mapped to or 
near a reconnected pulmonary vein, whereas others have small-
loop microreentry because of a focally ablatable small isthmus 
near a pulmonary vein. Typically, these patients will have frag-
mented, long-duration, and low-voltage electrograms, presum-
ably owing to incomplete ablation of atrial tissue (e.g., gap-related) 
in their previous procedure (Figure 73-18). Others have  
been noted to have a macroreentrant tachycardia, which most 
commonly involves conduction across the mitral isthmus, the 
posterior wall, or gaps from previous ablation. The explanation 
for this abnormal atrial electrogram is believed to be altered 
intraatrial conduction and decreased left atrial voltage.113 Unusual 
forms of atrial macroreentry can occur after atrial fibrillation 
ablation, including circuits that incorporate the coronary sinus 
and its musculature, necessitating ablation inside the coronary 
sinus.114

Macroreentrant Atrial Tachycardia without 
Structural Heart Disease or Previous  
Surgical or Catheter Intervention

In a recent study, electroanatomic mapping revealed that right-
sided, electrically silent areas (electrogram amplitude < 0.03 mV) 
were involved in the tachycardia mechanisms in two thirds of 
patients with non–isthmus-dependent right AFL.115 In half of the 
cases, a single-loop reentry circuit rotated around the areas of 
electrical silence, which constituted a central obstacle. In the 
remaining half, a dual-loop reentry with a narrow isthmus within 
electrically silent areas was observed. The pathogenesis of these 
electrically silent scars is not known, but it could be related to 
volume and pressure overload, impaired vascular compliance and 
diastolic dysfunction, atrial ischemia, postinflammatory scarring, 
or atrial amyloidosis. Understanding of the anatomic basis of 
these circuits has been greatly aided by three-dimensional 
mapping systems. Searching for low voltage areas, double poten-
tials, complex fractionated electrograms, and conventional 
entrainment could help to determine circuit boundaries and criti-
cal isthmuses.

Conclusions

Developments over the last two decades in electrophysiology, 
including the adoption of sophisticated three-dimensional 
mapping systems together with the use of classical electrocardi-
ography and electrophysiological maneuvers have greatly con-
tributed to a better understanding of both focal and macroreentrant 
ATs. In most cases, these arrhythmias can be successfully cured 
using catheter ablation with a low risk of complications.

can be highly complex and involve up to four loops rotating 
simultaneously. The isthmuses described for left ATs may be 
wider and have greater voltages indicating thicker myocardium.

Left AFL includes mitral annular AFL, pulmonary vein-
related AFL, and left septal AFL. In some patients, the LA cir-
cuits are complex, with two or three loops rotating concomitantly. 
Electrically silent areas (“scars”) and anatomic obstacles (e.g., 
pulmonary veins, fossa ovalis, mitral annulus) have a critical role 
in the pathophysiology of these circuits. The mitral annular AFL 
macroreentrant circuit rotates around the mitral annulus, either 
counterclockwise or clockwise.105 The boundaries of the critical 
isthmus include the mitral annulus anteriorly and low-voltage 
zone or scars in the posterior or anterior LA walls. Radiofre-
quency ablation connecting the mitral annulus to an electrically 
silent area or an anatomic obstacle can cure this arrhythmia.  
The usual area of an ablation line at the isthmus between the  
left inferior pulmonary vein and the mitral annulus can eliminate 
this AFL. An alternative ablation line connecting the anterior–
anterolateral mitral annulus with the left superior pulmonary  
vein for ablation of perimitral flutter has been suggested.106 
Pulmonary vein–related AFL macroreentrant circuits can rotate 
around one or more pulmonary veins and a scar in the posterior 
wall or roof of the LA.107 Pulmonary vein reentrant circuits 
can be cured with ablation by creating a lesion from a pulmonary 
vein to the mitral annulus or to another pulmonary vein. The  
left septal AFL macroreentrant circuit rotates around the left 
septum primum, either counterclockwise or clockwise.108 
The electrocardiographic characteristics are dominant positive P 
(“F”) waves in lead V1 and low-amplitude waves in the other 
leads. The critical isthmus is located between the septum primum 
and the pulmonary veins (posterior isthmus) or between the 
septum primum and the mitral annulus ring (anterior isthmus). 
Radiofrequency ablation of either the posterior or anterior 
isthmus can eliminate this left septal AFL. However, targeting 
the anterior isthmus might be more effective because the poste-
rior isthmus may be thicker or more difficult to reach with a 
catheter.

Macroreentrant Atrial Tachycardia Following 
Cardiac Surgery

The presence of surgical atrial scars (lesion or incisional) provides 
a substrate for macroreentry, including conduction slowing and 
block. These surgeries can include correction of congenital heart 
disease (e.g., atrial septal defect, Fontan, tetralogy of Fallot) or 
for acquired lesions (mitral valve surgery, occasionally with coro-
nary surgery depending on the location of cardiopulmonary 
bypass return). Following surgery, the reentrant circuit can use 
the right atriotomy scar as a central obstacle, rotate around an 
atrial patch used for ASD closure, or be dependent on the cavotri-
cuspid isthmus. Some circuits may be highly very complex, using 
channels between multiple dense scars and lines of fixed conduc-
tion block within large areas of low voltage.

Markowitz et al.109 described a series of 10 patients with mac-
roreentrant tachycardias after mitral valve surgery. Six tachycar-
dias originated from the right atrium, four were from the LA, 
and one was biatrial. In 80% of patients, tachycardia circuits were 
defined by surgical atrial lesions or cannulation sites. Three mac-
roreentrant tachycardias involved the left atrial septum and  
right pulmonary veins, with the tachycardia making a single reen-
trant loop in two patients and a figure-eight reentry in one 
patient involving a clockwise loop around an area of low voltage 
in the posterior wall and a counterclockwise loop around the 
mitral annulus with a central isthmus between two areas of low 
voltage. Of interest, the tachycardia had a focal origin in three 
patients.
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Figure 73-18.  Surface (top) and intracardiac (bottom) recordings from a patient with a focal left atrial tachycardia at the base of the left atrial appendage who previously 
had undergone atrial fibrillation ablation. Note the complex fractionated atrial electrogram recorded at the site of successful ablation. 
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of block, reentry was noted to occur around the lesion alone.2 
These findings explain the mechanism for the coexistence of 
classical cavotricuspid (CTI)-dependent AFL and incisional 
reentrant AFL, and the conversion from one arrhythmia to the 
other after development of CTI block with catheter ablation.

Interdependence of Atrial Fibrillation  
and Atrial Flutter

Animal and human studies of induced and spontaneous AFL have 
shown that AFL is usually preceded by a transitional period of 
AF.2 It has been suggested that the critical functional line of block 
between the venae cavae develops during transitional AF, thereby 
establishing the necessary boundaries for reentry required for 
AFL maintenance. The absence of the functional line of block 
results in either in persistence (no conversion to AFL) or termi-
nation of AF. Conversely, shortening of the line of block results 
in conversion of AFL to AF. The coexistence of both arrhythmias 
is evidenced by the fact that nearly 75% of patients with AFL 
will have had documented AF at the time of presentation.2 Fur-
thermore, the incidence of AF after an AFL ablation is time 
dependent, with one study finding an 82% incidence of new-
onset, drug-refractory AF during a 39-month follow-up.4 Indeed, 
AFL ablation alone does not modify the natural course of 
arrhythmia progression to AF, and data suggest that a high per-
centage of patients will ultimately develop AF after ablation of 
AFL. Furthermore, antiarrhythmic drugs causing atrial conduc-
tion slowing (class Ia, class Ic, amiodarone) can convert AF to AFL 
in part related to the creation of a posterior or intercaval func-
tional line.2

Although AF and AFL frequently coexist, in the clinical pre-
sentation one arrhythmia frequently predominates over another. 
The predominance of AFL presentation over AF in some patients 
might be explained by more advanced right atrial remodeling 
with slowed conduction and regional conduction block, particu-
larly occurring in the posterior right atrium (RA). This distribu-
tion of remodeling can facilitate the stabilization of AFL and 
facilitate persistence of this as the dominant clinical arrhythmia.5 
Furthermore, when studied remote from episodes of arrhythmia, 
patients with AFL demonstrate significant and diffuse atrial 
abnormalities characterized by atrial structural changes, conduc-
tion abnormalities, and sinus node dysfunction. These changes 
might explain the predisposition to the development of AFL and 
the subsequent propensity for AF.6

Classification of Atrial Flutter

The nomenclature around atrial macroreentrant arrhythmia clas-
sification continues to be confusing. In a statement from a joint 
expert working group of the European Society of Cardiology and 
then the North American Society of Pacing and Electrophysiol-
ogy in 2001, it was suggested that all macroreentrant arrhythmias 
be classified as “macroreentrant atrial tachycardia” and that the 
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Atrial flutter (AFL) is one of the most common cardiac arrhyth-
mias in humans, affecting approximately 190,000 people in the 
United States in 2005; its prevalence is expected to increase to 
440,000 by 2050 because of the increasingly older population.1 
AFL usually coexists with atrial fibrillation (AF) and is generally 
initiated through a transitional phase of AF.2 AFL most often 
occurs in the context of structural heart disease (e.g., valvular 
heart disease, ischemic heart disease, cardiomyopathy), but can 
also manifest during an acute disease process such as respiratory 
infection or myocardial infarction. Significant advances have been 
made in the understanding of the mechanism of AFL, its hetero-
geneous nature, and its treatment, which will be reviewed in this 
chapter. AFL is defined here as an arrhythmia with a macroreen-
trant circuit (>2 cm) distinct from focal atrial tachycardias (or 
small circuit reentry), with subsequent centrifugal spread.3

Atrial Flutter as a Reentrant Arrhythmia: 
Lessons from Animal Studies

Reentry as the underlying mechanism of AFL was suggested by 
observations that although AFL induction and sustainability was 
difficult in the normal canine atria, it could be reliably induced 
and sustained in the presence of a linear atrial lesion between the 
venae cavae. A line of block between the superior and inferior 
vena cava provided an obstacle around which the wavefront could 
circulate and was critical in preventing short-circuiting of the 
AFL circuit.2 Additional work showed that this line of block 
might not be limited to the intercaval region and need not be 
fixed (anatomic), but instead could be functional. A right atrial 
free wall lesion, such as an atriotomy scar, might be a central 
obstacle around which a wavefront circulates sometimes termed 
incisional reentry.

However, functional extension of a fixed line of block (seen in 
an animal model) can result in a circuit similar to typical atrial 
flutter where the extended line of block forms a posterior barrier. 
In the absence of the functional extension of the anatomic line 
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term AFL be used as a descriptive moniker referring to a continu-
ously undulating pattern on the electrocardiogram (ECG), 
without isoelectric baseline in at least one lead. In practice, 
however, the terms continue to be used interchangeably, with the 
use of the historical term atrial flutter remaining predominant. A 
suggested AFL classification is shown in Box 74-1, with broad 
division into those that are dependent on the CTI-dependent and 
those that are not (atypical or non–CTI dependent).7 These 
arrhythmias are fundamentally underpinned by the classic notion 
of reentry around a central obstacle (either a fixed anatomic 
structure or a line of functional block) and the presence of slow 
conduction to create an excitable gap.

Atypical AFL comprises a heterogeneous group of arrhyth-
mias that are not isthmus dependent, could arise from either 
atria, are composed of circuits that are highly variable and involve 
a range of anatomic boundaries. Broadly, atypical AFL can occur 
in the context of previous atrial surgery (congenital, valvular 
heart disease, MAZE procedures), after catheter ablation for AF, 
cardiac transplantation, or in the absence of previous atrial 
surgery.8 Mapping of atypical flutter occurring in the absence of 
prior surgery can nevertheless demonstrate regions of low-
voltage amplitude and scarring critical to the arrhythmia mecha-
nism. This can occur in the context of structural heart disease, 
such as heart failure or valvular regurgitation, in which the mech-
anism of scarring can be attributed to chronic atrial stretch. 
Occasionally, such scarring is seen in the absence of structural 
heart disease where the mechanism is unknown.

Cavotricuspid Isthmus–Dependent Flutter

Counterclockwise and Clockwise Atrial Flutter 
(Typical Flutter)

The circuits of counterclockwise and clockwise atrial flutter can 
be characterized as right atrial with a broad activation wavefront 
rotating between the tricuspid annulus (TA) as the anterior 
barrier and the crista terminalis-eustachian ridge/inferior vena 
cava (IVC) as the posterior barrier in either a counterclockwise 
or a clockwise direction. The CTI provides the narrowest 
segment of the circuit (Figure 74-1, A, B).9,10 Although these are 
the critical barriers, significant variations in the leading edge or 
active region of the reentrant loop have been described. In an 

Box 74-1 Classification of Atrial Flutter 
(Macroreentrant Atrial Tachycardia)

• Cavotricuspid isthmus dependent
• Counterclockwise or clockwise (typical flutter)
• Other
• Lower-loop reentry, double-loop reentry, intraisthmus 

reentry
• Non–isthmus dependent (atypical flutter)

• Right atrial
• Upper-loop reentry, free wall flutter, other
• Left atrial
• Perimitral, peripulmonary veins, roof dependent, scar 

dependent
• Postsurgical: scar-mediated reentry
• Congenital heart disease (e.g., atrial septal defect, Mustard 

or Senning, tetralogy of Fallot, Fontan)
• Valve surgery (especially mitral valve)
• MAZE surgery
• Post–atrial fibrillation ablation

entrainment study, Santucci et al.11 demonstrated that only 
approximately one third of typical AFL cases had an active circuit 
adjacent to the TA. In others, the circuit took an oblique course 
between the anterior and posterior barriers, with the upper 
circuit off the annulus and posterior to the right atrial appendage 
(RAA) base. Of these, some coursed anterior to the superior vena 
cava (SVC), others behind the SVC (across the crista terminalis). 
In others, bifurcation of the upper circuit was seen around the 
RAA, around the SVC, or around both.11

Counterclockwise typical AFL is the most common form of 
macroreentrant AFL. The classical inferior lead flutter waves 
(sawtooth pattern) demonstrate an initial gradual downsloping 
segment followed by a deeply inverted component with a termi-
nal positive component (of variable amplitude; see Figure 74-1, 
C). Although the flutter wave typically appears inverted in infe-
rior leads, variations in the amplitude of both the negative and 
positive components can create atypical patterns. In the precor-
dial leads, V1 classically demonstrates an initial isoelectric com-
ponent followed by an upright component. With progression 
across the precordial leads, the initial component becomes 
inverted, and second component becomes isoelectric such that 
V5 and V6 demonstrate an inverted flutter wave.12 Lead I is low 
amplitude–isoelectric, and aVL is usually upright (see Figure 
74-1, C). Unusual flutter wave morphologies can be seen with 
counterclockwise AFL and a left AFL might mimic the counter-
clockwise AFL appearance.

Clockwise AFL is seen in approximately 10% of cases, and its 
boundaries are identical to counterclockwise AFL, but with 
reverse direction of wavefront rotation. The surface ECG appear-
ance tends to be more variable, but with some characteristic 
features. Flutter waves in the inferior leads are usually broadly 
positive, and the upright component is preceded by an inverted 
component of variable amplitude. There is characteristic notch-
ing on the upright component, which has a bifid appearance. V1 
is characterized by a broad, negative, and usually notched deflec-
tion with transition to an upright deflection in V6. Lead I is 
usually upright and aVL is low amplitude negative, overall giving 
an appearance that is the reverse of counterclockwise AFL (see 
Figure 74-1, C).

Mapping

Although the ECG appearance of the flutter waves may be highly 
characteristic, it is always important to confirm the arrhythmia 
mechanism with activation and entrainment mapping before per-
forming ablation. The RA activation sequence during counter-
clockwise and clockwise AFL can be delineated with multipolar 
catheters or the use of high-density three-dimensional (3D) elec-
troanatomic mapping systems. Typically, multipolar catheters are 
placed in the coronary sinus (CS), around the TA and in the His 
bundle position (see Figure 74-1, D). In patients with paroxysmal 
AFL who are in sinus rhythm, rapid atrial pacing can be used to 
initiate the arrhythmia, although AF might also ensue. Onset is 
characteristically with unidirectional block within the CTI such 
that pacing from the CS ostium most usually will induce coun-
terclockwise AFL, whereas low lateral RA pacing will most 
usually induce clockwise AFL.

Entrainment

Electrophysiological testing of typical AFL is primarily aimed at 
confirming that the circuit is macroreentrant and that the CTI 
is integral. A minimum requirement would be to entrain within 
the CTI to demonstrate that this is within the circuit (postpacing 
interval [PPI]–tachycardia cycle length [TCL] < 20 ms). We use 
entrainment pacing with a cycle length 10 to 20 ms less than 
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Figure 74-1.  CTI-dependent flutter. A, Schematic depicting the circuit of typical counterclockwise AFL. The RA is seen anteroposteriorly with the anterior surface removed. 
Arrows represent the atrial activation sequence during AFL. Red arrows identify components that are part of the circuit, and yellow arrows mark components activated pas-
sively outside the circuit. Areas of conduction block are marked with double lines (e.g., crista terminalis, eustachian ridge), providing the adequate path length for the flutter 
reentry circuit and preventing its short-circuiting. B, Three-dimensional electroanatomic activation map of the RA during counterclockwise AFL shows early to late activa-
tion around the tricuspid annulus using a color spectrum from red (marking early) to purple (marking late) as an arbitrary reference. C, Characteristic P wave morphology 
of clockwise and counterclockwise AFL, which are best observed during periods of AV block or during ventricular pacing  to unencumber  the P waves.  D,  Intracardiac 
electrograms and fluoroscopic  left anterior oblique view of multipolar catheters  (insets) documenting  the circuit of clockwise and counterclockwise AFL. Arrows depict 
direction of atrial activation during AFL. AFL, Atrial flutter; CS, coronary sinus; CT, crista terminalis; CTI, cavotricuspid isthmus; d, distal; His, His bundle electrogram; IVC, inferior 
vena cava; LA, left atrial; p, proximal; PVs, pulmonary veins; RA, right atrium; RAA, right atrial appendage; SVC, superior vena cava. 

(C, From Medi C, Kalman JM: Prediction of the atrial flutter circuit location from the surface electrocardiogram. Europace 10:786–796, 2008.)
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TCL. It is important to initiate entrainment with synchroniza-
tion to the entraining electrode in order to avoid initial introduc-
tion of a tight-coupled stimulus, which can terminate or change 
the circuit. If the entraining cycle length is too short, it is possible 
to introduce decrement into the circuit, which will prolong the 
PPI and produce an erroneous result. To confirm the arrhythmia 
mechanism we will also perform entrainment from several sites 
around the TA, which should be in the circuit, and from the mid 
and distal CS, which should be out of the circuit in typical flutter. 
In general terms, the farther away from the circuit that entrain-
ment is performed the longer the PPI. When entrainment is “in” 
at two sites more than 2 cm apart, the presence of macroreentry 
is confirmed.

During transient entrainment of a tachycardia with a pacing 
cycle length 10 to 20 ms shorter than the flutter cycle length, the 
wavefront from each pacing impulse orthodromic and antidromic 
fashion.13 The antidromic wavefront will collide with the preced-
ing orthodromic wavefront as it exits the critical isthmus. Entrain-
ment will result in acceleration of the atrium to the pacing cycle 
length, with each antidromic wavefront colliding with the ortho-
dromic wavefront of the preceding pacing stimulus (constant 
fusion). When pacing stops, the orthodromic wavefront of the 
last pacing stimulus has a cycle length equal to the cycle length 
of entrainment, but as it does not encounter a further pacing-
induced antidromic wavefront, it is not fused (the last entrained 
but not fused beat). When pacing rate is further increased, the 
collision site between orthodromic and antidromic wavefronts is 
shifted farther from the pacing site so that more of the ECG 

complex appears paced (progressive ECG fusion) and more elec-
trogram sites are antidromically captured (progressive electro-
gram fusion). When entrainment is performed in a narrow 
isthmus, the extent of antidromic capture is limited within the 
isthmus, and fusion will not be evident on the surface ECG 
(concealed entrainment; Figure 74-2). When outside a protected 
isthmus antidromic atrial capture or penetration is more exten-
sive and therefore manifest on the surface ECG (manifest fusion).

However, although the presence of concealed entrainment 
can be an extremely useful tool for mapping ventricular arrhyth-
mias, in practice it is of limited utility for atrial arrhythmias. The 
flutter wave morphology is of relatively low amplitude and is 
frequently obscured by overlap with QRS complexes and T 
waves, making it difficult or impossible to detect changes in 
morphology. Furthermore, the distortion of the stimulus artifact 
can render it difficult to detect subtle degrees of fusion. Thus, 
although entrainment remains one of the cornerstone tools for 
evaluation of atrial arrhythmias, the focus is on the PPI-TCL to 
determine which sites are within the circuit.

Electroanatomic Mapping

High-density, 3D electroanatomic mapping (contact or noncon-
tact mapping) is able to delineate the right atrial circuit during 
typical AFL with the use of activation maps represented as a 
continuous progression of colors (see Figure 74-1, B). A key point 
with activation mapping using electroanatomic mapping systems 
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IVC in a clockwise or counterclockwise fashion. It is created by 
the presence of a posterior breakthrough at the crista terminalis 
and often coexists with typical AFL around the TA.15 The circuit 
exits the medial CTI, with activation proceeding across the pos-
terior RA. Transverse conduction across the crista terminalis 
occurs usually at a site of critical slow conduction. Clockwise 
variants of lower loop reentry have also been described. The true 
prevalence of lower loop reentry is uncertain as the ECG mor-
phology can be indistinguishable from typical flutter and termi-
nation occurs with CTI ablation. It is therefore possibly more 
common than diagnosed. Subtle differences in flutter wave mor-
phology from typical flutter are determined by the level of break-
through at the crista terminalis. Low lateral RA breakthrough 
will result in attenuation of the late positive deflection of the 
flutter wave compared with that of counterclockwise typical AFL.

Intraisthmus Reentry
Intraisthmus reentry is a circuit that revolves around the medial 
CTI and coronary sinus ostium; the lateral isthmus is not part of 
the circuit. Concealed entrainment is demonstrable in the medial 
CTI or the coronary sinus ostium, but not the lateral CTI, and 
other sites around the TA are out of the circuit.16

Double Wave Reentry
Double wave reentry is induced when a critically timed, atrial 
extra stimulus is introduced into an AFL circuit with a wide excit-
able gap, resulting in a second excitation wavefront such that two 
wavefronts coexist within the circuit simultaneously.17 The phe-
nomenon manifests as acceleration of the flutter cycle length with 
identical surface and intracardiac electrogram morphology and 

in macroreentrant circuits is that early activation is not applicable 
to any specific point in the circuit, because activation is continu-
ous and the origin of activation is always arbitrary with respect 
to the particular reference chosen for illustration. Therefore, 
color coding will be represented in red or white at the site with 
earliest activation with respect to the arbitrarily defined zero 
point and will progress through a spectrum of colors to purple 
representing latest activation, again with respect to the arbitrarily 
chosen point. Activation timing should span the entire cycle 
length of a macroreentrant circuit. Where earliest meets latest 
activation in a continuous circuit is the point where “head meets 
tail,” which is again an arbitrary anatomic point determined by 
choice of the zero point.

Using 3D mapping, the activation wavefront in counterclock-
wise AFL will most typically appear as a broad wavefront that 
exits the medial CTI, ascends the septum, passes anterior to the 
SVC, and descends the anterolateral RA to enter the CTI later-
ally (see Figure 74-1, B). Passive wavefronts will activate the left 
atrium and the posterior RA, where conduction delay or block at 
the crista terminalis will prevent a short-circuiting of the TA (see 
Figure 74-1).9,10 As described earlier, entrainment mapping and 
noncontact mapping have both been used to define the many 
variants on the location of the active circuit of typical AFL. 3D 
mapping can also characterize tissue voltage of the CTI, which 
could be useful in planning the path of the ablation line because 
lower voltage can predict an easier ablation path.14

Lower Loop Reentry
Lower loop reentry is also a CTI-dependent flutter but has a 
shorter circuit confined to the lower RA with rotation around the 

Figure 74-2.  Examples of entrainment from a patient with left atrial flutter. A, Pacing the lateral cavotricuspid isthmus (CTI) result at 230 ms results in acceleration of the 
tachycardia and paced activation sequence on the tricuspid annulus (TA) catheter that is different from the tachycardia (manifest fusion). Note that the apparent counter-
clockwise activation pattern on the TA catheter (19,20 toward 1,2) suggests a counterclockwise mechanism. Simple entrainment from within the CTI demonstrates extensive 
antidromic penetration up the lateral wall of the right atrium, although pacing is only 15 ms less than the TCL,  indicating that the pacing site is distant from the circuit. 
This finding is confirmed by the postpacing interval (PPI; 95 ms longer than TCL). B, Pacing from the ablation catheter positioned in the mid coronary sinus shows endo-
cardial concealment (endocardial activation pattern visually unchanged) and a PPI equal to the TCL, indicating a site within the circuit. Simple entrainment rapidly excluded 
the right atrium as the site of the circuit. 
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to be superior to a standard 4-mm–tip catheter,24 whereas a study 
comparing the irrigated 4-mm to a solid 8-mm ablation electrode 
found similarly high efficacy.25

Compared to a fluoroscopy-guided approach, the use of elec-
troanatomic mapping systems did not result in improved efficacy 
or shorter procedure duration, but was associated with a signifi-
cant reduction in fluoroscopy exposure time, albeit with increased 
procedural cost.26 One study demonstrated that an 8-mm cryo-
ablation catheter was not inferior to irrigated 4-mm radiofre-
quency ablation in both acute and long-term efficacy, with less 
procedural pain but significantly longer procedure time.27

Dormant CTI conduction can be uncovered by waiting time28 
or the use of intravenous adenosine.29 The advent of contact 
force-sensing ablation technology has demonstrated that dormant 
CTI conduction is related to insufficient contact force during 
ablation delivery at the CTI and that the amount of radiofre-
quency ablation required to achieve CTI block is strongly and 
linearly related to the number of lesions with low contact force 
at the CTI.30 Use of this technology could potentially result in 
lower recurrence rates, but this is yet to be shown. Anatomic 
variations can pose considerable challenges in achieving success-
ful CTI ablation. These variations can include a prominent 
subeustachian pouch or prominent and deep pectinate muscles 
crisscrossing the isthmus.31

Ablation  end  points  The demonstration of bidirectional 
CTI block is the key end point in AFL ablation, and neither 
termination of AFL during ablation nor noninducibility can be 
considered as reliable end points.19 Bidirectional block can be 
demonstrated by (1) the atrial activation sequence during septal 
and lateral atrial pacing, (2) widely spaced double potentials along 
the entire ablation line, (3) change in the transisthmus conduc-
tion interval, and (4) the use of differential pacing maneuvers.

Atrial Activation Sequence

In the presence of a complete conduction block, pacing within 
the CTI will generate a completely descending activation pattern 
in the lateral RA wall. It is important to pace close to the line on 
the septal aspect and record latest atrial activation immediately 
lateral to the ablation line (see Figure 74-3, A).32 Conduction 
slowing and incomplete block can be overlooked if pacing and 
recording sites are too far from the ablation line.33 For this 
reason, it is common practice to place a mapping catheter  
across the line. Conversely, when pacing too far from the  
line, conduction across the posterior right atrium and crista ter-
minalis can give the appearance of incomplete block, even  
when complete CTI block is present.34 Finally, inadvertent 
positioning of mapping catheters posterior to the eustachian 
ridge can give an erroneous appearance of incomplete block.  
The reverse is true when pacing the low lateral isthmus. Pacing 
must be from immediately lateral to the line with latest atrial 
activation demonstrated immediately septal to the ablation line 
(His-bundle catheter before the proximal coronary sinus activa-
tion with timing latest on the ablation catheter in the septal 
isthmus; see Figure 74-3, B).

Widely Spaced Double Potentials

Collision of the clockwise and counterclockwise wavefront at the 
ablation line while pacing on either side of the ablation line will 
generate a corridor of parallel, widely spaced, double potentials. 
Demonstration of double potentials greater than or equal to 
110 ms apart along the line is the gold standard for demonstrat-
ing bidirectional CTI block.35 Double potentials less than 90 ms 
could suggest a residual gap along the line. The degree of 

simultaneous activation of the superior and inferior TA. Gener-
ally, this rhythm lasts only a few beats and can trigger AF.

Treatment
Pharmacologic  Principles of pharmacologic treatment are to 

control the ventricular rate during AFL with the use of atrioven-
tricular (AV) node blocking agents (β-blockers, cardiac-selective 
calcium channel blockers) or maintenance of sinus rhythm with 
class I or III antiarrhythmic drugs. Class 1c agents can stabilize 
the flutter by slowing rate, increasing excitable gap, and can result 
in 1 : 1 AV conduction. Because of the presence of postreversion 
atrial stunning, whether pharmacologic or electrical, it is manda-
tory to follow anticoagulation guidelines as for reversion of AF. 
Because of the high late incidence of AF after successful flutter 
ablation coupled with the documented late risk of stroke,18 it is 
common to make decisions regarding ongoing anticoagulation 
(with coumadin or an equivalent) based on the CHADS2 score. 
In the absence of supporting data, an alternate approach is to 
continue to monitor closely for development of late AF particu-
larly in those patients with stroke risk factors.

Catheter ablation  Pharmacologic treatment results in long-
term maintenance of sinus rhythm in 36% to 73% of patients with 
AFL; moreover, complete arrhythmia suppression can be diffi-
cult.19 Evidence from randomized studies has demonstrated the 
superiority of catheter ablation over antiarrhythmic drugs in the 
treatment of AFL, with higher rates of maintenance of sinus 
rhythm, improvement in quality of life, and reduction in the recur-
rence of future AF.20,21 Thus, catheter ablation is a class I recom-
mendation for AFL if it is recurrent, is poorly tolerated, or 
reemerges after using a class I antiarrhythmic or amiodarone.19

Catheter ablation can be performed in either the septal or mid 
aspects of the CTI and will be determined by stability of catheter 
access and anatomic variation (see Figure 74-1, D). It is important 
to be aware that inadvertent AV block has rarely been reported 
during ablation at the septal aspect of the CTI because of the 
proximity to posterior extensions of the AV node. The lateral 
isthmus is generally longer and is not usually the primary ablation 
target. Ablation can be performed during AFL or proximal CS 
pacing (in sinus rhythm). The latter allows identification of a 
change in activation sequence on the tricuspid annular catheter, 
signifying slowing of CTI conduction or block (Figure 74-3, A).

The usual approach is for ablation to commence at the annular 
end with either continuous pullback or focal point-by-point abla-
tion across the CTI to eustachian ridge at the anterior margin of 
the IVC. The adequacy of lesion formation is confirmed by 
diminution of the local electrogram signal and the emergence of 
local double potentials on the ablation catheter. The ablation end 
point is the demonstration of complete bidirectional conduction 
block across the isthmus.

An alternative approach is to use the maximum voltage-guided 
technique, which is based on the premise that there are only 
discrete muscle bundles in the CTI that participate in the flutter 
circuit, and these can be identified by the presence of large elec-
trogram voltages that are selectively targeted for ablation. This 
approach has resulted in significantly reduced ablation times 
compared with the anatomic approach.22 In this technique, peak-
to-peak bipolar EGMs are measured during pullback along the 
CTI, and the largest amplitude signal is ablated regardless of the 
location along the line. If this lesion does not result in bidirec-
tional isthmus block, the line is remapped and the next largest 
EGM is sequentially targeted for ablation, and the steps are 
repeated until establishment of a bidirectional isthmus block. In 
these cases, the line is often not contiguous.

Prospective randomized studies have demonstrated the supe-
riority of an 8-mm nonirrigated ablation electrode over a 4-mm 
tip in terms of both procedural duration and success.23 Using 
similar end points, an open, irrigated ablation catheter was shown 
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Differential Atrial Pacing

Complete block can also be confirmed by the observation that 
conduction time shortens with pacing sites further from the abla-
tion line. This observation can be demonstrated by pacing from 
the low lateral right atrium versus immediately lateral to the 
ablation line within the CTI. In the presence of residual slow 
conduction across the ablation line, pacing the low lateral RA will 
result in a longer transisthmus conduction time. The technique 
can also be applied in the reverse direction.32

Procedural Efficacy

A metaanalysis including more than 10,000 patients (158 studies) 
showed that the acute procedural success rate of CTI-dependent 

separation is directly related to the distance from the gap with a 
single fractionated electrogram identified in the region of the 
ablation gap (see Figure 74-3, C).

Transisthmus Conduction Interval

The transisthmus conduction interval is the time between the 
pacing stimulus delivered either septal or lateral to the CTI  
and the local atrial EGM on the contralateral side of the ablation 
line. An increase in the transisthmus conduction interval of  
more than 50% from the baseline (or an absolute value greater 
than 150 ms, or both) is highly predictive of complete CTI 
block.36 It is important to pace and record immediately adjacent 
to either side of the line to avoid missing an “apparent block” 
(see Figure 74-3, D).

Figure 74-3.  Methods of assessing block across the cavotricuspid isthmus (CTI). A, Coronary sinus (CS) pacing (representing pacing septal to the CTI) is depicted before 
CTI block (first three panels). A clockwise wavefront traveling across the CTI from the distal to proximal tricuspid annulus (TA) collides with the counterclockwise wavefront 
ascending up the interatrial septum and down from the proximal to the distal TA. During ablation, there  is a progressive  increase in transisthmus conduction (first three 
panels) until CTI block is achieved (last panel). Note that in the last panel there is a change in activation sequence on the TA catheter where the distal TA located lateral to 
the CTI is activated last and there is reversal of electrogram polarity. B, Inset shows the TA catheter positioned in the CTI and crossing the ablation line at TA5,6. During pacing 
from TA5,6, bidirectional conduction block is demonstrated on sequential beats as the catheter moves from lateral to the line to the septal side during respiration. Note that 
during lateral capture, atrial activation at the His-bundle catheter occurs before the proximal coronary sinus (CS p), consistent with activation ascending the lateral wall 
and descending the  interatrial septum. C, Left panels  show incomplete CTI block with narrowly split double potentials on the ablation  line  (Map 1, 2, arrows). Mapping 
along the ablation line demonstrated progressive reduction in the timing between the two split signals until a continuous fractionated signal was seen (right panel, blue 
arrow), signifying a gap in the ablation line. D, In the left panel, when pacing from the proximal coronary sinus (asterisk), it appears that CTI block is present (linear activation 
patter on the TA catheter). In the right panel, with pacing from the ablation catheter immediately septal to the ablation line (Map 1, 2, asterisk), fusion on the TA catheter is 
seen, indicating that CTI block is not complete. CS, Coronary sinus; d, distal; Map, mapping and ablation catheter; p, proximal; TA, tricuspid annulus. 

(From Teh AW, Kalman JM: Electrophysiological evaluation of atrial tachycardia and atrial flutter. In: Saksena S, Camm AJ, editors: Electrophysiological disorders of the heart, ed 
2. Philadelphia, 2012, Saunders 2012, pp 345–355.)
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another can be minimized by ensuring synchronization to the 
entraining electrode and pacing at just 10 to 20 ms less than the 
tachycardia cycle length. In the authors’ experience using these 
precautions in a stable circuit with an excitable gap, termination 
or alteration of the tachycardia is unusual. In circuits with signifi-
cant decremental conduction, entrainment within the circuit can 
be associated erroneously with a long PPI, particularly at higher 
pacing rates. Perhaps the most significant limitation of entrain-
ment is at sites where signal amplitude is extremely low, rendering 
capture and electrogram marking difficult or impossible.

Detailed 3D mapping is an essential tool when tackling these 
often complex circuits. 3D mapping allows the definition of a 
tachycardia activation sequence along with substrate and ana-
tomic barriers, such as low-voltage areas representing scar, and 
their relation to natural barriers to conduction, such as the tri-
cuspid and mitral annuli, the venae cavae, and pulmonary venous 
ostia (see Figure 74-4, C). The generated atrial activation 
sequence can be superimposed on atrial images segmented from 
a preprocedural computed tomography or magnetic resonance 
imaging scan to facilitate correlation of electrical substrate with 
anatomic detail.

3D mapping allows detailed anatomic characterization of sites 
of double potentials representing lines of conduction block and 
fractionated EGMs that may potentially represent regions of 
slow conduction critical to arrhythmia maintenance (see Figure 
74-4, C).40 Voltage maps allow the identification of electrical scars 
(amplitude < 0.05mV) and low-voltage zones (atrial amplitude < 
0.5mV), which can identify lines of block critical to the reentrant 
mechanism but can also serve as boundaries for design of ablation 
strategies. In these circumstances, linear ablation connecting two 
anatomically defined structures (e.g., from scar to vena cava or 
scar to scar) may be necessary for tachycardia termination. 
Although linear ablation between two anatomic sites is frequently 
required for termination of these circuits, many atypical circuits 
can be ablated at a single critical site of slow conduction.40

A key point to note is that in atria with significant scarring 
and conduction slowing, the electroanatomic map can provide a 
misleading picture, even creating the appearance of a circuit with 
head meets tail that ultimately is remote from the tachycardia 
circuit (see Figure 74-4, C, D). For this reason, entrainment as 
described in this chapter can rapidly identify the region of inter-
est. One approach is to include only sites within the activation 
map where the PPI-TCL is less than 40 ms. An alternative 
approach is to create an electroanatomic map of PPI, which can 
facilitate the precise definition of the active reentrant circuit 
versus passively activated regions of the atrial chamber.11 Here, 
sites in the atrium with a PPI-TCL less than or equal to 20 ms 
(within the circuit) are differentiated from sites where PPI-TCL 
is greater than 40 ms (well outside the circuit) by using color 
coding. Sites with a PPI-TCL of 20 to 40 ms are intermediate.

Having identified an isthmus that is critical to maintenance of 
the tachycardia, focal or linear ablation will be required depend-
ing on isthmus width. In atypical AFL as in typical flutter, the 
demonstration of bidirectional block across the ablation line is 
the ideal end point to minimize risk of recurrence.41 Block across 
an ablation line can be demonstrated with the use of multipolar 
catheters or 3D mapping (described later), or both. In cases of 
atypical flutter in which conduction block demonstration is 
impractical, tachycardia termination with ablation and noninduc-
ibility may be used as secondary end points.

The overall acute success rate for ablation of atypical AFL is 
dependent on the underlying cardiac pathology and extent of 
prior atrial surgery and atrial scarring. A recent study reported 
ablation success for patients with scar related atypical AFL of 
approximately 90%; however, repeated ablation may be required 
in up to one third of patients.42 Longer-term success rates (16 
months follow-up) were lower, varying between 57% and 75%, 
dependent on pathology.42

AFL ablation was approximately 91%, with a complication rate 
of 2.6%.37 The most common complications were vascular. The 
incidence of complete heart block was 0.2%. The incidence of 
other major complications, including cerebrovascular events, 
myocardial infarct, and ventricular arrhythmias, was 0.1%. There 
were no deaths reported. Recurrence rate was low with the use 
of 8- to 10-mm nonirrigated or 4-mm irrigated catheters (6.3%). 
The overall occurrence of AF during follow-up was 34% in 
patients with no prior history of AF and approximately 53% in 
those with a history of AF before ablation, and this increased over 
time.37 One study observed that pulmonary vein isolation at the 
time of CTI ablation in patients with AFL alone resulted in 
significantly improved arrhythmia free survival compared with 
CTI ablation alone.38

Ablation of Double Wave, Lower Loop, and 
Intraisthmus Reentry

The CTI is a necessary part of the circuit in double wave and 
lower loop reentry; therefore, these arrhythmias are curable with 
creation of bidirectional CTI block with catheter ablation. Intra-
isthmus reentry requires targeting of the medial CTI.

Noncavotricuspid Isthmus–Dependent  
Flutter (Atypical Flutter)

Atypical AFL encompasses a range of macroreentrant arrhyth-
mias that are not dependent on the CTI. They have varied ECG 
characteristics, and the flutter wave morphology is generally not 
particularly useful for determining the circuit location. Occasion-
ally, atypical flutter can exhibit ECG characteristics suggesting 
an isthmus-dependent mechanism. Broadly, these AFLs can 
occur (1) in the absence of prior atrial surgery or intervention; 
(2) in the context of prior corrective atrial surgery (congenital 
heart disease, valvular heart disease, post MAZE procedure or 
cardiac transplantation); or (3) with previous AF ablation. The 
circuits involved in atypical (non–isthmus-dependent) AFL are 
highly variable and involve a range of anatomical boundaries; 
however, stereotypical anatomic locations associated with certain 
underlying pathologies or procedures have been defined.8 Reentry 
in these arrhythmias occurs around a central barrier such as the 
atrioventricular annulus, venous ostia, spontaneous scar, or a 
functional line of block. Macroreentry can exist in either atria, 
and multiple circuits can coexist. Dual-loop or figure-eight 
reentry has been described in which one circuit involves the CTI. 
It is important to note that in patients with macroreentry, focal 
sources with early activation and centrifugal spread activation 
may coexist.39

Atypical AFL is best mapped using a combination of activation 
mapping using multipolar catheters or 3D mapping systems, or 
both, as well as entrainment mapping. All these techniques should 
be used as complementary, and each has advantages and potential 
pitfalls. Multipolar catheters can provide rapid demonstration of 
ascending or descending atrial activation patterns and the pres-
ence of double potentials, low amplitude, and fractionated signals. 
These catheters are particularly useful when mapping right-sided 
circuits (Figure 74-4, A, B).

Entrainment mapping remains a cornerstone technique for the 
evaluation of non–CTI-dependent flutter mechanism. Initial 
entrainment from a number of widely separated right and left 
atrial sites will provide rapid clues to both the general circuit loca-
tion and the likely anatomic isthmus sites. For example, entrain-
ment that is “in” the circuit in the mitral isthmus will suggest 
linear ablation of this isthmus may be necessary. The risk of ter-
minating the tachycardia or conversion of one form of AFL to 
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coexistent sinus node dysfunction, suggesting an underlying 
global right atrial myopathic process.39 Patients frequently dem-
onstrate more than one tachycardia mechanism including  
(1) circuit around the scar, which forms the central obstacle;  
(2) CTI-dependent typical flutter; and (3) circuit involving a 
channel between two regions of scar. The ablation strategy typi-
cally targets the narrowest part of the circuit, which can include 
an ablation line from the scar to the IVC (most common), SVC, 
or TA. A channel between two regions of scar can be targeted 
with focal ablation.40 High-output pacing maneuvers should be 
used to check for phrenic nerve capture before ablation in the 
posterolateral right atrium. Reported acute success rates have 
been approximately 90%.39 Demonstration of bidirectional block 
across the ablation line provides a robust end point, which 
reduces long-term recurrence rates (see Figure 74-5, C).41 Even 
when CTI-dependent flutter is not present during the ablation 
procedure, it is advisable to perform CTI ablation to reduce 

Right Atrial Atypical Flutter  
(No Prior Surgery)

Although the electrocardiogram is generally unhelpful for local-
ization of atypical flutter, a completely negative flutter wave in 
lead V1 will generally indicate a right atrial circuit.

Right Atrial Free Wall Flutter

Right atrial free wall flutter has been described in the context of 
spontaneous scar; it is characterized by areas of electrical silence, 
low voltage, and the presence of double potentials in the free wall 
of the right atrium in the absence of previous cardiac surgery 
(Figure 74-5, A, B). The scar has a characteristic lateral to 
posterolateral anatomic location. There is often evidence of 

Figure 74-4.  Atypical atrial flutter. A, Atypical  free wall  right atrial flutter  in a patient with a prior history of atrial septal defect  (ASD) repair.  In the  left panel,  there  is an 
ascending wavefront in the posterior right atrium. In the right panel, there is a descending wavefront in the anterior right atrium (RA). This simple mapping approach rapidly 
indicates the probable circuit location rotating around the scar in the free wall. Between these two catheter positions, signals were not recordable because of the presence 
of a broad scar. B, In this patient with free wall flutter after an ASD repair, the narrow scar allowed recording of the entire circuit on a single multipolar catheter.  C and D, 
Three-dimensional electroanatomic activation maps of another patient with a history of ASD repair. The electroanatomic map suggests the presence of dual loop reentry 
with one circuit rotating around the free wall scar (gray region) in the counterclockwise direction (left panel) and a simultaneous circuit with clockwise rotation around the 
TA. Although this pattern is commonly observed after ASD repair, in this case entrainment showed that sites around the TA had a PPI-TCL less than 20 ms (“in the circuit”), 
but that sites posterior to the scar showed progressively longer PPI and were out of the circuit. In this case, the appearance on the electroanatomic map was misleading 
because the free wall scar was contiguous with the IVC preventing a second loop. The region posterior to the scar was thus akin to a “blind loop.” This was confirmed with 
pacing maneuvers after termination of this circuit with ablation in the CTI. 
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Left Atrial Atypical Flutter (No Prior Surgery)

These tachycardias are characterized by reentry around anatomic 
structures such as the mitral annulus, pulmonary vein ostia, and 
regions of electrical silence or scar.45, 46 The arrhythmias usually 
occur in the context of significant structural heart disease (e.g., 
mitral valve disease, cardiac failure, left atrial enlargement), and 
invariably electrically silent areas or scar will be present to 
support the arrhythmia. Most characteristically, regions of scar 
are seen at the left atrial posterior wall, roof, and anterior wall. 
These regions can function as a boundary that facilitates reentry 
around the mitral annulus or pulmonary veins or can form the 
central obstacle around which reentry occurs.

Single-loop, double-loop, and multiple-circuit left AFLs (two 
or three loops rotating simultaneously) have been described.45 
Dual- and multiple-loop flutters should be considered when 
extensive and disparate regions of the left atrium are all “in the 

long-term occurrence of this arrhythmia.41 It is important to 
appreciate that focal atrial tachycardias can also occur in this 
population with significant atrial pathology.

Upper Loop Reentry

Upper loop reentry is characterized by reentry around a central 
obstacle that includes the SVC and the crista terminalis, which 
forms a region of functional conduction block. The lower turn-
around point is a region of slow conduction where the wavefront 
propagates across the crista terminalis.43 Rotation can be either 
counterclockwise or clockwise around these anatomic structures. 
Ablation of the conduction gap in the crista terminalis often 
requires relatively focal ablation. The circuit can be seen in isola-
tion or as part of a double-loop (figure-eight) reentry with lower 
loop or free wall circuits.44

Figure 74-5.  Right atrial free wall atrial flutter (AFL). A, Right posterolateral views of electroanatomic bipolar voltage map depicting area of spontaneous scar (gray) within 
regions of low voltage (red). The scar lies between the crista terminalis and the tricuspid annulus. B, Lateral view of an activation map showing macroreentry around the 
region of spontaneous scar  (gray)  in the  lateral  right atrial  free wall, with earliest activation  in  red and  latest  in purple. The AFL circuit propagates  in a clockwise  fashion 
around from. Ablation between the lower scar and IVC resulted in tachycardia termination. C, Testing for block after  linear ablation in right atrial free wall AFL. Pacing is 
performed from the ablation catheter (ABL) placed in the right atrium immediately posterior to the low lateral ablation line (LRA) while noting the sequence and timing 
of activation of the Halo catheter positioned between the free wall scar and the tricuspid annulus (TA) with its distal electrodes in the low lateral right atrium anterior to 
the LRA. The  right panel shows a right anterior oblique projection.  In the  left panel, pacing shows persistent conduction across the  line despite termination of AFL with 
wavefront fusion and relatively early activation at H1,2 in the inferior RA immediately anterior to the ablation line. The middle panel shows the presence of a conduction 
block across the line with linear activation on the Halo catheter and H1,2 being activated last. 

(From Snowdon RL, balasubramaniam R, Teh AW, et al: Linear ablation of right atrial free wall flutter: demonstration of bidirectional conduction block as an end point associated 
with long-term success. J Cardiovasc Electrophysiol 21:526–531, 2010. B, From Stevenson IH, Kistler PM, Spence SJ, et al: Scar-related right atrial macroreentrant tachycardia in 
patients without prior atrial surgery: electroanatomic characterization and ablation outcome. Heart Rhythm 2:594–601, 2005.)
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be out of the circuit (PPI-TCL > 40 ms). Further evidence for a 
left atrial circuit is passive conduction in the RA via earliest septal 
activation.

The general approach to ablation of left AFLs involves iden-
tification of a critical isthmus using both entrainment and 3D 
activation mapping. In addition, the voltage map is useful in 
planning an ablation line through low amplitude tissue. Common 
linear ablation targets include (1) the mitral isthmus (from the 
left inferior pulmonary vein to the mitral annulus); (2) a “roof 
line” between left and right superior pulmonary veins, usually 
with circumferential isolation of these veins in order to anchor 
the line to a region of conduction block; and (3) between two 
electrically silent areas. However, circuits are highly variable and 
lesion sets may be required between any of these anatomic struc-
tures and a region of scarring. It is generally feasible to demon-
strate the presence of complete conduction block as an end point 
to linear ablation in the left atrium.

circuit” by entrainment. Perimitral flutters can show clockwise 
or counterclockwise rotation with the posterior wall scar serving 
as a posterior boundary, which prevents short-circuiting of the 
annulus akin to the role of the crista terminalis. Regions of scar-
ring can also anchor circuits around ipsilateral pulmonary vein 
pairs. Left septal AFLs are characterized by reentry around the 
left septum primum with a critical isthmus located between  
the pulmonary veins posteriorly or mitral annulus anteriorly and 
the septum primum.47

Although the surface ECG is generally unhelpful for circuit 
localization, a broad-based upright flutter wave in V1 is highly 
suggestive of a left atrial origin.12

Flutter wave morphology in other leads is highly variable, but 
is frequently of low amplitude and can erroneously suggest atrial 
fibrillation. A left atrial circuit should also be considered when 
less than 50% of the tachycardia cycle length is mapped within 
the RA45 and when RA entrainment demonstrates all regions to 

Figure 74-6.  Right atrial incisional reentry after atrial septal defect repair. A, Activation map showing dual loop reentry with a clockwise circuit around the tricuspid annulus 
and a simultaneous counterclockwise circuit around the region of the atriotomy scar. Dual-loop reentry was confirmed by entrainment around the tricuspid annulus (TA) 
and posterior  to the scar. Early activation  is marked  red and  late activation  is marked blue. The region marked with an asterisk  represents a central channel. B, A broad, 
fractionated signal is recorded at the lower end of the atriotomy scar with activation before the ascending wavefront on the TA catheter. This point was the inferior pivot 
point of the circuit, and there was only a narrow isthmus between the lower end of the atriotomy and the inferior vena cava (IVC). C, Activation map of scar-mediated 
atrial flutter (AFL) late after atrial septal defect repair in a patient who has had previous ablation of cavotricuspid isthmus–dependent AFL. C, There are two islands of scar, 
and the circuit rotates around the upper scar and through the isthmus between the regions of scar. The electroanatomic map portrays the RA free wall, and the number 
refers to the bipolar location of a 20-pole mapping catheter. Note that as the wavefront exits the isthmus, earliest activation is seen at TA 7,8 with wavefronts then moving 
in opposing directions.  In the scar  isthmus, a broad, fractionated electrogram was recorded at the site where ablation changed the tachycardia. D, After radiofrequency 
ablation between the two scar regions in C, there was an abrupt change in the intracardiac activation sequence with an increase in tachycardia cycle length. The circuit 
now propagated  in a counterclockwise direction around  the combined scars with activation proceeding  from TA 1,2  to TA 19,20  in a  linear  fashion. The presence of a 
multipolar catheter rapidly identified the change in the flutter circuit. Further ablation at the inferior margin of the scar terminated the flutter and rendered the scar con-
tiguous with the IVC. 

(A, From Teh AW, Kalman JM: Electrophysiological evaluation of atrial tachycardia and atrial flutter. In: Saksena S, Camm AJ, editors: Electrophysiological disorders of the heart, 
ed 2. Philadelphia, 2012, Saunders, pp 345–355.)
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are macroreentrant and involve atriotomy incisions, cannulation 
sites, prosthetic material, and anatomic structures in patients with 
a history of repaired congenital heart disease (Figures 74-6 and 
74-7).48 Barriers bordering the critical isthmus of conduction can 
be identified on anatomic grounds by the presence of areas of 
electrical silence or by the demonstration of split potentials  
signifying a line of block. Activation wavefronts occur along  
anatomic and surgically created barriers. Single-loop circuits, 
dual-loop (figure-eight) and focal atrial tachycardias have been 
described. Mapping will involve multipolar activation, entrain-
ment, and 3D electroanatomic maps. Ablation is targeted to a 
narrow isthmus between anatomic structures and/or electrically 
silent areas and can require either linear or focal ablation 

Postsurgical or Scar-Mediated Flutter

Scar-Mediated Flutter After Surgical Repair of 
Congenital Heart Disease

These AFLs occur in the context of surgical repair of congenital 
heart defects including atrial septal defect, tetralogy of Fallot, 
Mustard or Senning repair for dextro-transposition, and patients 
with Fontan repair for single ventricular physiology. In general, 
these arrhythmias develop many years after the initial surgery, 
and the complexity and number of circuits mirrors the complexity 
of the underlying condition and the surgical repair. These circuits 

Figure 74-7.  Dual-loop atrial flutter after atrial septal defect repair. A–D, Left anterior oblique (LAO), right lateral, superior, and posterior views of three-dimensional elec-
troanatomic map from a patient after tetralogy of Fallot repair showing dual-loop reentry with one circuit propagating in a counterclockwise fashion around the tricuspid 
annulus (TA) and a second circuit propagating in a horizontal direction around the superior vena cava (SVC; white curved arrows). Blue dots located posterolaterally (seen in 
B, C, and D) represent double potentials corresponding to the atriotomy incision site, which together with the SVC formed an anatomic structure around which reentry 
was stabilized. Pink dots represent areas of fractionation on the posterolateral wall (slowed conduction, best seen in D). The circuit was interrupted with ablation (red dots, 
yellow arrow) through the region of fractionation extending inferiorly from the atriotomy site (blue dots). Cavotricuspid isthmus (CTI) ablation was also performed (red dots 
seen in the inferior aspect of panel D). Bidirectional block was confirmed across the CTI and the posterolateral ablation line. 
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which provide a substrate for late macroreentrant atrial arrhyth-
mias.48 Three commonly described approaches include (1) a right 
lateral approach to the left atrium; (2) an incision through the 
interatrial (Waterston) groove; and (3) a superior transseptal 
approach. Circuits described included single circuits and figure-
eight circuits constrained by regions of surgical scar correspond-
ing to sites of atriotomy scars and anatomic boundaries. 
Depending on the surgical approach, it is frequently possible to 
identify a critical isthmus within the right atrium. Circuits have 
been described around the septal and free wall scar, and there 
may be simultaneous peritricuspid reentry creating a dual loop 
(Figure 74-8).49 In the left atrium, circuits can occur around the 
incision as a central obstacle, or the scar can facilitate reentry 
around pulmonary veins or the mitral annulus.

An incision in the Waterston groove can create the substrate 
for reentry in the left or right atrium. A recent report described 

dependent on isthmus width (see Figure 74-6, C). Cavotricuspid 
isthmus flutter frequently coexists (in 70% of cases), and the CTI 
should in general always be an ablation target. Because  
dual-loop reentry may be present, it is important to be  
vigilant during ablation for subtle changes in flutter wave  
morphology, cycle length, and endocardial activation pattern  
to determine whether the circuit has changed. Repeating  
entrainment periodically if flutter has not terminated will rapidly 
identify when a region is no longer critical to the circuit (see 
Figure 74-6, C, D).

Scar-Mediated Flutter After Mitral Valve Surgery

The majority of AFL circuits in patients who have undergone 
mitral valve surgery occur in relation to the surgical incisions, 

Figure 74-8.  A, Example of right septal scar–related atrial flutter (AFL) after mitral valve repair. Shown is an electroanatomic map of the AFL circuit around septal scar (gray) 
and  a  simultaneous  clockwise  circuit  around  the  tricuspid  annulus. The  postpacing  interval–tachycardia  cycle  length  (in  milliseconds)  with  entrainment  from  five  sites 
around the scar is shown. All sites were within the circuit. Ablation was performed between the scar and the superior tricuspid annulus (red dots), rendering it noninducible. 
B, A superiorly tilted left anterior oblique view of a right atrial electroanatomic map from patient 2, during pacing from the lateral right atrium (star), after successful abla-
tion. Note that during pacing, the last region of the right atrium activated is the septal side of the ablation line. C, Upper loop reentry after mitral valve repair. A modification 
of the right lateral left atriotomy, which involves dissection in the interatrial (Waterston) groove, can damage tissue on the right atrial side. An example of upper loop reentry 
after mitral valve repair because of this surgical approach is shown. A right atrial activation map shows circumferential activation around the junction of the superior vena 
cava (SVC) and the right atrium (RA). Two lines of double potentials were seen (blue dots) on the posterior aspect of the SVC-RA junction, and a region of prolonged low-
amplitude fractionated signals (inset) was identified between two lines of double potentials. This region correlates with the dissection plane of the prior atriotomy incision, 
through the Waterston groove. 

(From Snowdon RL, balasubramaniam R, Haqqani H, et al: Upper loop reentry post mitral valve repair. J Cardiovasc Electrophysiol 19:1325–1326, 2008. B, From Roberts-Thomson 
KC, Kalman JM: Right septal macroreentrant tachycardia late after mitral valve repair: importance of surgical access approach. Heart Rhythm 4:32–36, 2007.)
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CTI-dependent AFL is the most common macroreentrant 

arrhythmia reported in the cardiac transplant population.52,53 P 
wave morphology of this flutter is rarely typical (seen in only 20% 
of cases)52 given the lack of contribution of the electrically iso-
lated recipient posterior atria to the P wave morphology. In 
contrast to CTI-dependent AFL in nontransplanted hearts, the 
donor-to-recipient atrioatrial suture line forms the posterior 
boundary of the flutter circuit rather than the crista terminalis–
eustachian ridge, resulting in a narrowing of the boundaries of 
the isthmus. Successful ablation can be achieved by creating a line 
of electrical block extending from the tricuspid valve to the surgi-
cal atrial anastomosis, with no requirement to extend the line 
back to the IVC. This represents elimination of the electrically 
active component of the isthmus (donor region) that is narrower 
than the anatomic isthmus (donor plus recipient region).53

A perimitral flutter circuit restricted to the donor atrium has 
been described as successfully treated with an ablation line from 
the mitral annulus to the left inferior pulmonary vein and from the 

the presence of an upper loop (peri-SVC) circuit stabilized by 
slow conduction at the site of the surgical incision (see Figure 
74-8).50 The approach to all these circuits is as described earlier 
with the use of 3D activation mapping and entrainment to define 
a critical isthmus between anatomic barriers and scarring.

Scar-Mediated Atypical Flutter following  
Other Cardiac Surgery: MAZE Procedures  
and Cardiac Transplantation

Atrial flutters after MAZE are most commonly due to gaps in 
surgical or ablative lesions.51 A variety of circuits have been 
described, including perimitral re-entry and circuits around ipsi-
lateral pairs of pulmonary veins, in addition to circuits that use 
the surgical scar as the central obstacle. Focal atrial tachycardias 
or AF can occur because of pulmonary vein reconnection.

Figure 74-9.  Pulmonary vein reentry after atrial fibrillation (AF) ablation. A, Example of localized pulmonary vein reentry using a circuit at the ostium of a previously isolated 
right inferior pulmonary vein (RIPV). The patient underwent a pulmonary vein isolation (PVI) for paroxysmal AF 4 months earlier and had regular tachycardia. The PV catheter 
is orientated such that PV 9,10 are at the roof and PV 4,5 are at the floor of the RIPV (right panel). Electrograms in the  left panel show that entry from the left atrium (LA) 
into the PV occurs at the roof (PV 9,10) propagating in a counterclockwise fashion to the floor (PV 4,5) with exit to the LA between PV 4,5/PV 3,4 with continuing activation 
around the LA to PV 1,2 (roof ). Entrainment from the ablation catheter (ABL; middle panel) at the roof of the vein at 240 ms shows a post-pacing interval (PPI) equal to the 
tachycardia cycle length (TCL). B, A second arrhythmia was also inducible in the same patient. Electrograms in the left panel show that entry from the LA to the PV occurs 
at the floor (PV 4,5) with clockwise rotation to the roof  (PV 9,10). Exit to the LA occurs between PV 9,10 and PV 1,2 with continuing activation around the LA to PV 4,5, 
where entry into the PV occurs again (right panel). Entrainment from the floor (PV 4,5) yields a PPI-TCL of 5 ms (middle panel). This example shows how PV reconnection at 
two sites (marked with a star at the roof and floor) during antral PVI provided the substrate for a reentrant circuit, which was able to rotate around this fixed circuit in both 
directions. Ablation at the superior gap terminated the tachycardia. Ablation at the inferior gap isolated the vein. 

(A, From Robinson T, Kalman JM: Proarrhythmia following prior pulmonary vein isolation: what is the mechanism? J Cardiovasc Electrophysiol 23:884–886, 2012.)
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undertaken.54 Circuits can be single- or dual-loop and use gaps 
in previous ablation lines as a critical region of slowed conduc-
tion. In addition, small reentrant circuits have been described, 
particularly in the setting of prior ablation of regions of complex 
fractionated electrograms. In addition, reentrant circuits can arise 
around pulmonary veins, particularly if two gaps are present in 
the circumferential ring (Figure 74-9).54,55 The most commonly 
described circuits are perimitral, roof-dependent, and reentry 
involving the interatrial septum. Catheter ablation using the 
mapping principles described here can yield initial success rates 
of approximately 90%.

Conclusions

The field of mapping and ablation of typical and atypical flutter 
circuits has advanced to the point where the vast majority can be 
treated successfully with catheter ablation. The principles are to 
use a combination of multipolar activation, entrainment, and 3D 
electroanatomic mapping as complementary approaches to iden-
tify the critical narrow isthmus where catheter ablation will elimi-
nate the circuit.

mitral annulus to the left atrial roof surgical anastomosis with the 
recipient atria.52 AFL involving the donor RA posterior wall with 
a circuit incorporating the surgical incision as a boundary has been 
described; it was treated by an ablation line from the midposterior 
RA to the incision line at the IVC surgical anastomosis.

A unique feature of the transplanted heart is the occurrence 
of one or more isolated areas of recipient to donor conduction 
along the otherwise inert anastomotic suture line that serves as a 
putative line of conduction block, thus creating the substrate for 
reentry. AFL occurring in the recipient atria may conduct with 
variable block in the donor atrium. The approach to these 
arrhythmias in general is to identify and ablate the site or sites 
of electrical connection between donor and recipient atrium.52

Atrial Flutters After Catheter Ablation  
for Atrial Fibrillation

Left AFLs complicating catheter ablation for AF are well recog-
nized. These circuits are unusual following simple antral pulmo-
nary vein isolation in patients without structural heart disease. 
However, they are much more commonly observed when linear 
ablation and extensive ablation of fractionated signals is 
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Pathophysiology

The pathophysiology of AF has been a subject of active investiga-
tion for more than a century. Reports as early as 190710 implicated 
multiple rapidly firing foci as a mechanism. This hypothesis was 
challenged in 1914 with the concept of reentry or “circus move-
ment” enabling perpetuation of AF.11 A critical requirement for 
a reentrant mechanism is sufficient atrial dimension to accom-
modate the wavelength of the circuit, defined as the product of 
conduction velocity and effective refractory period (ERP). The 
multiple wavelets theory was explored in the 1960s and was pro-
posed as the predominant mechanism for perpetuation of AF.12 
More recent studies have reported on organized drivers of AF 
and fibrillatory conduction. The mechanisms of AF are also rec-
ognized as being multifactorial and sharing properties of reentry, 
automaticity, and triggered activity. These mechanisms might not 
be mutually exclusive (Figure 75-2).

Multiple Wavelet Hypothesis

Reentry forms the basis of the multiple wavelet hypothesis.13 In 
this theory, reentrant waves perpetuate and drift in a seemingly 
random manner subject to heterogeneous excitability properties 
of adjacent tissue. These wavelets are continuously subject to 
extinction or generation of new circuits (daughter wavelets). It is 
possible that multiple wavelets and reentry with fibrillatory con-
duction have a role in perpetuation of AF, particularly in patients 
with atrial electroanatomic remodeling.14

Pulmonary and Thoracic Vein Arrhythmogenesis

The seminal observation that rapid depolarizations from the pul-
monary veins (PVs) can initiate and perpetuate AF led to the 
development of novel mechanistic and therapeutic paradigms.15 
The mechanism by which PVs become arrhythmogenic and initi-
ate AF in some patients and remain dormant in others still is not 
clear. Genetic predisposition, stretch, neurohormonal milieu, and 
changes in autonomic tone have all been implicated.

During embryonic development, the common PV is incorpo-
rated into the left atrium. An immunohistochemical study dem-
onstrated that the histologic characteristics of the PVs and the 
smooth-walled portion of the left atrium are identical (Figure 
75-3),16 explaining why the antral regions of the PVs and the 
posterior left atrium also are arrhythmogenic. There appears to 
be a dynamic interplay between the PVs and the adjacent left 
atrium, as the site of rapid electrical activity alternates between 
the PV and the left atrium.

Nonpulmonary thoracic veins (i.e., the superior and inferior 
venae cavae), the coronary sinus (CS), and the ligament 

Atrial Fibrillation: Paroxysmal, 
Persistent, and Permanent

Hakan Oral and Rakesh Latchamsetty

CHAPTER OUTLINE

Epidemiology and Societal Impact 739

Classification 739

Pathophysiology 739

Treatment 742

Conclusions and Future Directions 752

Atrial fibrillation (AF) is a common supraventricular arrhythmia 
characterized by complex spatiotemporal organization and non-
uniform conduction. In this chapter, epidemiology, nomencla-
ture, current mechanistic insights, and contemporary treatment 
strategies will be discussed.

Epidemiology and Societal Impact

The prevalence of AF is approximately 2% in North America and 
Europe, with more than 6 million Americans and more than 6 
million Europeans affected.1-3 The prevalence is thought to be 
slightly lower in Asia and is estimated as 1% to 2%.4 The preva-
lence of AF increases with age to approximately 9% in octogenar-
ians, and men are affected more frequently than women.5 The 
number of patients with AF in the United States is expected to 
exceed 12 million by 2050 (Figure 75-1).5 In the Framingham 
Heart Study, AF was associated with a 1.5-1.9 fold increase in 
mortality.6 Among Medicare beneficiaries with AF, the 1-year 
mortality rate was 25%.7 Annual health care expenditures result-
ing from AF were over $7 billion in 2001.8

Classification

Clinical AF is defined as an episode that lasts longer than 30 
seconds. Lone AF refers to AF in patients younger than 60 years 
without coexisting heart disease. Following initial presentation, 
AF can be categorized as9:
• Paroxysmal AF—episodes of AF terminating spontaneously 

within 7 days or cardioverted within 48 hours of onset
• Persistent AF—episodes of AF lasting greater than 7 days or 

cardioverted after 48 hours of onset
• Longstanding persistent AF—continuous AF for longer than 12 

months
• Permanent AF—restoration and maintenance of sinus rhythm 

has either failed or a decision has been made to not attempt 
rhythm control
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Figure 75-1.  Secular trends in the incidence of atrial fibrilla-
tion (AF). Projected number of persons with AF in the United 
States between 2000 and 2050, assuming no further increase 
in  age-adjusted  AF  incidence  (solid curve)  and  assuming  a 
continued  increase  in  incidence  rate  as  evident  in  1980  to 
2000 (dotted curve). 

(With permission from Miyasaka Y, Barnes ME, Gersh BJ, et al: 
Secular trends in incidence of atrial fibrillation in Olmsted 
county, Minnesota, 1980 to 2000, and implications on the pro-
jections for future prevalence. Circulation 114:119–125, 2006.)
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Figure 75-2.  Multifactorial nature of the genesis of atrial fibrillation (AF). Shown is an endoscopic view of a three-dimensional computed tomographic image of the left 
atrium. Potential mechanisms of AF include PV tachycardias that initiate and perpetuate AF (left upper insert), rotors (magnified phase map in the left lower insert), multiple 
reentrant circuits  (green circles),  and autonomic modulation  through ganglionated plexi  (yellow patches  and  right lower inset). There  is a dynamic  interplay between  the 
pulmonary veins  (PVs) and other drivers of AF such that they continually activate and perpetuate each other. LS,  left superior; RS,  right superior; LI,  left  inferior; RI,  right 
inferior; LAA, left atrial appendage. 

(Adapted with permission from Jalife J: Rotors and spiral waves in atrial fibrillation. J Cardiovasc Electrophysiol 14:776–780, 2003; and Po SS, Nakagawa H, Jackman WM: Localiza-
tion of left atrial ganglionated plexi in patients with atrial fibrillation. J Cardiovasc Electrophysiol 20:1186–1189, 2009.)
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ablation along and in the CS in patients who remained in AF 
after PVI prolonged AF cycle length and terminated AF in 35% 
of patients (46% paroxysmal AF, 30% persistent AF).19 These 
findings suggest a mechanistic role of the CS in initiation and 
perpetuation of AF.

High-Frequency Sources and Rotors

High frequency sources or rotors resulting from anisotropic 
reentry have been proposed as drivers of AF based on optical 

of Marshall have all been reported to possess arrhythmogenic 
activity, but less frequently than the PVs. The CS seems to have 
a particularly complex role; it can harbor triggers of AF and 
participate in left atrial reentrant circuits.17 The complex, multi-
layered structure of the CS and adjacent left atrial myocardium 
with resultant anisotropy could facilitate reentry. A prior study 
suggested that the site of fastest electrical activity during AF 
alternates between the CS and left atrium.18 In that study, sys-
tematic disconnection of the CS from the left atrium rendered 
AF less likely to be inducible after PV isolation (PVI) in patients 
with paroxysmal AF. In a recent study, epicardial and endocardial 

Figure 75-3.  A, Schematic depiction of outer atrial chambers with pulmonary veins (PVs) and systemic veins. Left atrial body (LAB) and right atrial body (RAB) covered by 
myocardium with smooth-walled inner aspect (blue), which stretches over extracardiac segments of PV and over small peripheral part of systemic veins (blue area above 
and below dotted line). B, Schematic depiction of tissue types found inside left and right atria. Vessel wall tissue (red), myocardial tissue with smooth-walled inner aspect 
(blue), primary atrial segment tissue (brown),  left-sided sinus venous tissue (*). C-F, Sections of segments of human neonatal heart. No histologic venoatrial demarcation 
was found at the transition of PV and LAB. LAA, Left atrial appendage; RAA, right atrial appendage; SVC, superior vena cava; IVC, inferior vena cava; SC, coronary sinus; Myo, 
myocardium; E, epicardium; L, lumen; P, pericardial cavity; SM, smooth muscle; M, medial layer; A, adventitial layer. 

(Adapted with permission from Douglas YL, Jongbloed MR, Gittenberger-de Groot AC, et al: Histology of vascular myocardial wall of left atrial body after pulmonary venous 
incorporation. Am J Cardiol 97:662–670, 2006.)
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thromboembolic risk in patients with AF is primarily due to a 
hypercoagulable state, left atrial mechanical dysfunction, or both.

Currently, management of thromboembolic risk associated 
with AF focuses on the use of antithrombotic agents and involves 
a three-part evaluation of the thromboembolic risk, bleeding risk, 
and selection of the appropriate antithrombotic agent.

The risk of thromboembolism is considered similar among 
patients with paroxysmal, persistent, or permanent AF or atrial 
flutter. In patients younger than 60 years with lone AF, the benefit 
of even antiplatelet therapy using aspirin for primary prevention 
of stroke has not been established.35 In other patients, a com-
monly used algorithm proposes the classification of risk factors 
into low, moderate, or high-risk categories and selection of anti-
thrombotic therapy on the composite score based on these risk 
factors (Table 75-1). The CHADS2

36,37 (Box 75-1) scoring system 
has been used to quantify thromboembolic risk in patients with 
AF by estimating an annual stroke rate based on the presence or 
absence of five clinical risk factors: heart failure, hypertension, 
age, diabetes, and previous stroke. The more recent CHA2DS2-
VASc score38 (Box 75-1) also estimates annual stroke risk and 
incorporates incremental thromboembolic risk factors, including 
vascular disease, female sex, and two levels of risk based on age 
(Box 75-1). This scoring system has been incorporated into  
the European Society of Cardiology (ESC) guidelines for AF 
management.

In addition to establishing thromboembolic risk, a patient’s 
individualized bleeding risk must also be evaluated before selec-
tion of therapy. Three bleeding risk algorithms have been vali-
dated in patients with AF:

mapping studies and computer simulation and experimental 
models.20,21 A recent study using panoramic in vivo mapping of 
the atria also suggested the presence of rotors as drivers of AF in 
the human atrium.22 Wavebreak and fibrillatory conduction occur 
at the periphery of a rotor leading to complex fractionated atrial 
electrograms (CFAE).23 Anchor points of rotors may be more 
prevalent at the antral regions of the PVs. A shorter effective 
refractory period at sites of autonomic innervation within the PV 
antrum can also promote development of rotors. Propagation of 
atrial activity from high-frequency sources results in frequency 
gradients, such as from the PVs to the left atrium and to the right 
atrium.24 Elimination of PV tachycardias and ablation of CFAEs 
can result in a decrease in the frequency content. In persistent 
AF, reduction in dominant frequency after electrogram-guided 
ablation predicts maintenance of sinus rhythm.25

Autonomic Innervation

The heart has an intrinsic nervous system and an interactive atrial 
neural network. Both sympathetic and parasympathetic systems 
have significant influences, primarily by sympathetic mediated 
increases in intracellular Ca2+ and vagally mediated heteroge-
neous shortening of atrial ERP promoting reentry.26 Stimulation 
of ganglionated plexi (GP) promotes PV arrhythmogenicity and 
inducibility of AF, and GP have been considered as potential 
targets during ablation.27 However, the precise role of ablation of 
GP remains to be determined in patients with AF. It is important 
to note that strategies to ablate CFAEs and GPs are not mutually 
exclusive because targeted locations frequently overlap.28

Atrial Remodeling

AF leads to electroanatomic remodeling in the atria, which can 
include a decrease in atrial ERP; an increase in heterogeneity of 
refractoriness; shortening of action potential duration; changes 
in ion channel expression, cellular coupling, and conductivity; 
and development of fibrosis.29 Progressive electroanatomic 
remodeling of the atria facilitates perpetuation of AF.30 A variety 
of interventions to interfere with progression of remodeling both 
as a standalone therapy and also in conjunction with antiarrhyth-
mic drug therapy or catheter ablation for rhythm control is the 
subject of ongoing research.

Treatment

It is important to address associated conditions and intervene to 
improve or eliminate these comorbidities, which can include but 
are not limited to hypertension, obesity, obstructive sleep apnea, 
valvular or infiltrative heart disease, thyroid disorders, electrolyte 
abnormalities, or intracranial pathology.

Management of Thromboembolic Risk

Atrial fibrillation increases the risk of thromboembolic events by 
nearly fivefold.31 Left atrial mechanical dysfunction and stasis 
promote thrombus formation in the left atrial appendage. 
However, approximately 25% of all strokes in patients with AF 
are due to intrinsic cerebrovascular or atherosclerotic aortic 
disease.32 A hypercoagulable state with platelet and endothelial 
dysfunction can exist in patients with AF, with increases in throm-
boglobulin and platelet factor 4 levels and a trend toward higher 
fibrinogen levels.33 Further evidence of systemic involvement 
includes elevated CRP levels.34 It remains unclear whether the 

Table 75-1. Guidelines for Antithrombotic Therapy in Patients 
With Atrial Fibrillation

Risk Category Recommended Therapy

No risk factors Aspirin, 81-325 mg daily

One moderate-risk factor Aspirin (81-325 mg daily) or 
warfarin (INR 2.0-3.0; target, 2.5)

Any high-risk factor or more than 
one moderate-risk factor

Warfarin (INR 2.0-3.0; target, 2.5)

Less Validated or 
Weaker Risk Factors

Moderate-Risk 
Factors High-Risk Factors

Female gender Age ≥ 75 yr Previous stroke, TIA, 
embolism

Age 65-74 yr Hypertension Mitral stenosis

Coronary artery 
disease

Heart failure Prosthetic heart 
valve*

Thyrotoxicosis LV ejection fraction 
35% or less

Diabetes mellitus

INR, international normalized ratio; TIA, transient ischemic attack; LV, left 
ventricular.
With permission from Fuster V, Rydén LE, Cannom DS, et al: 2011 ACCF/AHA/
HRS focused updates incorporated into the ACC/AHA/ESC 2006 Guidelines for 
the management of patients with atrial fibrillation: a report of the American 
College of Cardiology Foundation/American Heart Association Task Force on 
Practice Guidelines developed in partnership with the European Society of 
Cardiology and in collaboration with the European Heart Rhythm Association 
and the Heart Rhythm Society. J Am Coll Cardiol 57:e101–e198, 2011.

*If mechanical valve, target INR > 2.5.
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bleeding complications. Any reversible risk factor for bleeding 
should be addressed.

Selection of antithrombotic agents includes antiplatelet 
therapy (aspirin with or without clopidogrel), vitamin K antago-
nists (warfarin), and newer anticoagulants such as the direct 
thrombin inhibitor dabigatran and direct factor Xa inhibitors 
rivaroxaban and apixaban. These newer agents have been studied 
primarily in patients with nonvalvular AF.

Although the bleeding risk is higher, warfarin is superior to 
aspirin in reducing thromboembolic events.43 Aspirin plus clopi-
dogrel has bleeding rates similar to warfarin, but it is less effective 
in preventing thromboembolism.44 Current American College of 
Cardiology/American Heart Association/Heart Rhythm Society 
(ACC/AHA/HRS) guidelines for antithrombotic therapy are dis-
played in Table 75-1 and recommend consideration of warfarin in 
patients with one or more moderate thromboembolic risk factor. 
Recent ESC guidelines have incorporated the CHA2DS2-VASc 
algorithm and recommend oral anticoagulation unless contraindi-
cated for a score of 2 or greater, and they suggest consideration for 
a score of 1 based on the bleeding risk and patient preference.45

• HEMORR2HAGES—hepatic or renal disease, ethanol abuse, 
malignancy, older age (>75 years), reduced platelet count or 
function, rebleeding risk, hypertension (uncontrolled), anemia, 
genetic factors, excessive fall risk, and stroke39

• ATRIA—anticoagulation and risk factors in atrial 
fibrillation40

• HAS-BLED—hypertension (uncontrolled), abnormal renal or 
liver function, stroke, bleeding history or predisposition 
(anemia), labile international normalized ratio, elderly, drugs 
or alcohol concomitantly (Table 75-2)41

Among these, the HAS-BLED score is simple and readily appli-
cable with identification of manageable risk factors, and it has a 
high predictive value.42 The HAS-BLED score can be used to 
identify patients with a high risk of bleeding, but it should not 
be considered prohibitive for antithrombotic therapy as patients 
with higher bleeding risk often are at higher thromboembolic 
risk and may still have incremental benefit with appropriate anti-
coagulation. Rather, a high HAS-BLED score (e.g., 3 or greater) 
should be used to individualize therapy for each patient, prompt-
ing more regular follow-up with higher vigilance for potential 

Box 75-1 Risk Stratification Algorithms for Stroke in Patients With Atrial Fibrillation*

CHADS2 SCORING SYSTEM CHA2DS2-VASC SCORING SYSTEM

Risk Factor Points Risk Factor Points

Congestive Heart Failure 1 Congestive Heart Failure/
LV Dysfunction

1

Hypertension 1 Hypertension 1

Age > 75 years 1 Age ≥ 75 years 2

Diabetes mellitus 1 Diabetes Mellitus 1

Stroke or TIA 2 Stroke/TIA/TE 2

Vascular Disease 1

Age 65-74 years 1

Sex (female) 1

Score Adjusted Annual Stroke Rate (%) Score Adjusted Annual Stroke Rate (%)

0 1.9 0 0

1 2.8 1 0.7

2 4.0 2 1.9

3 5.9 3 4.7

4 8.5 4 2.3

5 12.5 5 3.9

6 18.2 6 4.5

7 10.1

8 14.2

9 100

LV, left ventricular; TIA, transient ischemic attack; TE, thromboembolism.
Based on data from Gage BF, Waterman AD, Shannon W, Boechler M, Rich MW, Radford MJ: Validation of clinical classification schemes for predicting stroke: results from 
the national registry of atrial fibrillation. J Am Med Assoc 285:2864–2870, 2001; van Walraven C, Hart RG, Wells GA, et al: A clinical prediction rule to identify patients with 
atrial fibrillation and a low risk for stroke while taking aspirin. Arch Intern Med 163:936–943, 2003; and Lip GY, Nieuwlaat R, Pisters R, et al: Refining clinical risk 
stratification for predicting stroke and thromboembolism in atrial fibrillation using a novel risk factor-based approach: the Euro heart survey on atrial fibrillation. Chest 
137:263–272, 2010.

*Two currently used scoring systems to predict thromboembolic risk in patients with atrial fibrillation and associated adjusted annual stroke rate without anticoagulant 
therapy.
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of patients with previous cardiac surgery or unfavorable append-
age anatomy and the potential challenges and risk of obtaining 
percutaneous pericardial access. Large-scale randomized trials 
will be necessary to determine whether there will be a reduction 
in the risk of stroke.

Antiarrhythmic drug (AAD) use to maintain sinus rhythm has 
not been demonstrated to reduce the risk of stroke. However, 
early observational studies have suggested that stroke risk in the 
absence of anticoagulant therapy after successful catheter abla-
tion of AF may be similar to the general population, at least in 
patients who have not had a prior stroke and are younger than 
65 years.52,53 Another study showed that an older cohort (≥65 

Recent studies demonstrated the noninferiority or superiority 
of newer anticoagulants compared with warfarin. Dabigatran was 
reported to have a similar or lower stroke and major bleeding risk 
and a decrease in hemorrhagic strokes compared with warfarin, 
without a difference in overall mortality.46 Rivaroxaban is nonin-
ferior to warfarin in stroke prevention with similar overall bleed-
ing risk, but is associated with fewer intracranial and fatal 
hemorrhages.47 Apixaban is superior to warfarin in stroke preven-
tion with a lower risk of hemorrhagic complications.48 Other 
potential advantages of newer anticoagulants over warfarin 
include faster onset of action, no need for dietary restrictions, 
and potentially more time in the therapeutic range with proper 
compliance. It has been recognized that patients taking warfarin 
might not be in the optimal therapeutic anticoagulation range in 
up to 59% to 68% of the time.49 Limitations of the newer anti-
coagulant agents include lack of specific reversal agents, dose 
adjustment requirements in elderly patients and in patients with 
renal insufficiency, cost, and limited long-term safety data com-
pared with warfarin. The latest ESC guidelines recommend the 
use of these newer anticoagulant agents as the preferred antico-
agulant therapy for patients with AF (Figure 75-4).

Other options for stroke prevention, particularly in patients 
with contraindications to anticoagulation, are surgical or percu-
taneous left atrial appendage exclusion or occlusion. Reductions 
in the long term risk for stroke after surgical exclusion of the left 
atrial appendage, even among patients with high baseline risk 
factors and many who discontinued anticoagulation following 
surgery, have been reported.50 Surgical morbidity and mortality 
should be carefully considered. A high prevalence of residual 
communication between the left atrium and appendage after both 
surgical and percutaneous exclusion has been recognized; 
however, it is not clear whether this is associated with an increased 
risk of stroke.

Percutaneous techniques of left atrial appendage closure 
include endocardial deployment of an appendage occlusion 
device and epicardial ligation of the left atrial appendage with 
endocardial guidance (LARIAT; SentreHeart, Redwood City, 
CA). Clinical trials are underway in assessing the efficacy and 
safety of percutaneous left atrial appendage occlusion devices 
(Watchman, Atritech, Plymouth, MN; Amplatzer Cardiac Plug, 
St. Jude Medical, MN). Early studies suggested a significant 
effect of operator experience and a learning curve in minimizing 
the risk of complications. A single-center study evaluating the use 
of the LARIAT device demonstrated a high 1-year complete 
appendage closure rate (98%) with limited procedural complica-
tions.51 Limitations to the use of this device include the exclusion 

Table 75-2. Clinical Characteristics Composing the HAS-BLED 
Bleeding Risk Score

Letter Clinical Characteristic Points Awarded

H Hypertension 1

A Abnormal renal and liver function 
(1 point each)

1 or 2

S Stroke 1

B Bleeding 1

L Labile international normalized 
ratios

1

E Elderly 1

D Drugs or alcohol (1 point each) 1 or 2

Based on data from Pisters R, Lane DA, Nieuwlaat R, et al: A novel user-friendly 
score (HAS-BLED) to assess 1-year risk of major bleeding in patients with atrial 
fibrillation: the Euro heart survey. Chest 138:1093–1100, 2010.

Figure 75-4.  European Society of Cardiology guidelines on choice of anticoagulant 
therapy  in patients with AF. Antiplatelet  therapy with aspirin plus clopidogrel or, 
less effectively, aspirin only, should be considered in patients who refuse any oral 
anticoagulant  (OAC),  or  cannot  tolerate  anticoagulants  for  reasons  unrelated  to 
bleeding.  If  there  are  contraindications  to  OAC  or  antiplatelet  therapy,  then  left 
atrial  appendage  occlusion,  closure,  or  excision  should  be  considered.  CHA2DS2-
VASc: green = 0; blue = 1; red ≥ 2. Solid line  indicates the best option; dashed line 
indicates an alternative option. AF, atrial fibrillation; NOAC, novel oral anticoagulants 
(direct thrombin or factor Xa inhibitors); VKA, vitamin K antagonist.
aIncludes rheumatic valvular disease and prosthetic valves. 

(Reproduced with permission from Camm AJ, Lip GY, De Caterina R, et al: 2012 
focused update of the ESC guidelines for the management of atrial fibrillation: an 
update of the 2010 ESC guidelines for the management of atrial fibrillation–developed 
with the special contribution of the European Heart Rhythm Association. Europace 
14:1385–1413, 2012.)
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Figure 75-5.  A, Cumulative proportion of patients free from thromboembolic events after atrial fibrillation (AF) ablation was similar to a hypothetical group of age-matched 
control subjects with no history of AF. B, Stroke risk remains low even in patients 65 years or older following successful ablation of AF. SR, sinus rhythm; RFA, radiofrequency 
ablation. 

(Adapted with permission from Oral H, Chugh A, Ozaydin M, et al: Risk of thromboembolic events after percutaneous left atrial radiofrequency ablation of atrial fibrillation. 
Circulation 114:759–765, 2006; Guiot A, Jongnarangsin K, Chugh A, et al: Anticoagulant therapy and risk of cerebrovascular events after catheter ablation of atrial fibrillation in 
the elderly. J Cardiovasc Electrophysiol 23:36–43, 2012.)
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years) following successful ablation of AF also had a stroke rate 
of 0.7% per year even after discontinuing warfarin (Figure 
75-5).54 However, these findings remain to be confirmed in 
longer-term and larger scale trials.

Rate Versus Rhythm Control

In the Atrial Fibrillation Follow-up Investigation of Rhythm 
Management (AFFIRM) study, 4060 patients 65 years or older 
with AF and other risk factors for stroke or death were random-
ized to a rate or rhythm control strategy.55 On an intention-to-
treat analysis, there was a trend toward higher overall mortality 
in the rhythm control group (P = .08). Subsequent post hoc 
analyses suggested that potential adverse effects of AAD therapy 
might have negated any beneficial effects of sinus rhythm.56 An 
on-treatment analysis demonstrated that maintenance of sinus 
rhythm and warfarin use were associated with a decrease in mor-
tality, whereas AAD therapy was associated with an increase in 
mortality.57 In the Rate Control versus Electrical Cardioversion 
(RACE) trial, there was no significant difference in the primary 
composite endpoint of cardiovascular mortality, heart failure, 
thromboembolic complications, bleeding, need for a pacemaker, 
and severe adverse AAD effects among the 522 patients who were 
randomized to rhythm or rate control strategy.58

These findings suggest that a rate control strategy may be an 
acceptable approach in older patients with higher stroke risk and 
minimally symptomatic AF. Although few retrospective case 
series suggested an improvement in longevity of patients with AF 
who underwent catheter ablation, whether a rhythm control 
strategy by catheter ablation will be associated with a survival 
benefit remains to be determined in large-scale, prospective ran-
domized studies with long-term follow-up and is currently being 
investigated in an ongoing multicenter, randomized clinical trial.

Rate Control
A ventricular rate less than 100 beats/min (bpm) at rest, and 90 to 
115 bpm during mild to moderate exertion is often targeted for 
rate control for AF.35 The RACE-2 trial randomized 614 patients 
to a strict (resting heart rate < 80 bpm, and moderate exercise 
heart rate < 110 bpm) versus lenient (resting heart rate < 110 bpm) 

rate control strategy. The lenient strategy was noninferior to a 
strict rate control strategy in the composite primary outcome 
(death from cardiovascular causes, hospitalization for heart failure, 
stroke, systemic embolism, bleeding, and life-threatening arrhyth-
mias).59 A prospective randomized study of five different rate 
control regimens, demonstrated that combination of a β-blocker 
and digoxin was the most effective for ventricular rate control 
during daily activities.60

In patients who are not candidates for catheter ablation to 
eliminate AF and in whom ventricular rate control cannot be 
achieved pharmacologically, atrioventricular junction ablation 
plus ventricular pacing has been highly effective, with long-term 
improvement in quality of life and overall improvement in cardiac 
function. Some patients with left ventricular dysfunction and 
heart failure may benefit with initial biventricular pacing at the 
time of ablation, but this subset remains to be better defined. In 
patients who experience a decrease in cardiac function following 
right ventricular pacing, an upgrade to a biventricular pacing 
device can provide subsequent improvement in ejection fraction 
and heart failure symptoms.61

Rhythm Control
Maintenance of sinus rhythm has been associated with an 
improvement in quality of life, left ventricular ejection fraction, 
and left atrial size.62

Pharmacologic Therapy
Antiarrhythmic Drug Therapy Once a decision for rhythm control 
is made, a trial of one or more AADs is usually warranted unless 
it is not preferable or contraindicated because of comorbid condi-
tions or poor long-term risk/benefit ratio. The selection of AADs 
can be affected by the presence of structural heart disease, comor-
bidities, patient age, and the type of AF (Figure 75-6). In patients 
with preserved left ventricular function, no ischemia, and no 
significant left ventricular hypertrophy, class IC antiarrhythmic 
drugs are often the initial choice and can be administered daily 
to prevent AF or as needed in patients with infrequent, reason-
ably well-tolerated, and longer episodes of AF to shorten the 
duration of the arrhythmia (“pill in the pocket” approach). Class 
IC agents should be administered with a rate controlling agent 
to prevent paradoxic increases in ventricular rates during AF. 
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less effective.66 It should not be used in patients with persistent 
AF and structural heart disease. It is contraindicated in patients 
with New York Heart Association class IV heart failure or recent 
decompensation. Rare cases of fulminant hepatic failure have also 
been reported.

Newer antiarrhythmic agents are atrioselective and primarily 
block early activating K+ channels (IKur). Intravenous vernakalant 
facilitates conversion from AF to sinus rhythm in recent onset 
(52%)67 and postoperative (47%) AF.68 Oral vernakalant can also 
help to maintain sinus rhythm following cardioversion.69 Overall 
safety and efficacy profiles remain to be determined, and vernaka-
lant currently is being investigated in the United States.

Statins, Polyunsaturated Fatty Acids, Inhibitors of the Renin-Angiotensin-
Aldosterone System Statins can prevent AF by modulating inflam-
matory response and oxidative stress. Simvastatin attenuates 
atrial tachycardia pacing–induced electrophysiological remodel-
ing through inhibition of the downregulation of L-type calcium 
channels, and it reduces atrial fibrosis and conduction abnormali-
ties by attenuating fibroblast proliferation.70 In a recent meta-
analysis including 7041 patients,71 statins only reduced the risk 
of AF in observational studies (23% reduction) and mostly in the 
postoperative setting. Statins decreased postoperative AF from 
36.6% to 27.8% (odds ratio, 0.68; 95% confidence interval; 0.46 
to 0.96).72

Omega-3 (n-3) polyunsaturated fatty acids (PUFAs) have anti-
oxidant, antiinflammatory, and lipid-lowering effects. PUFAs also 
block Na and L-type calcium channels and modulate membrane 
fluidity.73 In an animal model of vagally induced AF, pretreatment 
with fish oil reduced expression of connexin40 and connexin43 by 
50% and decreased inducibility of AF.74 In an observational, pro-
spective study of 4815 adults 65 years or older, fish consumption 

Because of the risk of proarrhythmia, class IA agents are being 
used less often. However, disopyramide can be considered in 
patients with vagotonic AF because of its anticholinergic effects.

In a randomized study, time to recurrence of AF was longer 
among patients who received amiodarone (487 days) compared 
with sotalol (74 days) or placebo (6 days).63 In a subgroup analysis 
of patients with ischemic heart disease, time to recurrence of AF 
was similar in the amiodarone and sotalol groups. Amiodarone is 
the AAD least likely to cause proarrhythmia in patients with 
structural heart disease and can be used in patients with renal 
insufficiency. However, its potential cumulative systemic side 
effects are a concern and should be monitored carefully.

Dofetilide, another class III agent, can also be used in patients 
with a reduced left ventricular ejection fraction. In the Danish 
Investigations of Arrhythmia and Mortality on Dofetilide— 
Congestive Heart Failure (DIAMOND-CHF) trial, 1518 patients 
with New York Heart Association class III or IV symptoms and 
severe LV dysfunction were randomized to dofetilide versus 
placebo.64 Dofetilide was associated with fewer hospitalizations 
for worsening heart failure and an improvement in sinus rhythm 
maintenance. Dofetilide has a narrow therapeutic window with 
complex pharmacokinetics and a 3.3% incidence of torsade de 
pointes.64 Dofetilide should be initiated as an inpatient; QT 
interval and renal function must be monitored regularly; and dose 
should be adjusted accordingly. Sotalol, another class III agent, 
also carries a risk of proarrhythmia, which can be more prevalent 
in women with a diminished repolarization reserve.65 Sotalol 
dosage should be adjusted according to the renal function.

Dronedarone has electrophysiological effects similar to amio-
darone and may be considered in patients with paroxysmal AF. 
Lacking the iodine moiety, dronedarone was proposed to have 
fewer adverse effects than amiodarone; however, it appears to be 

Figure 75-6.  Choice of antiarrhythmic drug therapy for recurrent paroxysmal or persistent atrial fibrillation based on underlying cardiovascular comorbidities. 

(Reproduced with permission from Fuster V, Rydén LE, Cannom DS, et al: 2011 ACCF/AHA/HRS focused updates incorporated into the ACC/AHA/ESC 2006 Guidelines for the 
management of patients with atrial fibrillation: a report of the American College of Cardiology Foundation/American Heart Association Task Force on Practice Guidelines devel-
oped in partnership with the European Society of Cardiology and in collaboration with the European Heart Rhythm Association and the Heart Rhythm Society. J Am Coll Cardiol 
57:e101–e198, 2011.)
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was associated with a 30% reduction in AF incidence over 12 
years.75 These results were not consistently confirmed in other 
observational or prospective randomized studies. In a randomized 
study, treatment with PUFAs reduced postoperative AF by 50% 
after coronary artery bypass surgery76; this benefit in postopera-
tive AF was confirmed in a recent metaanalysis.77 Although sec-
ondary prevention AF trials do not consistently support the 
benefit of PUFAs, a limitation of many trials is the duration of 
therapy. Recently, 178 patients with persistent AF treated with 
fish oil 1 month before cardioversion and continued afterward had 
substantial 90-day (38.5% vs. 77.5%) and 1-year reductions in the 
recurrence of AF (67% vs. 90%).78 In another study, patients with 
higher levels of circulating n-3 PUFAs and docosahexaenoic acid 
levels had a lower incidence of AF.79

Activation of the renin-angiotensin-aldosterone system 
(RAAS) results in fibrosis and promotes electroanatomic remodel-
ing.80 Renin-angiotensin gene polymorphisms are associated with 
an increased risk of AF.81 Local expression of the angiotensin-
converting enzyme is increased in patients with persistent AF. 
Inhibition of RAAS can prevent AF by improving left ventricular 
remodeling and hemodynamics, decreasing left atrial stretch, 
attenuating angiotensin-induced fibrosis, and exerting direct 
effects on ion channels.82 In a metaanalysis of 11 studies involving 
56,308 patients, treatment with an angiotensin-converting-
enzyme inhibitor (ACEI) or angiotensin II receptor blocker 
(ARB) was associated with a 28% decrease in the relative risk of 
AF.83 The reduction in AF was similar with ACEI or ARBs, and it 
was most pronounced in patients with congestive heart failure. 
Except in patients with left ventricular hypertrophy, a similar 
reduction in AF risk was not observed in patients with hyperten-
sion. In another recent metaanalysis of 92,817 patients in 14 trials, 
ARBs more effectively reduced new onset AF (relative risk 78% 
compared with conventional therapy or placebo) than did ACEIs.84

Aldosterone also promotes inflammation and fibrosis. In an 
animal model of pacing-induced congestive heart failure, selec-
tive blockade of aldosterone decreased inducibility of atrial 
arrhythmias and prolonged atrial ERP.85 In the Eplerenone in 
Mild Patients Hospitalization and Survival Study in Heart Failure 
(EMPHASIS-HF), eplerenone was associated with a reduction in 
new onset of AF or flutter (hazard ratio, 0.58).86 However, a 
recent metaanalysis showed no benefit of aldosterone antagonists 
in reducing new onset AF.84 Although there is preliminary evi-
dence, the beneficial effects of statins, PUFA, and RAAS inhibi-
tors on the pathogenesis of AF remain to be confirmed.

Catheter Ablation
Patient Selection According to the current guidelines, after a trial 
of one or more AADs, catheter ablation is recommended for 
patients with symptomatic paroxysmal AF and is considered rea-
sonable for patients with persistent AF. It can also be considered 
as first-line therapy for patients with symptomatic paroxysmal 
AF.9,45 Age, functional status, symptoms, long-term thromboem-
bolic risk, structural remodeling associated with AF, long-term 
risk of anticoagulant therapy, presence of structural heart disease 
including tachycardia-mediated cardiomyopathy, left atrial size, 
duration of AF, and availability of effective and tolerable phar-
macologic therapy should be weighed carefully against the long-
term efficacy and risk of complications associated with catheter 
ablation.

Perioperative Anticoagulation Uninterrupted warfarin is the pre-
ferred perioperative anticoagulation regimen in patients who 
undergo catheter ablation of AF. A recent metaanalysis of nine 
studies including 6400 patients demonstrated that uninterrupted 
anticoagulation with warfarin during ablation significantly 
decreased the thromboembolic risk without an increased risk of 
bleeding. There was no increase in the incidence or severity  
of pericardial tamponade.87,88 The optimal algorithm for the use 

of newer anticoagulants during the perioperative period remains 
to be defined because of different pharmacokinetics and limita-
tion of specific antidotes available for the newer thrombin and 
Factor Xa inhibitors.

Therapeutic anticoagulation is routinely continued for 3 
months or longer after ablation. The decision to discontinue 
anticoagulation after ablation is based on inherent thromboem-
bolic risk, particularly age and history of prior stroke, efficacy of 
ablation in eliminating atrial arrhythmias, and patient and physi-
cian preference. In patients in whom anticoagulation with war-
farin or newer anticoagulants is discontinued, use of aspirin 
should be considered indefinitely. Long-term surveillance should 
be maintained for changes in thromboembolic risk profile and 
AF recurrence.

Techniques Techniques for ablation of AF continue to evolve, 
incorporating insights into the mechanisms of AF as well as 
advances in technology. Strategies for ablation of AF involve 
anatomic and electrophysiologically guided approaches.

ANATOMICAL  ABLATION  The premise of anatomical ablation is 
that mechanisms of AF use similar locations, and empiric ablation 
at these sites should be effective in eliminating AF. PVs have a 
critical role in the initiation and perpetuation of AF15 and are 
targeted with a variety of techniques, including segmental ostial 
ablation, circumferential PV ablation, wide-area circumferential 
ablation, and antral PVI (APVI; Figure 75-7).89,90 Because of the 
arrhythmogenic potential of the PV antrum, APVI is often pre-
ferred and can exert its beneficial effects by: (1) elimination of 
arrhythmogenic sites within the PVs and their antra, (2) debulk-
ing of the left atrium by 25% to 30%, (3) elimination of anchor 
points of rotors, (4) ablation of GPs, and (5) possible ablation of 
the ligament of Marshall.

APVI is highly effective for paroxysmal AF, although repeated 
procedures may be necessary in up to 20% to 50% of cases to 
eliminate recurrent PV conduction.91,92 Because of the complex 
mechanisms of persistent AF that extend beyond the PVs, the 
efficacy of APVI alone for persistent or long-standing persistent 
AF has been rather modest.93

The superior vena cava, ligament of Marshall, CS, and crista 
terminalis are often targeted when found to harbor arrhythmo-
genic foci. Some studies suggested that the CS might also have 
a role in the perpetuation of AF similar to a PV; these studies 
employed routine endocardial and/or epicardial isolation of the 
CS.19 However, the utility of routine CS isolation remains unad-
dressed in large prospective studies.

Linear ablation has also been proposed as a standalone abla-
tion strategy or in conjunction with APVI. The rationale of linear 
ablation is to interrupt reentrant circuits that might perpetuate 
AF. The left atrial roof, mitral isthmus, posterior mitral annulus, 
inferoposterior wall of the left atrium, septal aspect of the left 
atrium, and anterior wall are frequently targeted sites. Because 
conduction gaps along the lines can facilitate macroreentrant 
atrial flutters, it is important to achieve complete conduction 
block whenever linear ablation is attempted.

Sites of GP can be targeted based on typical anatomic patterns, 
such as near the PV ostia and septum in the left atrium,94 or identi-
fied by vagal responses to high frequency stimuli. Although GP 
ablation seems to be insufficient as standalone therapy for parox-
ysmal or persistent AF,95,96 few studies (evaluating both endocar-
dial and surgical procedures) suggest an improvement in short- and 
long-term sinus rhythm maintenance when used in addition to 
PVI.97 The role of GP ablation remains to be better defined in 
larger-scale, prospective, randomized studies.

ELECTROPHYSIOLOGICALLY  GUIDED  ABLATION  Electrophysio-
logically guided ablation attempts to target triggers or drivers of 
AF to terminate or slow AF and preferably render the AF 
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novel computational methods.22 The details remain undisclosed, 
but the methodology involves the application of a phase domain 
analysis (Hilbert transform) to derive a time-specific AF activa-
tion pattern. Pivot points for rotors or focal impulse sources were 
visualized and targeted (Figure 75-8).22 Compared with APVI 
(plus left atrial roof line for persistent AF), the focal impulse and 
rotor modulation (FIRM) method showed higher likelihood of 
acute termination or slowing of AF during ablation (86% vs. 
20%; P < .001) and long-term freedom from AF (82.4% vs. 
44.9%; P < .001) after a median of 273 days. Although the FIRM 
method incorporated APVI and was not associated with a decrease 
in total ablation time, median ablation time to termination of AF 
was 2.5 minutes. This promising approach will require detailed 
examination of the mapping algorithms and validation in multi-
center randomized studies.

ENDPOINTS OF ABLATION  During APVI, the optimal endpoint is 
complete PV isolation confirmed by elimination of PV potentials 
and demonstration of bidirectional block between the PVs and 
left atrium. Adenosine can also be used to unmask dormant con-
duction between the PVs and left atrium.103 However, it remains 
to be determined whether further ablation to eliminate adenosine-
induced reconnection improves outcome. Isoproterenol can be 
used with or without rapid atrial pacing to identify other clinical 
supraventricular arrhythmias or non-PV triggers. Endpoints for 
individual applications of radiofrequency energy include elimina-
tion of target potentials, voltage abatement by greater than 80%, 
decreased impedance, slowing of the AF cycle length, and elimi-
nation of local activation gradients.104,105

Procedural endpoints are less well defined, particularly for 
nonparoxysmal AF. Several studies suggested that termination 
and noninducibility of AF during ablation predicts freedom from 
AF recurrence especially in patients with paroxysmal AF. Termi-
nation of AF indicates effective elimination of all triggers and 
drivers of AF active at a specific moment, whereas noninducibility 

noninducible. Identification of appropriate targets for ablation 
based on electrogram analysis is a rapidly evolving technique that 
relies on the ability to process and analyze signals on a real time 
basis.

In a novel study, CFAEs were targeted to eliminate AF in 
paroxysmal and persistent AF with favorable clinical outcomes.98 
CFAEs are usually defined by a short cycle length (≤120 ms), 
fractionation, or continuous electrical activity (see Figure 75-7). 
CFAEs can indicate sites of slow conduction, pivot points for 
reentrant circuits, wavefront collision, and conduction block; 
therefore, they also indicate sites of reentry.99 However, CFAEs 
are nonspecific and can reflect passive activation or summation 
of electrograms from overlapping layers of atrial myocardium 
and anisotropy. CFAEs can also be observed at the periphery of 
rotors where wave break and fibrillatory conduction occur.23 
Ablation at these sites of CFAEs is sometimes effective by elimi-
nating the nearby drivers.

Other approaches to identify AF drivers include near–real-
time or real-time spectral mapping of AF to identify the sites with 
the highest dominant frequency. Offline spectral analysis of elec-
trograms in patients with paroxysmal AF demonstrated that sites 
at which ablation terminated AF had a higher DF.100 The pres-
ence and elimination of DF gradients with ablation, whether 
within the left atrium or between the left and right atrium, has 
been associated with a more favorable clinical outcome.24,101 In 
one study, a decrease in DF by 11% following APVI and ablation 
of CFAEs was predictive of freedom from AF in patients with 
persistent AF.25 In another study, spectral components of AF 
other than the DF were suggested to indicate underlying macro-
reentrant atrial tachycardias that become manifest after elimina-
tion of drivers of AF with a higher DF.102 The feasibility and 
utility of real-time spectral mapping remains to be refined and 
subsequently validated in large-scale prospective trials.

In a recent study, localized rotors or rapidly firing sources 
were identified and ablated in paroxysmal and persistent AF using 

Figure 75-7.  Electroanatomic  maps  of  different  strategies  of  atrial  fibrillation  ablation.  A,  Circumferential  pulmonary  vein  isolation.  B,  Antral  pulmonary  vein  ablation. 
C, Ablation of complex fractionated atrial electrograms (CFAE). Note the rapid, disorganized, and continuous electrograms represented at ablation points in the CFAE map. 

Adapted with permission from references 56 and 57.
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chronicity of AF, the extent of electroanatomic remodeling, and 
number of repeated ablation procedures.

Several studies have reported a superior efficacy of catheter 
ablation to AADs and cardioversion for maintenance of sinus 
rhythm with an improvement in quality of life and decrease in 
left atrial dimension in patients with paroxysmal or persistent 
AF.111,112 However, a recent study randomizing patients to cath-
eter ablation versus AAD as an initial treatment strategy for 
paroxysmal AF showed no significant difference in cumulative AF 
burden over 2 years (Figure 75-9).113 In this study, a significant 
number of patients crossed over from the AAD to the ablation 
arm, but the results support an initial strategy of attempting 
antiarrhythmic medication. It remains to be determined whether 
earlier ablation confers longer-term benefit and decreases  
the likelihood of progression of AF. In a recent retrospective 
analysis, ablation of paroxysmal AF reduced or delayed progres-
sion to persistent AF over a mean follow-up of 27 months ± a 
standard deviation of 12 months (Figure 75-10).114

Late recurrences in the form of AF and atrial tachycardias 
have been recognized during long-term follow-up and may 
prompt repeat ablation procedures. Because the mechanisms of 
AF are better understood and treatment strategies are refined, 
the goal of cure of AF may eventually be realized.

A recent analysis of health care utilization using data from 
MarketScan Databases (Thomson Reuters; New York, NY) 
showed that health care expenditures fell by $2261 at 6 months 
after AF ablation compared with 6 months before ablation. 
Decreases in outpatient and emergency visits and hospitalization 

suggests complete elimination of any residual triggers and drivers 
that could initiate and perpetuate AF. Alternative endpoints can 
include completion of selected anatomic lesion sets, elimination 
of CFAEs, decrease in AF cycle length, decrease in dominant 
frequency, or elimination of frequency gradients. Few studies 
have suggested that termination (and noninducibility whenever 
achievable) of AF is associated with a higher probability of 
freedom from AF in patients with nonparoxysmal AF. However, 
termination and noninducibility can be difficult to achieve in 
patients with nonparoxysmal AF; it can require substantial abla-
tion with a long procedure duration, and it often prompts 
repeated ablation procedures primarily to eliminate atrial 
tachycardias.106

There is no consensus on an overall optimal strategy for abla-
tion of persistent AF, but APVI remains a critical component. 
Adjunctive strategies can be tailored to the individual patient and 
depend on operator preference. New methods of electrogram 
analysis to identify critical atrial substrate for AF maintenance 
are likely to facilitate mapping and ablation of AF.

Outcomes and Cost Analysis The efficacy of catheter ablation in 
maintaining sinus rhythm has been reported to vary between 
60% and 85% in patients with paroxysmal AF and between 30% 
and 75% in patients with persistent AF.89,107-110 Efficacy is 
improved with concomitant antiarrhythmic drug therapy.107 
However, assessment of clinical efficacy of catheter ablation can 
be complex and often highly dependent on the intensity of 
follow-up (extended ECG monitoring), patient characteristics, 

Figure 75-8.  Mapping of an electrical rotor during atrial fibrillation (AF). A, Computational maps of the right and left atria depicting three cycles of a left atrial rotor during 
AF with clockwise revolution (activation time scale coded from red to blue). B, Processed and filtered intracardiac signals showing sequential activation over the rotor path 
for the three cycles. 

(Reproduced with permission from Narayan SM, Krummen DE, Shivkumar K, et al: Treatment of atrial fibrillation by the ablation of localized sources: CONFIRM (Conventional 
Ablation for Atrial Fibrillation with or without Focal Impulse and Rotor Modulation) trial. J Am Coll Cardiol 60:628–636, 2012.)
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Complications Overall complication rates for catheter ablation of 
AF have been reported at 3.5% to 4.5%,119,120 with most being 
related to vascular access. Cardiac tamponade occurs in 1.3%, 
and thromboembolic events including stroke and TIA occur in 
less than 1%. Mortality remains rare at less than 0.2%. Atrial-
esophageal fistula is a rare but potentially fatal complication; 
strategies to mitigate this risk include intraoperative barium 
swallow or radiopaque esophageal temperature probes, and 
avoidance of high power lesions on the posterior wall at areas 

days were realized up to 30 months following ablation.115,116 In 
another study, projected cost effectiveness of ablation of AF 
versus use of amiodarone or a rate control strategy were com-
pared. Based on an 80% efficacy rate for sinus rhythm mainte-
nance, relative reduction in stroke risk would need to be greater 
than or equal to 42% or 11% to realize cost effectiveness ratios 
of less than $50,000 and $100,000, respectively, per quality 
adjusted life year.117 Another study demonstrated overall cost-
neutral results at 2 years after ablation.118

Figure 75-9.  Percentiles  (70%,  80%,  and  90%)  of  the 
burden of atrial fibrillation in ablation and drug therapy 
groups at baseline and during follow-up. The same per-
centiles  are  also  shown  for  the  cumulative  burden  of 
atrial fibrillation. 

(Reproduced with permission from Cosedis Nielsen J, 
Johannessen A, Raatikainen P, et al: Radiofrequency abla-
tion as initial therapy in paroxysmal atrial fibrillation. N 
Engl J Med 367:1587–1595, 2012.)
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Figure 75-10.  Rate of atrial fibrillation (AF) progression. The probability of AF progression was 0.6% per year after radiofrequency ablation in this study  (blue line) versus 
8.6% in the first year with slow but steady progression to 24.7% in 5 years in patients treated pharmacologically (red line). 

(Reproduced with permission from Jongnarangsin K, Suwanagool A, Chugh A, et al: Effect of catheter ablation on progression of paroxysmal atrial fibrillation. J Cardiovasc 
Electrophysiol 23:9–14, 2012.)
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Figure 75-11.  Examples of surgical classical and miniature MAZE procedures. Classical MAZE procedure is shown in A and C. Miniature MAZE procedure with slight modi-
fications in the technique is shown in B and D. 

(Adapted with permission from Cox JL: Cardiac surgery for arrhythmias. J Cardiovasc Electrophysiol 15:250–262, 2004; Cox JL: Atrial fibrillation II: rationale for surgical treatment. 
J Thorac Cardiovasc Surg 126:1693–1699, 2003; Ballaux PK, Geuzebroek GS, van Hemel NM, et al: Freedom from atrial arrhythmias after classic maze III surgery: a 10-year experi-
ence. J Thorac Cardiovasc Surg 132:1433–1440, 2006; and Gillinov AM, McCarthy PM: Advances in the surgical treatment of atrial fibrillation. Cardiol Clin 22:147–157, 2004.)
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adjacent to the esophagus. Uninterrupted warfarin throughout 
the perioperative period has shown a reduction in periprocedural 
stroke without an increase in bleeding risk.121 Phrenic nerve 
palsy is particularly a concern with cryoballoon ablation, with 
reports of up to 5% persisting after ablation, although the  
majority are reversible and can take up to 1 year to resolve  
(<0.4% persisted beyond 1 year).122 PV stenosis has significantly 
decreased with the shift from ostial PV isolation to an antral 
approach. A recent multicenter survey reported an incidence  
of 0.29% requiring intervention.107 Development or worsening 
of pulmonary hypertension and left atrial diastolic dysfunction 
following ablation (described as the “stiff left atrium syndrome” 
in postsurgical patients) was recently reported in 1.4% of patients 
in a prospective study of 1380 patients who underwent AF abla-
tion.123 Patients exhibit dyspnea and in general respond well to 
diuresis.

Surgical  Therapy  The classical surgical MAZE procedure 
with the cut and sew technique is highly effective in restoring 
sinus rhythm. Because of its technical complexity, the procedure 
has undergone several modifications (Figure 75-11).124-128 Cur-
rently, standalone surgical procedures for cure of AF often involve 
a thoracoscopic approach and use similar energy sources for per-
cutaneous catheter ablation. A metaanalysis of 48 studies involv-
ing 3832 patients demonstrated sinus rhythm maintenance in 
83% of the patients who underwent the classic cut and sew 
MAZE procedure and in 78% of patients who had ablation using 
alternative energy sources (P = .03).129 Stroke rates, partially 
attributed to left atrial appendage exclusion or amputation, are 
low, with one study citing a 0.2% annual risk following the Cox-
MAZE procedure.130 Surgical ablation remains anatomically 
based with pulmonary vein isolation, linear lesions sets, ablation 
of GPs, and possible appendage exclusion.
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treatment modalities to eliminate it. Technological advances in 
mapping and ablation systems have established catheter ablation 
as a safe and effective option for many patients.

In the next decade, it will be critically important to better 
understand, prevent, and modify or eliminate factors with a role 
in the genesis of AF. Further improvements in nonpharmacologic 
treatment of AF will largely depend on identifying and effectively 
eliminating the mechanisms that perpetuate AF. Development of 
novel atrioselective antiarrhythmic pharmacologic agents that are 
safe and effective should also be helpful. Finally, ongoing studies 
will help to determine the long-term efficacy, morbidity, throm-
boembolic risk, and potential survival benefits after ablation in 
patients with AF.

Surgical ablation may be appropriate in patients requiring 
concomitant cardiac surgery. Whether surgical ablation would 
also be preferred in patients who have failed previous attempts at 
catheter ablation or who have massive left atrial enlargement or 
in patients with persistent left atrial appendage thrombus remains 
to be validated in future studies.

Conclusions and Future Directions

Substantial progress has been made in the past decade in under-
standing the mechanisms of AF and developing effective 
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mitral or tricuspid valve and are referred to as AV accessory path-
ways. Approximately 60% of APs insert along the mitral valve and 
are referred to as left free-wall pathways. About one-fourth insert 
along the septal aspect of the tricuspid or mitral valve and are 
classified as septal pathways. The remaining 15% are right free-
wall pathways.

Occasionally one may encounter APs that do not insert along 
the AV valves. Examples include atriofascicular, nodoventricular, 
nodofascicular, and atrionodal pathways. Atriofascicular path-
ways connect the right atrium to the distal ramifications of  
the right bundle branch and are capable of only anterograde 
conduction. Nodoventricular and nodofascicular pathways 
connect the AV node to the right ventricular myocardium and 
the specialized conduction system, respectively. Atriofascicular 
and nodoventricular/nodofascicular connections are also notable 
for their decremental conduction properties. Atrionodal path-
ways are rare and connect the right atrial myocardium to the AV 
node. The fact that these unusual pathways do not insert along 
the AV annulus calls for a mapping approach that is different 
from that of typical AV pathways.

Presentation and Evaluation

The presentation of patients with AVRT is clinically indistin-
guishable from that of patients with other mechanisms of PSVT. 
Symptoms commonly include rapid palpitations, chest discom-
fort, dizziness/light-headedness, dyspnea, weakness, neck pulsa-
tions, and presyncope. Syncope is an uncommon symptom of 
AVRT. Occasionally, patients with AVRT develop atrial fibrilla-
tion (AF), which may lead to hemodynamic deterioration as the 
result of rapid anterograde conduction over the accessory pathway 
(Figure 76-2). This may cause syncope, cardiac arrest, or sudden 
death.

Although AVRT may occur at any age, it is usually seen  
in young patients without evidence of structural heart  
disease. Therefore, patients typically do not require an extensive 
cardiac evaluation. Nonetheless, frequent or incessant episodes 
of AVRT, such as may occur with permanent junctional recipro-
cating tachycardia (PJRT, see later), may be associated with 
tachycardia-related cardiomyopathy. Rarely, AVRT may be asso-
ciated with other cardiac conditions such as hypertrophic cardio-
myopathy or Ebstein’s anomaly. The physical examination and 
the resting ECG are helpful in screening for these unusual asso-
ciations. Although the ECG during AVRT (or other causes of 
supraventricular tachycardia [SVT]) may reveal ST-segment 
depression, such changes usually are tachycardia related and  
are not indicative of myocardial ischemia. Thus, barring  
symptoms consistent with angina, coronary angiography usually 
is not required. As compared with patients with atrioventricular 
nodal reentrant (AVNRT) or atrial tachycardia, patients with 
AVRT are more likely to be male and to develop symptoms at a 
younger age.

Preexcitation, Atrioventricular 
Reentry, and Variants
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Definitions

Atrioventricular (AV) reentry is the second most common cause 
of paroxysmal supraventricular tachycardia (PSVT) among 
patients referred for catheter ablation. In most cases of AV reen-
trant tachycardia (AVRT), the reentrant circuit involves the AV 
node and the accessory pathway (AP) for anterograde and retro-
grade conduction, respectively. The electrocardiogram (ECG) 
typically shows a regular, narrow complex rhythm referred to as 
orthodromic reciprocating tachycardia (ORT). Less commonly, a 
wide-complex rhythm may be observed when anterograde con-
duction occurs over the AP and retrograde conduction over the 
AV node or another AP, referred to as antidromic reciprocating 
tachycardia (ART).

If the AP is capable of anterograde conduction, the baseline 
ECG demonstrates a short PR interval and a slurred upstroke of 
the QRS complex referred to as a delta wave, hallmarks of ven-
tricular preexcitation. The AP thus is considered to be manifest 
(Figure 76-1). In approximately 50% of patients with AVRT, the 
accessory pathway is capable of only retrograde conduction. The 
ECG during sinus rhythm in these patients shows a normal QRS 
complex, and therefore the accessory connection is considered to 
be concealed. Patients with evidence of preexcitation on the resting 
ECG and symptomatic tachycardia are said to have the Wolff-
Parkinson-White (WPW) syndrome. An asymptomatic patient 
who incidentally is found to have preexcitation on the ECG is 
said to have a WPW “pattern.”

Accessory Pathways

Accessory pathways are anomalous bypass tracts that are typically 
composed of working myocardial cells. Most APs insert along the 
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Figure	76-1.  Ventricular Preexcitation The electrocardiogram (ECG) shows sinus rhythm, a short PR  interval, and slurred upstroke of the QRS (delta waves, arrow). 
The positive delta waves in lead V1 and the negative delta waves in lead I (dashed arrow) point to an insertion along the free-wall aspect of the mitral annulus. In addition, 
the positive delta waves in the inferior leads are consistent with a lateral or anterolateral accessory pathway (AP). Paper speed = 25 mm/s. (See next.) 

I aVR V1 V4

II aVL V2 V5

III aVF V3 V6

V1

II

V5

Figure	76-2.  Preexcited Atrial Fibrillation (AF) This ECG was recorded from the same patient as in Figure 76-1. He presented to the hospital with palpitations and 
near-syncope. Note the wide-complex QRS morphology, which  is very similar  to that during sinus  rhythm (Figure 76-1). The QRS morphology  is not uniform  (asterisks), 
reflecting a varying degree of fusion of ventricular activation over the AP and the specialized conduction system. The ventricular rate is irregular and at times is as short as 
200 ms. The AP was successfully ablated at the lateral mitral annulus. Paper speed = 25 mm/s. 

I aVR V1 V4 

II aVL V2 V5 

III aVF V3 V6 

V1 

* *
II 

V5V5
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be helpful in identifying the mechanism of the tachycardia. Evi-
dence of preexcitation during sinus rhythm in a patient with a 
history of tachycardia makes AVRT very likely. The degree of 
preexcitation may be subtle, especially in patients with a left free 
wall or with slowly conducting APs. In the former, it is helpful 
to analyze the QRS morphology in the lateral precordial leads. 
In patients with subtle preexcitation due to a left free-wall AP, a 
“septal” Q wave is not inscribed in the lateral precordial leads 
(Figure 76-3). The left-sided location of the pathway allows ven-
tricular activation to proceed over the AV node more than would 
be possible with right-sided pathways. Right-sided APs are asso-
ciated with a greater degree of preexcitation. In patients with an 
equivocal ECG, administration of adenosine is helpful in unmask-
ing preexcitation.

In most patients with ORT, the ECG shows a regular, narrow 
QRS complex tachycardia. The timing of the P wave with respect 
to the QRS is a useful clue. During ORT, atrial activation can 
occur only after ventricular activation, and therefore the P wave 
is inscribed shortly after the QRS complex, frequently within the 
ST segment. This feature is suggestive but not diagnostic of 
ORT as it may be seen with AVNRT or atrial tachycardia. During 
typical (“slow-fast”) AVNRT, the atrium and the ventricle are 
activated nearly simultaneously. The P wave is inscribed within 
or at the end of the QRS complex, resulting in a pseudo R′ in 
lead V1 and a pseudo S wave in lead II. These features help to 
rule out ORT as the mechanism.

In patients with PJRT, the accessory pathway is usually located 
in the posteroseptal region and has a long conduction time. As a 
result, the ECG shows a long RP tachycardia, with inverted P 
waves in the inferior leads. PJRT can be incessant and can result 
in a tachycardia-induced cardiomyopathy that generally resolves 
after accessory pathway ablation.

The mode of tachycardia initiation and termination is also 
helpful. If tachycardia is initiated with anterograde conduction 
block in the AP, the mechanism is very likely to be ORT. If the 
tachycardia persists despite AV block, ORT is ruled out because 
the ventricle is an obligatory component of the reentrant circuit. 
If the tachycardia reliably terminates with AV block, atrial tachy-
cardia is unlikely.

Management

The acute treatment of supraventricular tachycardia in the emer-
gency room is straightforward. Patients without hemodynamic 
instability can be treated with intravenous adenosine, a highly 
effective agent with an extremely short half-life. Although the 
risks of adenosine and other AV nodal blocking agents in patients 
with preexcited atrial fibrillation are well known, some caution 
should be exercised in patients with narrow QRS complex tachy-
cardia as well. Adenosine may induce atrial fibrillation in about 
10% of patients undergoing electrophysiological evaluation for 
SVT. If a patient presenting to the emergency room with a 
narrow QRS complex tachycardia also has manifest preexcitation 
during sinus rhythm, adenosine administration may result in AF 
with a very rapid ventricular response and hemodynamic deterio-
ration. Therefore, when adenosine is administered in this  
situation, emergency resuscitation equipment and appropriately 
trained personnel should be available. Patients presenting with a 
narrow QRS complex tachycardia who have a history of asthma 
should not receive adenosine and can be treated with intravenous 
calcium blockers. Patients with preexcited atrial fibrillation who 
are hemodynamically stable may be treated with intravenous pro-
cainamide or ibutilide. Patients who present with hemodynamic 
instability should undergo urgent direct current cardioversion.

Long-term treatment of patients with SVT should be indi-
vidualized. In a patient with a first episode or infrequent, well-
tolerated episodes of tachycardia and no evidence of preexcitation 
on the ECG, abortive maneuvers and reassurance are reasonable 
options. Alternatively, these patients may be offered a “pill-in-
the-pocket” approach, which involves self-administration of oral 
AV nodal agents at the onset of symptoms. If the patient prefers, 
an electrophysiological procedure may be a reasonable option. 
Patients with recurrent SVT should be considered for an elec-
trophysiological evaluation and catheter ablation.

Supraventricular tachycardia in association with ventricular 
preexcitation is considered a class I indication for electrophysi-
ological evaluation and catheter ablation.1 Catheter ablation is 
highly effective in eliminating AP conduction, thereby eliminat-
ing symptoms caused by SVT and the small risk of sudden death 
associated with the WPW syndrome. Patients with WPW syn-
drome in whom ablation would be likely to result in high-grade 
AV block should be treated with a combination of rhythm- and 
rate-controlling medications.

One study found that after a first episode of tachycardia in 
patients with WPW syndrome, a large proportion of patients 
remained asymptomatic over the next several years.2 The risk of 
adverse events during follow-up was very low. Investigators iden-
tified high-risk features including a short AP effective refractory 
period, inducible AVRT triggering preexcited AF, and the pres-
ence of multiple accessory pathways. The low event rate after a 
first episode of AVRT suggests that long-term pharmacologic 
treatment may not be needed until the tachycardia becomes 
recurrent.

Most asymptomatic patients in whom the ECG incidentally 
shows evidence of preexcitation do not require an electrophysio-
logical evaluation because their risk of sudden death is very low.1,3 
However, data suggest that catheter ablation in this group reduces 
the risk of arrhythmic events.4 The decision to perform catheter 
ablation in asymptomatic patients with “high-risk” occupations, 
for example, pilots and bus drivers, should be individualized.

ECG Characterization

In patients referred for an electrophysiological evaluation for 
PSVT, the ECG during sinus rhythm and during tachycardia may 

Figure	 76-3.  A,  An  example  of  subtle  preexcitation.  Slight  slurring  of  the  QRS 
complex  upstroke  (arrow)  and  a  short  PR  interval  are  consistent  with  ventricular 
preexcitation. Also note that the QRS complex in the lateral precordial leads lacks 
a “septal”  Q  wave.  B,  A  post-ablation  ECG  obtained  from  the  same  patient  as  in 
Figure 76-3, A. After elimination of the  left  lateral AP,  the delta wave  is no  longer 
present, and the PR interval is longer (dashed arrow). Also, a small Q wave in lead 
V6 (solid arrow) reflects normal septal activation. 
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of detailed algorithms are available for localizing the AP, the fol-
lowing simple approach usually suffices. Left free-wall APs are 
associated with positive delta waves in lead V1 and negative delta 
waves in leads I and aVL. The ECG in a patient with a manifest 
right-sided AP shows a negative delta wave in lead V1 and positive 
delta waves in leads I and aVL. The polarity of the delta waves 
in leads III and aVF is helpful in localizing the AP on the AV 
annulus. Positive delta waves in these leads point to an insertion 
at the anterior, anterolateral, or lateral aspect of the tricuspid or 
mitral annulus. Conversely, negative delta waves in these leads 
are consistent with an insertion at the inferior aspect of the AV 
valves (e.g., posterior, posterolateral, or posteroseptal aspect of 
the tricuspid or mitral annulus).

For anteroseptal and midseptal accessory pathways, a few 
additional observations are helpful. Typically, a negative delta 
wave is present in lead V1 in patients with anteroseptal and mid-
septal accessory pathways. Septal accessory pathways may be dis-
tinguished from right free-wall pathways if the precordial QRS 
transition (negative to positive) occurs at or before lead V3. If the 
transition occurs between V3 and V4, the amplitude of the delta 
wave in lead II is examined. An amplitude of 1.0 mV or greater 
is consistent with a septal AP, whereas amplitude less than 1.0 mV 
suggests a right free wall connection. In a patient whose ECG is 
consistent with a posteroseptal AP, a steeply negative delta wave 
in lead II is suggestive of an epicardial connection.

Electrophysiological Findings During  
Sinus Rhythm

In patients referred for an electrophysiological evaluation for 
PSVT, one may observe several findings during sinus rhythm that 
support the diagnosis of ORT (Table 76-1). Evidence of preex-
citation (HV < 35 ms) strongly suggests that the mechanism of 
the tachycardia is ORT. If the delta wave is subtle, atrial pacing 
is helpful in accentuating the preexcitation. In a patient with  
an atriofascicular or nodoventricular connection, atrial pacing 
results in a gradual increase in preexcitation that is accompanied 
by a progressive increase in stimulus-delta wave and atrial-His 
(AH) intervals—hallmarks of a decrementally conducting AP 
(Figure 76-4).

Beat-to-beat alternation of the QRS amplitude is more 
common in ORT than in AVNRT and atrial tachycardia. 
However, QRS alternans is not specific for ORT and probably is 
related to the higher heart rate during ORT. Although the ECG 
is a helpful guide, it often does not provide unambiguous diag-
nostic features. In fact, approximately 20% of tachycardias are 
misclassified when the diagnosis is based only on the ECG.

Analysis of the P wave morphology during ORT may be 
helpful in localizing the AP. For example, negative P waves in the 
inferior leads are consistent with an atrial insertion at the infero-
posterior aspect of the AV valves. Upright P waves in the inferior 
leads are associated with craniocaudal activation from the antero-
superior aspect of the AV valves. Relatively narrow P waves are 
typically inscribed during ORT using a septal accessory pathway, 
whereas broad P waves are consistent with activation over a free-
wall accessory pathway. However, P waves are often obscured by 
the ST segment or by the T wave during tachycardia, making it 
difficult to discern their morphology.

The ECG during ART using a typical AV accessory pathway 
reveals a broad QRS complex tachycardia that does not resemble 
a typical bundle branch block pattern and that mimics ventricular 
tachycardia. The QRS morphology during ART is a fully preex-
cited version of the preexcitation pattern seen on the ECG during 
sinus rhythm.

The ECG in patients with an atriofascicular accessory pathway 
is notable for several reasons. During sinus rhythm, the ECG 
usually does not reveal preexcitation because conduction prefer-
entially occurs over the AV node owing to the long conduction 
time over the AP. The ECG during ART shows a wide-complex 
tachycardia that resembles a typical left bundle branch block 
pattern. Also, the precordial transition occurs relatively late, typi-
cally at lead V5.

ECG Localization of APs

The resting ECG showing preexcitation can be very helpful in 
approximating the location of the accessory pathway. This is 
important as it gives the operator a head start in mapping the 
accessory pathway. It also allows the electrophysiologist to effec-
tively counsel the patient as to the risk of AV block when the 
ECG suggests the presence of a septal AP. Although a number 

Table 76-1.	 Positive	Predictive	Value	and	Prevalence	of	Baseline	Observations	and	Tachycardia	Features	for	the	Tachycardia	Mechanism	During	an	
Electrophysiology	Study	for	Paroxysmal	Supraventricular	Tachycardia

Baseline Observations and Tachycardia 
Features Prevalence (%)

Positive Predictive Value (%)

AVNRT ORT AT

Pre-excitation	present	during	sinus	rhythm 15 10 86 3

Extranodal	response	to	para-Hisian	pacing 18 17 83 0

VA	block	cycle	length	>	600	msec	at	baseline 11 41 5 55

Septal	VA	interval	>	70	msec 53 17 59 24

Eccentric	atrial	activation 31 0 76 24

Spontaneous	AV	block	during	tachycardia 10 60 0 40

Spontaneous	termination	with	AV	block 28 66 34 0

Development	of	LBBB 12 4 92 4

Increase	in	VA	interval	>	20	msec	with	BBB 7 0 100 0

AV,	Atrioventricular;	AT,	atrial	tachycardia;	AVNRT,	atrioventricular	nodal	reentry	tachycardia;	BBB,	bundle	branch	block;	LBBB,	left	bundle	branch	block;	ORT,	orthodromic	
reciprocating	tachycardia;	VA,	ventriculoatrial.
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AV node.5 A minimum of two catheters is required—one at the 
His bundle position and another in the atrium. High-output 
pacing is performed and the stimulus-atrial time is analyzed with 
and without His bundle capture. A relatively narrow QRS 
complex is inscribed when both the specialized conduction 
system and the basal right ventricular myocardium are captured 
(Figure 76-5). At a lower output, only the ventricular 

Evidence of eccentric atrial activation during ventricular 
pacing also supports the diagnosis of ORT. The absence of 
ventriculo-atrial (VA) conduction makes ORT extremely unlikely. 
Rarely, isoproterenol may facilitate retrograde accessory pathway 
conduction in a patient with VA dissociation at baseline.

Para-Hisian pacing is very helpful in determining whether 
retrograde conduction versus a septal AP is occurring over the 

Figure	76-4.  Example of Decremental Conduction Properties of an Atriofascicular AP During atrial pacing at 330 ms, progressive prolongation  in  the 
stimulus-delta (S-δ) and atrial-His (AH) intervals are evident. Concomitantly, a gradual increase in the degree of ventricular preexcitation is noted, as can be seen by widen-
ing of the QRS complex and a decrease in the HV interval. HRA, High right atrium; RVA, right ventricular apex. 
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Figure	76-5.  Response to Para-Hisian Pacing in a Patient With a Concealed Anteroseptal AP A, The QRS complex is narrower when capture of both 
the ventricular myocardium and the His bundle (V+H) occurs. The stimulus-atrial (S-A) electrogram interval is 125 ms, irrespective of whether the ventricle (V) or the ventricle 
and  the  His  bundle  are  captured,  consistent  with  retrograde  activation  over  an  AP.  B,  Para-Hisian  pacing  in  the  same  patient  as  in  Figure  76-5,  A,  after  ablation  of  the 
anteroseptal  AP. The  S-A  interval  during  ventricular  plus  His  bundle  (V+H)  capture  is  140 ms,  which  is  shorter  than  when  only  ventricular  myocardium  (V)  is  captured 
(185 ms). This observation is consistent with retrograde conduction over the AV node and confirms that retrograde AP conduction has been eliminated. CS, Coronary sinus. 
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Figure	76-6.  Initiation of Orthodromic Reciprocating Tachycardia (ORT) During Programmed Atrial Stimulation During the drive train (S1 = 700 ms), 
a short PR  interval and a slurred QRS complex  (arrow) are consistent with ventricular preexcitation. With  introduction of S2  (330 ms), block  in the AP occurs, along with 
conduction down the specialized conduction system, initiating tachycardia. Tachycardia that is dependent on anterograde conduction block in the AP is very likely to be 
ORT. TA, Tricuspid annulus. 
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myocardium is captured because of the higher capture threshold 
of the His bundle, yielding a relatively wide QRS. If the stimulus-
atrial time is the same irrespective of His bundle capture, this 
indicates retrograde conduction over a septal accessory pathway. 
In an “AV nodal” response to para-Hisian pacing, the stimulus-
atrial interval is shorter when the His bundle is captured. The 
reason that the stimulus-atrial time is longer when the His bundle 
is not captured is that the atria can be activated only after depo-
larization of the right ventricular myocardium, followed by 
engagement of the His-Purkinje system, the His bundle, and, 
finally, the AV node. During His bundle capture, atrial activation 
occurs earlier because the wavefront conducts to the atrium from 
the very proximal aspect of the specialized conduction system. 
Para-Hisian pacing is also helpful in determining whether a 
septal pathway has been successfully ablated (see Figure 76-5).

Occasionally the response to para-Hisian pacing can be con-
fusing. If the stimulus-atrial electrogram interval is extremely 
short, one should suspect direct atrial capture with high-output 
pacing. The catheter should be advanced farther across the tri-
cuspid annulus, and the maneuver should be repeated. It is worth 
noting that high-output pacing may result in “pure” His capture. 
As a result, the paced QRS complex will be narrow, and the 
stimulus-to-ventricular electrogram interval will be equal to the 
HV interval.6

Electrophysiological Findings During 
Tachycardia

Induction of tachycardia that is dependent on anterograde con-
duction block in the AP is very suggestive of ORT as the mecha-
nism (Figure 76-6). A change in the atrial cycle length that is 
predicted by a change in the preceding ventricular cycle length 
favors the diagnosis of ORT or typical AVNRT, as opposed to 
atrial tachycardia or atypical AVNRT.7 Entrainment of SVT 

during ventricular overdrive pacing is very helpful in elucidating 
the mechanism of the tachycardia.8 An AV response after cessa-
tion of pacing that has entrained the tachycardia rules out atrial 
tachycardia, leaving AVNRT (or automatic junctional tachycar-
dia) and ORT as possibilities (Figure 76-7). Thereafter, one may 
employ a number of other observations/maneuvers to distinguish 
between these possibilities. If the high right atrial electrogram is 
recorded within or at the end of the QRS complex, ORT may be 
ruled out because atrial activation can occur only after ventricular 
activation during ORT. More precisely, a VA time <70 ms as 
measured in the His bundle electrogram is very specific for 
AVNRT and argues against ORT.9 If atrial activation is not simul-
taneous with ventricular activation, a His-synchronous ventricu-
lar extrastimulus is delivered during tachycardia. If the timing of 
the atrial electrogram following the extrastimulus is altered, an 
extranodal AP is present, supporting the diagnosis of ORT. A 
number of responses are possible. The atrial electrogram may be 
advanced (Figure 76-8) or delayed, or the tachycardia may be 
terminated in the retrograde limb without affecting the atrial 
electrogram (Figure 76-9). The latter finding is diagnostic of 
ORT. Failure to affect the tachycardia with a His-synchronous 
ventricular extrastimulus does not rule out ORT in a patient with 
an accessory pathway located remote from the right ventricular 
pacing site (e.g., a left free-wall pathway).

An intermittent bundle branch block during SVT may provide 
important clues as to the mechanism of the tachycardia. Prolon-
gation of the VA interval during bundle branch block is diagnos-
tic of ORT using an AP that is ipsilateral to the bundle branch 
block (Figure 76-10). Specifically, if the VA time is prolonged by 
longer than 30 ms, the tachycardia is using a free-wall AP. Pro-
longation of the VA interval by less than 30 ms is consistent with 
a left posteroseptal tract when there is a left bundle branch block 
and an anteroseptal pathway when there is a right bundle branch 
block.

Several clues are helpful in making the diagnosis of antidromic 
reciprocating tachycardia. First, the ECG during tachycardia 
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His bundle is activated in retrograde manner. The most helpful 
maneuver is to insert an atrial extrastimulus at the time when  
the AV node should be refractory. If the subsequent ventricular 
electrogram is advanced with morphology identical to that  
during tachycardia, anterograde conduction over an AP is  
ensured (Figure 76-11). Resetting of the tachycardia indicates 
that the AP is part of the tachycardia circuit and is not an “inno-
cent bystander.”

shows a wide-complex rhythm in which the QRS does not resem-
ble a typical left or right bundle branch block pattern and is 
identical to the maximally preexcited QRS during atrial pacing. 
Second, because ventricular activation occurs only over the  
AP and not through the His bundle, an anterograde His  
bundle potential is not inscribed before the local ventricular 
electrogram in the His bundle electrogram. Further, because in 
most cases of ART, atrial activation occurs over the AV node, the 

Figure	 76-7.  Value of the Postpacing Interval (PPI) Ventricular  overdrive  pacing  accelerates  the  tachycardia  (cycle  length,  350 ms)  to  the  paced  cycle  length 
(320 ms). An A-V response upon cessation of pacing rules out atrial  tachycardia. Furthermore, PPI-TCL  is 60 ms (i.e., <115 ms),  ruling out atrioventricular nodal reentrant 
tachycardia and supporting the diagnosis of ORT. Mapping revealed the presence of a concealed, right-sided AP that was successfully ablated. TCL, Tachycardia cycle length. 
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Figure	76-8.  Introduction of a His-Synchronous Ventricular Extrastimulus During SVT The atrial electrogram following the ventricular extrastimulus (“S”) 
is advanced by 40 ms, consistent with the presence of an AP. H, His. 
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Figure	76-9.  Termination of a Supraventricular Tachycardia With a His-Synchronous Ventricular Complex (“S”) Without Affecting the Atrial 
Electrogram This observation is diagnostic of ORT. Mapping revealed the presence of a concealed para-Hisian AP that was successfully ablated. 
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Figure	 76-10.  Change in Ventriculo-Atrial (VA) Time With Left 
Bundle Branch Block (LBBB) During SVT  This  tachycardia  occurred 
during  catheter  placement  in  a  patient  undergoing  electrophysiological  testing. 
The  VA  interval  during  LBBB  (240 ms)  is  longer  than  when  the  QRS  complex  is 
narrow (190 ms), which is diagnostic of ORT using a left free-wall AP. 
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In distinguishing atypical AVNRT (“fast/slow”) from ORT 
using a septal AP, the postpacing interval after cessation of ven-
tricular pacing (that has entrained the tachycardia) is helpful. If 
the difference between the postpacing interval and the tachycar-
dia cycle length is less than 115 ms, the diagnosis is ORT (see 
Figure 76-7).10 Because the ventricle is a part of the reentry 
circuit in ORT, the return cycle should be shorter than that 
during AVNRT. Alternatively, if the postpacing interval less the 
tachycardia cycle length is greater than 115 ms, the diagnosis is 
likely to be atypical AVNRT. In some cases of ORT using a slowly 
conduction septal AP, the difference may be greater than 115 ms.

Occasionally, the tachycardia may terminate during ventricu-
lar overdrive pacing. However, diagnostic information is still 
available in this setting that can help to distinguish ORT from 

atypical (“fast-slow”) AVNRT. During ventricular overdrive 
pacing, the operator observes how readily the tachycardia can be 
reset with respect to the degree of QRS fusion.11 If the tachycar-
dia is reset with the first fixed morphology QRS complex, the 
mechanism is very likely to be ORT. If resetting occurs after two 
or more beats of the fixed RV-paced QRS morphology, the mech-
anism is atypical AVNRT.

Alternatively, one may also compare the atrial-His intervals 
during tachycardia and atrial pacing (ΔAH) to distinguish between 
various causes of a long-RP tachycardia. If the AH interval during 
atrial pacing at the tachycardia cycle length exceeds that during 
tachycardia by more than 40 ms, atypical AV nodal reentrant 
tachycardia is much more likely than ORT using a slow conduc-
tion accessory pathway or atrial tachycardia. In contrast, a ΔAH 
of 10 to 20 ms favors ORT or atrial tachycardia.

Ventricular burst pacing during tachycardia may also provide 
some insight into the mechanism of tachycardia. Dissociation of 
the atrial electrogram during ventricular pacing rules out ORT. 
Termination of tachycardia without effect on the timing of the 
atrial electrogram makes atrial tachycardia very unlikely.

Mapping and Ablation of Accessory Pathways

Mapping in patients with a concealed AP is best performed 
during ORT. One may also map the pathway during ventricular 
pacing. However, ventricular pacing in a patient with a septal 
accessory pathway is not helpful because the operator is unable 
to distinguish between retrograde AV nodal and AP conduction. 
Even in patients with free-wall accessory pathways, ventricular 
pacing may yield inconsistent findings because atrial activation 
may occur as a result of fusion between conduction over the AV 
node and AP conduction. In patients with a manifest accessory 
pathway, mapping may be performed in sinus rhythm or in ORT.
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coronary cusps. Because no direct relationship exists between the 
noncoronary cusp and the ventricular myocardium, the electrode 
records a large atrial electrogram and only a far-field ventricular 
electrogram. Cryoablation is another option in patients with 
septal APs. If the septal AP cannot be eliminated without AV 
block, it may be best to defer ablation and treat the patient with 
antiarrhythmic therapy.

Catheter ablation of right free-wall APs may be challenging 
for a variety of reasons (Figure 76-13). Catheter stability is often 
suboptimal at the lateral, anterolateral, and anterior tricuspid 
annulus. The operator may opt for a superior approach or spe-
cialized sheaths to overcome this limitation. Occasionally, the 
atrial insertion of these pathways may be found a few centimeters 
from the tricuspid annulus or even in the right atrial appendage. 
Use of a three-dimensional mapping system may be helpful in 
these cases.12

The mapping technique for an atriofascicular connection is 
different than that used for typical AV accessory pathways. Atrio-
fascicular pathways are best mapped during sinus rhythm by 
seeking a high-frequency atriofascicular potential between atrial 

One must be aware of the fact that many accessory pathways 
have an oblique course along the AV annulus.5 In other words, 
the earliest atrial activation during ORT or ventricular pacing 
and the earliest ventricular activation during sinus rhythm may 
not occur at the same point along the annulus. Confusion is 
avoided in most cases by targeting the earliest atrial activation 
when the mapping catheter is on the atrial side of the annulus, 
and mapping for earliest ventricular activation when the ablation 
catheter is on the ventricular side of the annulus. If radiofre-
quency current is being delivered during ORT, it is helpful to do 
so during ventricular pacing at a similar cycle length as that of 
the tachycardia. This helps prevent sudden catheter dislodgment 
as the tachycardia terminates to sinus rhythm.

Patients undergoing catheter ablation of septal bypass tracts 
may be at risk of developing AV block. In patients with antero-
septal APs, this risk may be minimized by targeting the pathway 
at the noncoronary cusp of the aortic valve (Figure 76-12). An 
aortogram and/or coronary angiography may be helpful in delin-
eating the relevant anatomy. Analysis of the local electrogram 
also can help distinguish between noncoronary and right and left 

Figure	76-11.  Antidromic Reciprocating Tachycardia (ART) No evidence of anterograde activation of the His bundle is seen, consistent with anterograde activa-
tion over an AP. An atrial extrastimulus is introduced at a time when the AV node should be refractory (arrows indicate the atrial electrogram recorded by the catheter at 
the His position). The following QRS complex (asterisk) is advanced with no change in QRS morphology, consistent with the diagnosis of ART. 
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Figure	76-12.  A, Cinefluoroscopic view (left anterior oblique) showing the position of the ablation catheter (Abl) during radiofrequency ablation of a concealed anteroseptal 
AP at the noncoronary cusp of the aortic valve. TA, Catheter at the anterior tricuspid annulus, near the His bundle. B, Termination of ORT during radiofrequency energy 
delivery at the noncoronary cusp in the same patient as in panel A. Note that junctional ectopy does not occur during energy delivery. 
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Outcome of Ablation

Catheter ablation of accessory pathways has been shown to be 
highly effective and is associated with a low risk of complications. 
A few years ago, the results of catheter ablation of accessory 
pathways were pooled from several electrophysiology laborato-
ries. Among 6065 patients, catheter ablation resulted in a suc-
cessful long-term outcome in 98%.13 A repeat procedure was 
required in about 2% of patients. A serious complication (e.g., 
tamponade, AV block, coronary artery injury, retroperitoneal 
hemorrhage, stroke) occurred in 0.6% of patients. One fatality 
(0.02%) was reported in this series. Therefore, the one-time risk 
of an ablation procedure compares favorably with the cumulative 
risk of sudden death in patients with the WPW syndrome (3% 
to 4%).

Summary

Atrioventricular reentry is the most common arrhythmia in 
patients with WPW syndrome. It accounts for approximately 
one-third of cases among patients referred for electrophysiologi-
cal evaluation for PSVT. AVRT uses both the specialized  
conduction system and the AP, which typically inserts at the  
AV annulus. Catheter ablation of APs is highly effective and is 
associated with a low risk of complications. Catheter ablation is 
the treatment of choice in patients with the WPW syndrome and 
in those with recurrent SVT mediated by a concealed accessory 
pathway.

and ventricular electrograms. The effective target site typically 
lies between 7 o’clock and 11 o’clock (in the left anterior oblique 
view) on the tricuspid annulus. Atriofascicular potentials are 
present during sinus rhythm even in the absence of preexcitation, 
and also during antidromic tachycardia. Ablation at the site of an 
atriofascicular potential may be accompanied by pathway 
automaticity.

Approach

For mapping and ablation of left-sided APs, two approaches are 
available to the operator: an anterograde transseptal approach 
and a retrograde aortic approach. In general, the approach 
depends on the experience of the electrophysiologist and the 
availability of specialized equipment, such as intracardiac echo-
cardiography. For anterolateral, lateral, and posterolateral left-
sided APs, the transseptal approach is preferable because of the 
ease of catheter manipulation. For posteroseptal and posterior 
left-sided APs, the retrograde aortic approach is preferred because 
of catheter stability in this region. The main disadvantage of the 
retrograde approach is the longer vascular recovery time that is 
required. Disadvantages of the transseptal approach include the 
cost and the time required to set up intracardiac echo. Occasion-
ally (<5% of cases), one may encounter the need for an epicardial 
approach to ablation of a challenging AP. If an appropriate target 
site cannot be identified in the coronary sinus venous system, 
mapping and ablation within the pericardial space may be 
required. In this case, coronary angiography is important for 
assessing the proximity of the target site to an adjacent coronary 
artery.

Figure	76-13.  Cather Ablation of a Right Free-Wall AP Radiofrequency (RF) energy delivery at the posterolateral tricuspid annulus results  in a wide-complex 
rhythm, identical in morphology to the preexcited QRS during sinus rhythm (arrow). The wide-complex rhythm is due to pathway automaticity related to RF energy delivery. 
The resultant QRS complex (asterisk) shows no evidence of preexcitation. Note the ST-segment depression and T wave changes after elimination of preexcitation, compat-
ible with T wave memory. PVC, Premature ventricular complex. 
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retrograde conduction over the FP and each of the SPs, as origi-
nally described by Sung et al2 (Figure 77-1); (2) the ability of a 
late extrastimulus delivered to the atrium outside the compact AV 
node to advance the timing in an anterograde slow pathway 
(advancing or sometimes delaying the next His bundle potential) 
and to reset the various forms of AVNRT; and (3) the selective 
elimination of FP or SP conduction by catheter or surgical abla-
tion in the atrium, remote from the compact AV node. The atrial 
connections of the FP and SPs can be identified by locating the 
site of earliest atrial activation during selective retrograde con-
duction over each pathway. All of these sites are located far from 
the compact AV node.

Fast AV Nodal Pathway

During retrograde FP conduction, right atrial mapping using 
closely spaced electrodes (1 mm edge-to-edge) records earliest 
right atrial activation posterior to the ToT at a level approxi-
mately 10 mm inferior to the level recording the proximal His 
bundle potential (Figure 77-2). The position posterior to the 
ToT is confirmed radiographically by leftward deviation of the 
mapping catheter in the left anterior oblique (LAO) projection, 
indicating that the mapping catheter was not constrained by the 
tricuspid annulus (TA) and the ToT. If the mapping catheter had 
been positioned across the ToT, the catheter would have been 
oriented parallel to the His bundle catheter.

During retrograde FP conduction (ventricular pacing or Slow/
Fast AVNRT), right atrial activation, beginning posterior to the 
ToT (outside the ToK), propagates away in the posterior, superior, 
and inferior directions (green arrows #2 in Figure 77-3, A). Activa-
tion propagating inferiorly along the posterior aspect of the 
Eustachian ridge produces an early far-field atrial potential 
recorded from the inferior aspect of the ToK (Afar in Figure 77-4). 
Atrial activation within the ToK (adjacent to the TA) occurs rela-
tively late and proceeds in an inferior-to-superior direction, 
beginning just outside the CS ostium (blue arrows #6 in Figure 
77-3, A and ASP potential in Figure 77-4), and propagates superi-
orly, producing a second late atrial potential near the apex of the 
ToK, occurring 50 to 115 ms after earliest atrial activation (2nd A 
in Figures 77-2, C and 77-5). The two wave fronts, propagating 
in opposite directions on either side of the ToT (green arrow #2 
and blue arrow #6 in Figure 77-3, A), suggest conduction block 
across the ToT and Eustachian ridge. The timing of the second 
atrial potential near the apex of the ToK is later than the timing 
of atrial activation in the inferior ToK (ASP potential recorded 
between the CS ostium and the TA), which is later than the timing 
of activation within the proximal CS (see Figures 77-2, C and 77-
4). This suggests that tissue within the ToK is activated by the CS 
myocardium (brown arrows in Figure 77-3, A).

If only the second of the two potentials is recorded on the His 
bundle electrogram during Slow/Fast AVNRT (see Figure 
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Atrioventricular nodal reentrant tachycardia (AVNRT) was origi-
nally proposed to result from reentry confined within the compact 
atrioventricular (AV) node. However, AVNRT is now thought to 
involve the AV node, at least two atrionodal connections, and a 
component of atrial myocardium. Much of our current under-
standing about the components of reentrant circuits has evolved 
from the development of ablation procedures in which one of the 
atrionodal connections, remote from the compact AV node, is 
destroyed, thereby eliminating AVNRT without producing AV 
block.

Multiple forms of AVNRT use different atrionodal connec-
tions (“AV nodal pathways”) for the anterograde and retrograde 
limbs of the tachycardia. Traditionally, variants of AVNRT have 
been distinguished according to the site of earliest retrograde 
atrial activation and the relative duration of H-A and A-H inter-
vals, into Slow/Fast, Fast/Slow, and Slow/Slow AVNRT. Slow/
Fast AVNRT is identified by earliest retrograde atrial activation 
at the interatrial septum behind the tendon of Todaro (ToT), with 
long A-H and short H-A intervals. Slow/Slow and Fast/Slow 
AVNRT are distinguished from Slow/Fast AVNRT by recogni-
tion of earliest retrograde activation at the inferior triangle of 
Koch (ToK) or the coronary sinus (CS). Slow/Slow and Fast/Slow 
AVNRT are then differentiated by the relative duration of H-A 
and A-H intervals. In our experience with 734 patients referred 
for catheter ablation of AVNRT, 515 patients (77%) had Slow/
Fast AVNRT, 80 patients (11%) had Slow/Slow AVNRT, and 89 
patients (12%) had Fast/Slow AVNRT.

Now that more is known about the anatomic substrate for the 
various forms of AVNRT, the different forms of AVNRT can be 
distinguished anatomically by the atrionodal connections forming 
the anterograde and retrograde pathways used in tachycardia. For 
greater depth and a full bibliography, please refer to the fifth 
edition of this text.1

Anatomic Correlates to the  
Atrionodal Connections

Evidence that fast pathway (FP) and slow pathways (SPs) involved 
in the reentrant circuits of AVNRT represent conduction over 
different atrionodal connections, rather than functional longitu-
dinal dissociation within the compact AV node, includes the fol-
lowing: (1) different sites of earliest atrial activation during 
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A study in isolated perfused canine hearts found that antero-
grade conduction block in the FP occurred posterior to the ToT.1 
As the atrial pacing rate was increased, block occurred at progres-
sively more proximal locations, that is, closer to the anterior 
limbus of the fossa ovalis. Anterograde FP block may therefore 
occur outside of the ToK, which may prevent retrograde invasion 
of the SP, allowing anterograde conduction over one of the SPs, 
and thus facilitating initiation of Slow/Fast AVNRT and possibly 
other forms, such as Slow/Slow AVNRT.

Rightward Inferior Extension

At least four atrionodal connections other than the FP participate 
in various forms of AVNRT, and these atrionodal connections 
have generally been labeled as SPs. The SP most commonly used 
in both anterograde and retrograde directions is formed by the 
rightward inferior extension (RIE) of the AV node (Figure 77-6).4 
Detailed mapping during retrograde conduction over the RIE 
suggests that this structure extends over a long length and con-
nects selectively to the floor of the CS ostium (to connect with 
the left atrium via the CS myocardium; see Figure 77-3, B). The 
Eustachian ridge forms a complete line of block to prevent  

77-2, C), this may lead to the erroneous impression that activa-
tion is earliest at the inferior ToK or in the CS (retrograde slow 
pathway conduction) and may suggest the incorrect diagnosis  
of Slow/Slow AVNRT. This error can be avoided by mapping 
behind the ToT as well as along the TA and in the CS to  
identify the true site of earliest activation during AVNRT (see 
Figure 77-2).

Animal studies suggest that the FP may be formed by transi-
tional cells (with action potentials having features intermediate 
between those of atrial cells and AV nodal cells), which begin in 
both atria, cross the right and left sides of the ToT, and insert 
into the AV bundle relatively close to the central fibrous body 
(i.e., His bundle). As a result, retrograde conduction over the FP 
results in almost simultaneous activation of both left and right 
sides of the interatrial septum.1,3 The left atrial wave front propa-
gates around the inferior mitral annulus in the counterclockwise 
direction, as viewed in the LAO projection (green arrows #3 in 
Figure 77-3, A), activating the CS myocardium at the roof, 1 to 
2 cm from the CS ostium. CS activation propagates in both 
lateral and septal directions (brown arrows #4 in Figure 77-3, A). 
The septal wave front activates the inferior ToK (brown arrow #5 
in Figure 77-3, A), resulting in activation in the superior direc-
tion in the ToK (blue arrow #6, ASP).

Figure 77-1.  Different Atrial Activation Sequence During Retrograde Conduction Over the Fast Pathway (FP) and a Slow Pathway (SP) 
Formed by the Rightward Inferior Extension of the AV Node (RIE) The catheters are in similar position to those in Figure 77-4. Recordings from the top 
are ECG leads II and V1, and electrograms are recorded from the right atrial appendage (RAA), His bundle region (proximal to distal, HBp to HBd), inferior triangle of Koch (Inf 
ToK),  coronary  sinus  (proximal  to  distal,  CSp  to  CSd),  and  superior  basal  aspect  of  the  RV  septum  close  to  the  proximal  right  bundle  branch  (para-Hisian  RV,  RVPH). 
A, During sinus rhythm, the anterograde ASP potential was recorded after activation in the proximal CS electrograms (CSp) and long after septal activation was recorded in 
the  His  bundle  electrogram.  B, Ventricular  pacing  (S)  from  the  para-Hisian  RV  (RVPH).  During  retrograde  conduction  over  the  FP  (first  beat),  early  atrial  activation  (A)  is 
appreciated in the His bundle electrograms (proximal two HB electrograms recorded from behind the tendon of Todaro [ToT]). Activation propagates inferiorly behind the 
Eustachian ridge to produce an early far-field potential (AFar) in the Inf ToK electrogram. Late activation of the inferior ToK is represented by the sharper ASP potential. Note 
that the ASP potential  is recorded after the timing of activation of the proximal CS myocardium, suggesting that the inferior ToK may be activated from the CS. A similar 
pattern of activation  is seen  in the  Inf ToK electrogram during sinus rhythm  (panel A), with an early  far-field atrial potential  (AFar)  followed by a  later ASP potential.  In the 
second beat of panel B, recorded during retrograde conduction over the SP (RIE), the sharp ASP potential is earliest, with later activation behind the Eustachian ridge (AFar) 
and behind the ToT (A potential  in the HBp electrogram). Note that basal septal ventricular pacing from the para-Hisian position, combined with closely spaced bipolar 
electrodes on the His bundle catheter, results in early completion of the local ventricular potential recorded in the His bundle electrograms and late retrograde activation 
of the His bundle, allowing visualization of the entire retrograde His bundle potential (H). 
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Figure 77-3, B). Right atrial activation proceeds superiorly 
(behind the ToT) to create the atrial potential in the His bundle 
electrogram, and inferiorly (behind the Eustachian ridge and CS 
ostium) to create the late, far-field potential recorded at the 
inferior ToK (Afar in second complex of Figure 77-1, B and Figure 
77-7, B). Late right atrial extrastimuli will advance the atrial 
potential behind the ToT, without advancing the ASP potential, 
supporting the presence of conduction block across the ToT and 
the Eustachian ridge.

Conduction block across the Eustachian ridge may also 
account for the late timing of activation within the ToK during 
sinus rhythm (ASP potential in Figures 77-1, A and 77-7, A). The 
two most likely explanations for the late ASP potential during 
sinus rhythm are that the inferior ToK is activated by either  
(1) the CS musculature, which is activated from the left  
atrium (Figure 77-8, A); or (2) the crista terminalis (Figure 

the right atrium from being activated from the ToK (green line 
parallel to the Eustachian ridge in right anterior oblique [RAO] 
projection of Figure 77-3, B). The earliest retrograde high-
frequency potential (ASP potential) is recorded at the inferior 
ToK, between the TA and the CS ostium (second complex in 
Figure 77-1, B; blue arrow #2 in Figure 77-3, B and Figure 
77-7, B). Activation is then recorded at the floor of the CS ostium 
(brown arrow #3 in Figure 77-3, B and CS Myo arrow in floor CSp 
electrogram in Figure 77-7, B). The CS myocardium propagates 
the impulse leftward and superiorly, activating the left atrial myo-
cardium approximately 2 to 3 cm from the CS ostium. Left atrial 
activation proceeds rapidly leftward (green arrow #4 in Figure 
77-3, B) while slowly reversing direction to propagate rightward 
toward the septum (dotted green arrow #5 in Figure 77-3, B). 
Activation then propagates across the interatrial septum to acti-
vate the right atrium behind the ToT (green arrows #6 and #7 in 

Figure 77-2.  Pattern of Atrial Activation During Slow/Fast AVNRT A and B, Radiographs in the right anterior oblique (RAO) and left anterior oblique (LAO) 
projections,  showing  the  relationship between the His bundle catheter electrodes  (HB  and  HB1-HB3) and catheter electrodes on  the  right side of  the  interatrial  septum 
(RA Septum) at the site recording earliest retrograde atrial activation during Slow/Fast AVNRT. The octapolar His bundle catheter (HB) was positioned across the ToT and the 
tricuspid annulus  (TA). The angle  for  the LAO projection was selected to be parallel with  the His bundle catheter  (looking straight at  the  tip). The mapping catheter, RA 
Septum, was positioned at the site of earliest retrograde right atrial activation during Slow/Fast AVNRT, approximately 1.5 cm posterior and inferior to the site recording 
most proximal His bundle activation (HB2). In the LAO projection, the mapping catheter (RA Septum) is deviated leftward of the His bundle catheter, confirming a location 
posterior to the ToT. C, Bipolar electrograms (filter 30 to 500 Hz) recorded with closely spaced electrodes. Two potentials are recorded from the His bundle–RA Septum 
region. The first potential (1st A; arrows) was recorded behind the ToT (RA Septum). This was the site of earliest activation found during mapping of the right atrium and the 
CS. A far-field first potential was recorded in the HB3 electrogram (1st AFar; small arrow). The second potential (2nd A) was recorded near the apex of the ToK (electrograms 
HB3 and HB2). Note that 2nd A propagates in the inferior-to-superior direction (HB3 then HB2; arrows) and is recorded after CS myocardial activation (electrograms CS5-CS7) 
and 40 ms after earliest atrial activation recorded behind the ToT (1st A). 

1stAFar
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Figure 77-3.  A, Proposed pattern of atrial activation during retrograde conduction over the FP. Retrograde FP conduction (red arrows, #1) activates the right and left atria 
at the interatrial septum, posterior to ToT (outside the ToK). Right atrial activation propagates away in the posterior, superior, and inferior directions (RA Activ, green arrows, 
#2). This results in superior-to-inferior right atrial activation along the Eustachian ridge, outside the ToK. This right atrial wave front is unable to cross the Eustachian ridge 
and the ToT to enter the ToK, presumably because of conduction block at the Eustachian ridge  (short perpendicular green line). Left atrial activation propagates  inferiorly 
(green arrows, #3 in LAO Projection) and activates the CS myocardium, approximately 1 to 3 cm from the ostium (brown arrows). The reentrant impulse propagates along the 
CS myocardium to  the CS ostium  (brown arrow #4), where  it activates  the  inferior ToK  (brown arrow, #5), producing  the ASP potential, with activation proceeding  in  the 
inferior-to-superior direction along the inferior ToK (blue arrows, #6). B, Postulated pattern of activation during retrograde conduction over the rightward inferior extension 
of the AV node (RIE). Retrograde conduction over the RIE (upper blue arrow, #1) activates the myocardium between the inferoseptal TA and the CS ostium (inferior ToK) to 
produce the retrograde ASP potential (lower blue arrow, #2), and then activates the CS at the floor of the ostium (brown arrows, #3). Activation in the ToK does not cross the 
Eustachian ridge to the right atrium (perpendicular green line), but proceeds leftward along the CS myocardium (brown arrows in LAO projection) to activate the left atrium. 
Left atrial activation propagates  rapidly  in  the  leftward direction  (solid green arrow in LAO projection, #4) but must  reverse direction  to propagate  in  the septal direction 
(dotted green line, #5). The reversal of direction produces late left atrial activation at the left atrial  inferoseptal region and a second potential  in proximal CS electrograms 
(recorded from the CS roof ). This septal left atrial wave front activates the interatrial septum (dotted green line, #6), which is followed by activation of the right atrium posterior 
to the ToT and the Eustachian ridge (green arrows, #7), which produces a late far-field potential recorded from the inferior ToK. 
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C, Postulated pattern of activation during  retrograde conduction over  the  leftward  inferior extension of  the AV Node  (LIE).  It  is unknown whether 
retrograde conduction over the LIE (purple arrows) initially activates the left atrial myocardium close to the inferoseptal mitral annulus (top purple arrowhead in LAO Projec-
tion) or the CS myocardium at the roof of the proximal CS (lower purple arrowhead in LAO Projection). During retrograde conduction over the LIE, CS activation (brown arrows) 
is recorded earliest at the CS roof, 1 to 3 cm from the ostium. D, Postulated pattern of activation during retrograde conduction over the inferolateral  left atrial SP (IL-LA) 
and the anteroseptal SP (AS). Retrograde conduction over the IL-LA SP (orange arrows) activates the left atrium close to the inferolateral mitral annulus (green arrows). Right 
atrial mapping during retrograde conduction over the AS SP  (pink arrows)  records earliest activation at the anterior-superior aspect of  the septum or medial  right atrial 
free-wall. FO, Fossa ovalis. 

Figure 77-3, cont’d. 

77-8, B). Observations that the CS myocardium propagates in a 
distal-to-proximal direction in the proximal 1 to 2 cm of the CS 
(CS Myo in Figure 77-7, A), and that the ASP potential is recorded 
after CS activation in the proximal CS (see Figures 77-1, A and 
77-7, A) suggest that the inferior ToK is activated from the CS 
myocardium (see Figure 77-8, A).

Leftward Inferior Extension

The leftward inferior extension (LIE) of the AV node is the 
second most commonly observed SP. During retrograde conduc-
tion over the LIE, earliest activation is recorded at the roof of the 
CS, 1 to 3 cm from the ostium (Figures 77-3, C, 77-9, B, and first 
beat of Figure 77-10, B), and the H-A interval is usually shorter 
than when retrograde conduction is occurring over the RIE (see 
Figure 77-10, B). The LIE can often be ablated from the roof of 
the coronary sinus, but may require ablation from the inferior or 
inferior paraseptal left atrium, close to the mitral annulus.

Evidence of conduction over more than one SP includes the 
observation in some patients of multiple, abrupt increases  
of 50 ms or more (“jumps”) in the A2-H2 interval during 
atrial extrastimulus testing. Additionally, during programmed 
ventricular stimulation, two distinct retrograde atrial activation 

sequences with different H-A intervals are sometimes seen, rep-
resenting retrograde conduction over two separate SPs (RIE and 
LIE). The two retrograde SPs can best be distinguished by using 
two CS catheters with closely spaced bipolar electrodes—one 
positioned to record activation at the roof and the other at the 
floor of the CS (see Figure 77-10). Evidence of conduction over 
more than one SP is often observed during ablation. For example, 
ablation along a line between the inferoseptal TA and the CS 
ostium often eliminates conduction over the SP (RIE) participat-
ing in Slow/Fast AVNRT. However, atrial extrastimulus testing 
continues to show a jump in the A2-H2 interval (often with a 
single Slow/Fast atrial echo beat) in approximately 75% of 
patients, consistent with conduction over the LIE or another SP.

Other SPs (Inferolateral Left Atrial SP,  
Anteroseptal SP)

We are aware of the existence of at least two other SPs. Retro-
grade conduction over these SPs is occasionally seen during 
Slow/Slow and Fast/Slow AVNRT, but is only rarely observed 
during ventricular pacing. Earliest retrograde atrial activation 
over the inferolateral left atrial SP is located in the left atrium 

Text continued on p. 776
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Figure 77-5.  Two Distinct Sets of Atrial Potentials Recorded in the Proximal His Bundle Electrograms During Slow/Fast AVNRT A, The His 
bundle catheter was positioned to record the proximal His bundle potential from the distal pair of electrodes (HBd electrogram). Two distinct sets of atrial potentials were 
recorded in the HBm and HBp electrograms. The first set of potentials originate posterior to the ToT, outside the ToK (1st A). The second set (2nd A) are generated close to the 
TA, inside the ToK. B, The His bundle catheter was withdrawn proximally, such that only a tiny, far-field His bundle potential was recorded in the first complex (H). AV block 
occurred during the second complex, allowing clear identification of the two sets of atrial potentials in the absence of the ventricular potential. The first set of potentials 
(1st A) were activated in the distal-to-proximal direction (inferior-to-superior, left arrows in HBd and HBm electrograms). The second set of potentials (2nd A) propagated in 
the proximal-to-distal direction (superior-to-inferior, right arrows in HBp to HBd electrograms). The time between the first and second atrial potentials in HBd was 42 ms. This 
delay supports the concept of conduction block across the Eustachian ridge and the ToT. 

Figure 77-4.  Late Timing of Atrial Activation at the Inferior ToK During Slow/Fast AVNRT A and B, Radiographs  in the RAO and LAO projections 
show the catheters positioned in the right atrial appendage (RAA), para-Hisian right ventricular pacing site (RV), and CS, and at the inferior ToK, between the mid CS ostium 
and the TA (Inf ToK). The His bundle catheter (HB) has been positioned across the ToT, with a His bundle potential recorded only on the distal and second HB electrograms, 
such that the early atrial potentials are recorded from behind the ToT on the proximal electrograms. C, Right atrial activation propagating  inferiorly along the posterior 
aspect of  the Eustachian  ridge  (outside  the ToK) produces an early  far-field atrial potential  recorded  from the  inferior ToK  (Afar) while  local activation  (within  the ToK)  is 
represented as a late sharp ASP potential recorded 55 ms after earliest atrial activation. 

Modified by permission.7
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Figure 77-6.  Representation of the Locations of the Rightward and Leftward Inferior Extensions Photograph (right-sided view) of the AV septal junction 
of a human heart showing the  locations of the rightward and leftward  inferior extensions of the AV node and the compact node as  identified from detailed histologic 
study. TV, Tricuspid valve. 

Modified by permission.4

Figure 77-7.  Pattern of Atrial Activation During Sinus Rhythm and During Fast/Slow AVNRT Using the RIE for the Retrograde Pathway 
Two catheters with closely spaced bipolar electrodes were positioned along the roof (femoral vein approach) and floor (right subclavian vein approach) of the CS (similar 
to Figure 77-10). A, During sinus rhythm, atrial activation at the inferior ToK (ASP potential; arrow) was recorded later than atrial activation in the His bundle electrograms 
and in the roof of the proximal CS (vertical dotted line). B, During Fast/Slow AVNRT, earliest retrograde activation (ASP) was recorded at the Inf ToK region, followed by activa-
tion of the floor of the CS ostium (arrow, CS Myo  in proximal CS Floor electrogram). Activation propagates  laterally along the CS myocardium (proximal-to-distal CS Floor 
electrograms) and superiorly (to the roof of the CS). The left atrium is activated by the CS myocardium (CS Myo in the CS Roof electrograms). Left atrial activation (LA) then 
propagates septally and  laterally  (curved arrows). The  late  far-field potential  (Afar)  following the ASP potential  in  the  Inf ToK electrogram results  from right atrial activation, 
posterior to the Eustachian ridge, with timing similar to atrial activation recorded in the His bundle electrograms (A). Note that the A-H interval is shorter during Fast/Slow 
AVNRT (45 ms) compared with sinus rhythm (65 ms). 

Modified by permission.9
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Figure 77-8.  Schematic Representation of Two Possible Patterns of Activation During Sinus Rhythm That May Explain the Late ASP Potential 
in the Inferior ToK A, Postulate #1: Right atrial activation does not penetrate the ToK because of conduction block across the Eustachian ridge (green arrows and short 
perpendicular green lines). The left atrium is activated rapidly over Bachmann’s bundle (horizontal green arrow in LAO Projection). Left atrial activation proceeds inferiorly and 
laterally along the mitral annulus (green arrows), activating the CS myocardium (brown arrows). Activation propagates in the septal direction along the CS myocardium to 
the CS ostium  (brown arrows), and the inferior region of the ToK is activated to generate the late Asp potential  (blue arrows). B, Postulate #2: Septal right atrial activation 
does not cross the Eustachian ridge to activate the ToK (similar to Postulate #1). Activation propagating inferiorly along the Crista Terminalis activates the region between 
the TA and the Eustachian ridge (sub-Eustachian isthmus,  long green arrow  in LAO Projection). Continued right atrial activation in the septal and superior direction  (short 
squiggly green arrows) activates the inferior ToK to generate the late Asp potential (blue arrows) and the CS ostium (brown arrows). This postulate does not explain the usual 
findings that the Asp potential is recorded later than activation at the roof of the proximal CS during sinus rhythm or the distal-to-proximal direction of activation along the 
roof of the proximal CS. 
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Figure 77-9.  Comparison of the H-A Interval During Tachycardia and During Ventricular Pacing for Slow/Fast AVNRT and Slow/Slow 
AVNRT A, Left panel: During Slow/Fast AVNRT at cycle length 300 ms, the H-A interval (H-A)t, was 50 ms, measured from the onset of the most proximal anterograde 
His bundle potential (H, left panel) to the onset of the atrial potential. Right panel: Para-Hisian right ventricular pacing at cycle length 300 ms (S in RVPH electrogram) was initi-
ated immediately after termination of the tachycardia. The H-A interval during ventricular pacing (H-A)p, measured from the end of the retrograde His bundle potential (H, 
right panel), was 33 ms—17 ms shorter than the H-A interval during tachycardia (H-A)t, resulting in a negative Δ(H-A) of −17 ms. Note that para-Hisian ventricular pacing 
resulted in very early ventricular activation recorded in the His bundle electrogram, as well as delayed retrograde activation of the His bundle, allowing identification of 
the end of the retrograde His bundle potential. B, Left panel: During Slow/Slow AVNRT, the atrial and ventricular potentials were overlapping in the HB and CS electrograms. 
(H-A)t was 55 ms. Right panel: Para-Hisian right ventricular pacing at the same cycle length as tachycardia (300 ms), instituted immediately upon termination of the tachy-
cardia, separated the atrial and ventricular potentials, showing that earliest activation was recorded at the roof of the CS approximately 2 cm from the CS ostium (distal CS 
Roof electrogram). (H-A)p was 75 ms. The Δ(H-A) during Slow/Slow AVNRT was a positive value, 75 − 55 ms = 20 ms. 
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Figure 77-10.  Two Retrograde Atrial Activation Sequences Following Retrograde Conduction Over the RIE and LIE (Two Different SPs) 
A, Radiographs in the RAO and LAO projections show two catheters positioned in the CS: one inserted via the right subclavian vein and positioned along the floor of the 
CS (CS Floor) and one inserted via the right femoral vein and positioned along the roof of the CS (CS Roof ). A mapping catheter (RA Sept) is positioned on the right atrial 
septum, posterior to the ToT where earliest right atrial activation had been previously recorded during retrograde FP conduction. B, Electrograms recorded after two paced 
ventricular complexes. Retrograde atrial activation following the first ventricular complex has an H-A interval of 100 ms, measured from the end of the retrograde His bundle 
potential to the earliest atrial activation, which was recorded from the roof of the CS approximately 3 cm from the CS ostium (arrow in CS Roof 5 electrogram), consistent 
with retrograde activation over the LIE. Activation in the FP area (FP Area  in RA Sept electrogram) was recorded later, excluding retrograde conduction over the FP. Atrial 
activation  following  the second ventricular complex had a  longer H-A  interval  (440 ms) and a different  retrograde atrial activation sequence. Earliest CS activation was 
recorded at the floor of the CS ostium (arrow in CS Floor 8 electrogram), consistent with retrograde conduction over the RIE. 
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hearts. This suggests that conduction over the FP and at least 
one SP (dual-pathway physiology) should be demonstrable in most 
people. In a series of 200 consecutive patients in our laboratory 
who underwent radiofrequency catheter ablation of an accessory 
pathway (without a history of AVNRT or inducible AVNRT 
during the procedure), evidence of dual-pathway physiology in 
the anterograde or retrograde direction was present in 168 (84%). 
The ability to demonstrate anterograde or retrograde SP conduc-
tion in a high percentage of patients was probably related to 
heavy sedation or general anesthesia, which depressed antero-
grade and retrograde FP conduction. Small doses of isoprotere-
nol (0.25 to 0.5 mcg/min) enhanced FP conduction to a greater 
extent than SP conduction and often obscured anterograde and 
retrograde SP conduction. These low doses of isoproterenol in 

close to the mitral annulus (Figure 77-11 and green lines in Figure 
77-3, D), while retrograde conduction over the anteroseptal SP 
results in earliest atrial activation superiorly in the anterior atrial 
septum, slightly superior and posterior to the site recording 
proximal His bundle activation, and 1 to 2 cm superior to the site 
of retrograde FP activation. There may be additional SPs that 
have not been described.

Presence of SP Conduction in Individuals  
Without AVNRT

The anatomic superior and inferior atrial inputs to the AV node, 
which form the FP and SPs, respectively, are present in normal 
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and occasionally at the inferolateral left atrium, close to the mitral 
annulus. The atrial extrastimulus coupling interval (A-S2) is 
shortened by 2-ms decrements until the timing of the next His 
bundle potential (H-H2 interval) is changed (usually shortened, 
but may be lengthened). The site where the latest extrastimulus 
(relative to a reference atrial or ventricular potential) advances or 
delays the next His bundle potential and resets the tachycardia 
identifies the anterograde limb. For example, the RIE is identi-
fied as the anterograde pathway of the reentrant circuit when the 
latest extrastimulus to advance the next His bundle potential is 
located at the inferior ToK and the second latest extrastimulus is 
located at the floor of the CS ostium. The LIE is identified when 
the roof of the CS (1 to 3 cm from the ostium) allows the latest 
extrastimulus to advance the next His bundle potential. The 
inferolateral left atrial SP is identified as the anterograde limb of 
the circuit when the latest extrastimulus to advance the next His 
bundle potential is at the inferolateral left atrium, close to the 
mitral annulus. An important technical consideration is that  
the extrastimulus must be delivered sufficiently late to prevent 
the paced atrial impulse from reaching the site of earliest retro-
grade atrial activation before normal retrograde activation occurs. 
This prevents the extrastimulus from reaching the AV node over 
the retrograde pathway.

Slow/Fast AVNRT

Slow/Fast AVNRT is identified by the long A-H interval, the 
short H-A interval, and mapping during tachycardia, which iden-
tifies earliest atrial activation posterior to the ToT and Eustachian 

heavily sedated or anesthetized patients probably mimic normal 
resting sympathetic tone, which explains the low incidence of 
dual-pathway physiology observed in nonsedated patients without 
AVNRT. Other reasons may include a similar conduction time 
over the FP and an SP just before block in the FP (smooth transi-
tion). A smooth transition from FP to SP conduction may also 
be seen in the retrograde direction. No specific value of the H-A 
interval identifies retrograde SP conduction. However, the tran-
sition from retrograde FP conduction to retrograde SP conduc-
tion is easy to recognize because of the shift in retrograde atrial 
activation sequence (see Figure 77-1).

Variants of AVNRT

The different forms of AVNRT can now be distinguished on the 
basis of anatomic substrate forming the anterograde and retro-
grade pathways used in tachycardia. The retrograde pathway is 
identified by mapping during AVNRT and locating the site of 
earliest retrograde atrial activation, as described earlier. The 
anterograde limb of the tachycardia can be identified by using 
the resetting response to late atrial extrastimuli. If an atrial extra-
stimulus is delivered close to or within the atrial component of 
the reentrant circuit (or close enough to capture the anterograde 
pathway of the circuit), the extrastimulus will advance (or delay) 
the timing of the next His bundle potential and will reset the 
tachycardia. With this approach, a late extrastimulus is delivered 
at a number of sites including the inferior ToK, the floor of the 
CS ostium, and the roof of the CS (1 to 3 cm from the ostium), 

Figure 77-11.  Retrograde Conduction Over the Inferolateral Left Atrial SP A and B, Radiographs in the RAO and LAO projections show catheter positions 
in the RAO and LAO Projections, including the transseptal sheath and the mapping catheter positioned in the left atrium adjacent to the inferolateral mitral annulus (IL-LA). 
C,  Atrial  mapping  during  RV  pacing  identified  earliest  retrograde  atrial  activation  at  the  inferolateral  LA,  adjacent  to  the  mitral  annulus  (arrows).  Note  the  fractionated 
potentials  recorded  in  the CS electrograms  resulting  from prior ablation within  the CS, which  failed  to affect  the Fast/Slow AVNRT. A single  radiofrequency application 
delivered  at  the  IL-LA  site  eliminated  Fast/Slow  AVNRT.  Bip 1-2,  Distal  bipolar  electrogram  recorded  from  the  mapping  catheter;  Uni 1  and  Uni 2,  unipolar  electrograms 
recorded from the tip and second electrodes. 
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during ventricular pacing, and that the FP has the same retro-
grade conduction time during tachycardia and during ventricular 
pacing, then subtracting the H-A interval during tachycardia 
from the H-A interval during ventricular pacing would equal the 
sum of the anterograde and retrograde conduction times over the 
lower common pathway. To measure this correctly, the most 
proximal His bundle potential must be recorded, because record-
ing more distally will erroneously increase the H-A interval 

ridge at a height approximately 1 cm inferior to the level record-
ing the most proximal His bundle potential. The short H-A 
interval usually results in superimposition of the P wave onto the 
QRS complex in the electrocardiogram, obscuring most of the P 
wave. However, the terminal portion of the P wave may be dis-
tinguishable at the end of the QRS complex, producing a char-
acteristic late positive component in lead V1 (pseudo r′ ) or a 
negative component in the inferior leads (pseudo S wave).

Induction of Slow/Fast AVNRT by programmed atrial stimu-
lation typically occurs with an abrupt (≥50 ms) increase in the 
A-H interval, confirming that anterograde conduction occurs 
over an SP. However, in some patients, the induction of tachy-
cardia may follow a smooth increase in the A-H interval (without 
a ≥50-ms “jump”) because of similar conduction times over the 
two pathways at the time of transition.

The distance between the atrial connections of the FP and the 
three most common SPs suggests that the reentrant circuit in 
Slow/Fast AVNRT may contain a relatively large atrial compo-
nent (without an upper common pathway), in which the reentrant 
impulse propagates from the atrial end of the FP to the atrial end 
of the SP. The traditional hypothesis, in which the reentrant 
circuit is confined within the ToK (providing an upper common 
pathway between the circuit and atrium), does not explain the 
ability to reset the tachycardia by late atrial extrastimuli delivered 
to the CS or successful ablation of the atrial connection to the 
SP by radiofrequency current delivered away from the compact 
AV node, often between the TA and the CS ostium. Atrial extra-
stimuli delivered behind the Eustachian ridge, at the level of the 
middle of the CS ostium, usually fail to reset the tachycardia 
without first advancing the timing of the atrial potential in the 
His bundle electrogram, dissociating this region from the reen-
trant circuit.

The distal junction of the FP and SPs in Slow/Fast AVNRT 
has traditionally been considered to be located in the AV node, 
with a region of AV nodal tissue extending between the distal 
junction of the two pathways and the His bundle (i.e., the lower 
common pathway). The presence of a lower common pathway 
comprising AV nodal tissue would predict the occasional occur-
rence of spontaneous block proximal to the His bundle without 
terminating or even resetting Slow/Fast AVNRT. However, a 
tiny, proximal His bundle potential is almost always recorded 
during Slow/Fast AVNRT with 2 : 1 block, and other forms of 
AV block are exceedingly rare. More recent evidence, using late 
para-Hisian ventricular extrastimuli during tachycardia, suggests 
a very short or minimal lower common pathway in Slow/Fast 
AVNRT.1 A late ventricular extrastimulus begins to advance the 
timing of atrial activation as soon as the proximal His bundle 
potential is activated in the retrograde direction (Figure 77-12). 
Generally a linear relationship is noted between the degree of 
advance in timing of the retrograde His bundle potential (H-H2 
interval) and the advance in timing of atrial activation (A-A2 
interval), suggesting relatively little decrement in conduction in 
the lower common pathway and the retrograde FP.

Similar evidence of a minimal lower common pathway is 
obtained by comparing the H-A intervals during Slow/Fast 
AVNRT and during ventricular pacing at the same cycle length. 
The H-A interval during tachycardia (measured from the begin-
ning of the anterograde His bundle potential to the onset of atrial 
activation) should be equal to the retrograde conduction time 
over the FP minus the anterograde conduction time over the 
lower common pathway (from the distal junction of the two 
pathways to the His bundle). The H-A interval during ventricular 
pacing, measured from the end of the retrograde His bundle potential 
to the onset of atrial activation, should be equal to the retrograde 
conduction time over the FP, plus the retrograde conduction time 
over the lower common pathway (from the proximal end of the 
His bundle to the FP). Given the two assumptions that the ret-
rograde FP is the same anatomic structure during tachycardia and 

Figure 77-12.  Use of Ventricular Extrastimuli to Verify the Diagnosis 
of Slow/Fast AVNRT  A,  During  tachycardia,  a  single  extrastimulus  (S2)  was 
delivered to the superior-basal right ventricular septum (para-Hisian region), close 
to the site of earliest atrial activation. This advanced the timing of ventricular activa-
tion  in  the  electrograms  recording  earliest  atrial  activation  (HB  electrograms)  by 
60 ms (V-V = 415 ms, compared with 475 ms). S2 did not advance the timing of His 
bundle  activation  (H)  or  the  timing  of  retrograde  atrial  activation  (A-A  remained 
475 ms).  This  indicates  that  the  timing  of  atrial  activation  during  tachycardia  is 
independent of local ventricular activation, excluding retrograde conduction over 
an  accessory  pathway  and  orthodromic  AV  reentrant  tachycardia.  B,  An  earlier 
ventricular extrastimulus (S2) resulted in retrograde activation of the His bundle. The 
end of the retrograde His bundle potential occurred 5 ms before anterograde His 
bundle  activation  would  have  occurred  (H-H =  470 ms,  compared  with  475 ms). 
This was associated with a 5-ms advance in the timing of retrograde atrial activation 
(A-A = 470 ms, compared with 475 ms) without a change  in  the atrial activation 
sequence, indicating that atrial activation was dependent on retrograde His bundle 
activation, excluding an atrial tachycardia and confirming the diagnosis of AVNRT. 
C,  Further  shortening  of  the  extrastimulus  coupling  interval  resulted  in  earlier 
retrograde  activation  of  the  His  bundle.  This  was  associated  with  an  identical 
advance in the timing of retrograde atrial activation (H-H = A-A = 430 ms). 
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during ventricular pacing and will shorten the H-A interval 
during tachycardia, incorrectly suggesting a longer lower common 
pathway.

To record the end of the most proximal retrograde His bundle 
potential, ventricular pacing must be performed at a site that 
separates activation times of the His bundle and the local ven-
tricular myocardium. This can be accomplished by pacing at the 
superior-basal right ventricular septum, very close to the proxi-
mal right bundle branch, without capturing the proximal right 
bundle branch (para-Hisian pacing). This results in retrograde 
activation of the His bundle long after completion of the local 
ventricular potential (see Figures 77-1, 77-9 through 77-11). The 
most accurate comparison is obtained when a sustained episode 
of Slow/Fast AVNRT (longer than 3 min) is terminated by a 3- to 
4-beat burst of rapid atrial pacing, and ventricular pacing at the 
tachycardia cycle length is initiated immediately after termina-
tion of the tachycardia. This technique minimizes any change in 
autonomic tone between pacing and tachycardia. When this 
method is used, the H-A interval during pacing is a mean of 9 ms 
shorter than the H-A interval during Slow/Fast AVNRT (see 
Figure 77-9, A).1 This seemingly paradoxical finding (H-A inter-
val longer during tachycardia than during ventricular pacing), 
implying a minimal lower common pathway in Slow/Fast 
AVNRT, has several possible explanations. One is that the retro-
grade FP arises from the His bundle (i.e., no lower common 
pathway), but this is unlikely for several reasons. Histologic 
examination in a small number of explanted human hearts with 
documented dual-pathway physiology revealed no atrio-Hisian 
pathway and no evident anatomic differences from “normal” 
hearts.5 Because we now believe that dual AV nodal pathway 
physiology results from multiple atrial inputs into the AV node, 
and that these are present in all hearts, atrio-Hisian pathways 
would have to be present in a large number of people to explain 
dual-pathway physiology. However, a histologic study of 687 
autopsy hearts identified a possible true atrio-Hisian connection 
in only 2 (0.3%) hearts.6

Likely explanations for a longer H-A interval during Slow/
Fast AVNRT than during ventricular pacing, either singly or in 
combination, include the following: (1) recording of activation of 
the AV bundle proximal to the central fibrous body (before the 
junction of the fast and SP) and misinterpretation of this as acti-
vation of the His bundle, which would artificially increase the 
H-A interval during tachycardia and shorten it during ventricular 
pacing; (2) a true increase in the H-A interval during tachycardia 
produced by a delay associated with the change in direction of 
the wave front at the junction of the two pathways, decreasing 
the amount of current available to activate the FP, decreasing the 
initial conduction velocity, and lengthening the conduction time 
over the FP; or (3) different routes of retrograde conduction 
during AVNRT and during ventricular pacing.

Slow/Fast AVNRT can be further subdivided into at least 
three forms, according to which SP provides the anterograde 
limb of the circuit: (1) rightward inferior extension Slow/Fast 
AVNRT (most common); (2) leftward inferior extension Slow/
Fast AVNRT (uncommon); and (3) inferolateral left atrial Slow/
Fast AVNRT (rare).

Rightward Inferior Extension Slow/Fast AVNRT
This is the most common form of AVNRT, and it uses the RIE 
of the AV node for anterograde conduction and the FP for  
retrograde conduction. The A-H interval during RIE Slow/Fast 
AVNRT is relatively long (usually >200 ms) and in our experi-
ence has been as long as 550 ms (median, 290 ms). The H-A 
interval measured in the His bundle electrogram is relatively 
short, usually 25 to 90 ms (median, 50 ms; see Figures 77-2, 77-4, 
and 77-9, A). The timing of activation (earliest outside and latest 
inside the ToK; see Figures 77-2, 77-3, A, and 77-4) suggests the 
hypothesis for the reentrant circuit in Slow/Fast AVNRT shown 

in Figure 77-13, A. In this hypothesis, retrograde activation over 
the FP activates both the right and left sides of the interatrial 
septum (red arrows in Figure 77-13, A), but it is only the left atrial 
activation that participates in the reentrant circuit. Propagation 
in the left atrium adjacent to the mitral annulus activates the CS 
myocardium, approximately 1 to 3 cm from the ostium (green and 
brown arrows). The reentrant impulse propagates along the CS 
myocardium to the CS ostium. Activation at the floor of the CS 
ostium (bottom, brown arrow) activates fibers that connect with the 
rightward inferior extension of the AV node, initiating propaga-
tion along the SP. The role of the RIE as the anterograde SP is 
confirmed by finding the inferior ToK as the site of the latest 
extrastimulus to reset Slow/Fast AVNRT.

The delivery of radiofrequency current to the inferior aspect 
of the ToK, between the TA and the CS ostium (at the level of 
the middle of the CS ostium, or even lower), at a site recording 
a large, sharp ASP potential (on the unipolar tip electrogram), 
usually results in an immediate accelerated junctional rhythm 
with retrograde conduction over the FP. In some patients, the 
junctional rhythm is preceded by one to three atrial extrasystoles 
with an activation pattern consistent with retrograde activation 
over an SP. The occurrence of an accelerated junctional rhythm 
during the radiofrequency application indicates heating of tissue 
connected to the RIE and is usually associated with modification 
or elimination of anterograde and retrograde SP conduction, 
without depression of FP conduction. Histologic studies in dogs 
and in one patient with AVNRT who underwent SP ablation at 
the inferior ToK showed that the radiofrequency lesions involved 
the RIE of the AV node, while leaving the compact AV node 
intact.

After ablation along a line between the inferoseptal TA and 
the CS ostium, the ASP potential during sinus rhythm is elimi-
nated superior to the ablation line, but remains present inferior 
to the ablation line. This suggests that the ASP potential recorded 
during sinus rhythm in the inferior ToK represents activation in 
the inferior-to-superior direction (blue arrow in Figure 77-8, A). 
The high success rate of eliminating Slow/Fast AVNRT through 
ablation procedures targeting tissue in the inferior ToK, outside 
of the CS, provides strong evidence that most Slow/Fast AVNRTs 
use the RIE for the anterograde limb (SP) of the reentrant circuit.

Leftward Inferior Extension Slow/Fast AVNRT
Failure to eliminate Slow/Fast AVNRT by ablation of the RIE 
(despite junctional automaticity during ablation at the inferior 
ToK) in a small percentage of patients supports the role of other 
anatomic substrates for the SP in these patients. In approximately 
5% of patients with Slow/Fast AVNRT, the anterograde limb of 
the circuit (SP) appears to be formed by the leftward inferior 
extension of the AV node (LIE; Figure 77-13, B). This can be 
confirmed by testing the resetting response within the CS and 
inferior ToK. In patients with LIE Slow/Fast AVNRT, the His 
bundle potential is advanced (and the tachycardia reset) by a later 
extrastimulus delivered at the roof of the proximal CS (1 to 3 cm 
from the CS ostium) rather than at the inferior ToK or at the 
floor of the CS ostium. A circuit using the LIE for the SP has 
been most frequently identified by the response to ablation.7 In 
these patients, ablation across the inferior ToK, between the TA 
(at the level of the middle of the CS ostium) and the apical edge 
of the CS ostium, produces vigorous accelerated junctional 
rhythm (indicating injury to the RIE) but fails to affect the tachy-
cardia. Elimination of tachycardia may be achieved in one 
approach by delivering energy at progressively more superior 
sites adjacent to the TA, presumably near the junction of the 
leftward and rightward inferior extensions and closer to the 
compact AV node. We prefer to target the atrial end of the LIE 
at the roof of the proximal CS, either empirically (1 to 3 cm from 
the ostium) or, ideally, at the site where the latest extrastimulus 
resets the tachycardia (Figures 77-13, B and 77-14).1



Figure 77-13.  Schematic Representation of the Circuit and Ablation Sites for Three Forms of Slow/Fast AVNRT A, Rightward inferior extension 
Slow/Fast AVNRT. Retrograde conduction over the FP (red arrows) activates the right and left sides of the interatrial septum, posterior to the ToT, at a level slightly inferior 
to the level of the His bundle. The right and left atrial activation pattern (green arrows) is the same as that shown in Figure 77-3, A. The left atrium activates the CS myocar-
dium (brown arrows). The CS myocardium (brown arrows) activates the floor of the CS ostium; this is followed by activation of the inferior ToK, generating the ASP potential 
(blue arrows) and anterograde conduction over the rightward inferior extension (squiggly blue arrow; RIE). Ablation across the inferior ToK, between the inferoseptal TA and 
the anterior (apical) margin of the CS ostium (red cross-hatched area and black dots), interrupts anterograde conduction over the rightward inferior extension and eliminates 
rightward  inferior extension Slow/Fast AVNRT. B, Leftward  inferior extension Slow/Fast AVNRT. Retrograde FP conduction  (red arrows) and atrial activation  (green arrows) 
same as panel A. The left atrium activates the CS myocardium (brown arrows) and the proximal end of the leftward inferior extension of the AV node  (LIE; purple arrows), 
either directly (1) or via the CS myocardium (2). Activation propagates along the leftward inferior extension of the AV node in the anterograde direction  (squiggly purple 
arrows), forming the SP and completing the reentrant circuit. The CS myocardium activates the inferior ToK, generating the ASP potential (blue arrows), but this tissue is not 
involved in the circuit. For ablation of the atrial end of the LIE (anterograde SP in this tachycardia), we target the roof of the proximal CS, beginning the ablation 3 to 4 cm 
from the CS ostium and continuing proximally toward the superior-anterior edge of the CS ostium (red cross-hatched area). The gray cross-hatched area indicates that abla-
tion of the RIE will fail to eliminate the tachycardia, despite producing junctional automaticity. C,  Inferolateral left atrial Slow/Fast AVNRT. FP conduction (red arrows) and 
atrial activation (green arrows) same as panels A and B. The left atrium activates the atrial end of the inferolateral left atrial SP (IL-LA; orange arrows), originating close to the 
inferolateral mitral annulus (red cross-hatched area). The left atrium also activates the CS myocardium (brown arrows), which activates the inferior ToK (blue arrows), generating 
an ASP potential. However, ablation of the RIE at the inferior ToK (gray cross-hatched area in the RAO Projection) and the LIE at the roof of the proximal CS Koch (gray cross-
hatched area in the LAO Projection) will fail to eliminate the tachycardia. 
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phenomenon” during programmed atrial stimulation, in which 
an atrial extrastimulus produces two His bundle potentials, pre-
sumably resulting from conduction over both an FP and an SP. 
The “2-for-1” response suggests an absence of retrograde pen-
etration of the SP during anterograde FP conduction, and may 
be a useful marker for this type of circuit.

AVNRT Using Two Slow Pathways (RIE Anterograde/
LIE Retrograde AVNRT and LIE Anterograde/RIE 
Retrograde AVNRT)

Short H-A Interval

Both RIE anterograde/LIE retrograde AVNRT and LIE 
anterograde/RIE retrograde AVNRT may present with a rela-
tively long A-H interval (up to 485 ms in our experience; median, 
240 ms) and a short H-A interval, representing the tachycardias 
traditionally referred to as Slow/Slow AVNRT (see Figures 
77-9, B and 16-19). These tachycardias often mimic Slow/Fast 

Inferolateral Left Atrial Slow/Fast AVNRT
In a rare variant of Slow/Fast AVNRT, the SP participating in 
the reentrant circuit cannot be ablated from the inferior ToK or 
from the roof of the CS (see Figure 77-13, C).1 In 11 such 
patients, the tachycardia could be reset only by a late atrial extra-
stimulus delivered into the left atrium, close to the inferolateral 
mitral annulus (Figure 77-15, C). In 9 of these 11 patients, the 
SP was eliminated by left atrial ablation close to the inferolateral 
mitral annulus, at the site of resetting. Radiofrequency current at 
these sites produced accelerated junctional rhythm with 1 : 1 ret-
rograde FP conduction (Figure 77-15, D), identical to that 
observed during radiofrequency current delivery to the inferior 
ToK in patients with RIE Slow/Fast AVNRT, indicating heating 
of the SP. In the remaining 2 patients, AVNRT was eliminated 
by complete isolation of the CS myocardium from the left and 
right atria. These observations suggest that the SP participating 
in this form of Slow/Fast AVNRT has an atrial connection 
located in the left atrium. Two unusual features were found in 
some of these patients: (1) a very short H-A interval during 
tachycardia (≤15 ms); and (2) occurrence of the “2-for-1 

Figure 77-14.  Catheter Ablation of Leftward Inferior Extension Slow/Fast AVNRT by RF Ablation at the Roof of the Proximal CS Before the 
events in this figure occurred, five RF applications were delivered to the inferior ToK. They produced vigorous accelerated junctional rhythm, but sustained Slow/Fast AVNRT 
(with no change in cycle length) remained inducible by programmed atrial stimulation. Two RF applications were then delivered along the roof of the proximal CS. Radio-
graphs in the RAO projection (A) and the LAO projection (B) show the position of the ablation catheter (CS Roof ) for the second of these two RF applications (RF #7), which 
eliminated all residual anterograde SP conduction and eliminated the inducibility of AVNRT. C, Recordings during decremental atrial pacing from the right atrial appendage 
(pacing stimuli S,  in RAA electrogram) following RF #7. A decrease in atrial pacing cycle length to 360 ms was associated with Wenckebach block in FP conduction with 
longest A-H interval of only 145 ms, suggesting complete absence of anterograde conduction over any SP. It is likely that ablation at the inferior ToK eliminated conduction 
over the rightward inferior extension, and ablation at the roof of the proximal CS eliminated conduction over the leftward inferior extension of the AV node, eliminating 
all SP conduction. 
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Figure 77-15.  Localization of the Inferolateral Left Atrial (IL-LA) SP Using the Resetting Technique Followed by Catheter Ablation of 
“IL-LA” Slow/Fast AVNRT in the Left Atrium Close to the Inferolateral Mitral Annulus A and B, Radiographs in the RAO and LAO projections show 
catheter positions, including the mapping catheter in the left atrium (transseptal technique), positioned close to the inferolateral mitral annulus (IL-LA). C, During Slow/Fast 
AVNRT with constant cycle length 305 ms, an atrial extrastimulus was delivered to the mapping catheter in the left atrium close to the inferolateral mitral annulus (arrow; 
S2 in IL-LA electrogram) after retrograde atrial activation had occurred (A1-A1 = 305 ms in the HBp electrogram). The atrial extrastimulus advanced the next His bundle potential 
(H2) by 10 ms (H1-H2 = 295 ms). H2 was followed by an interval equal to the tachycardia cycle length (H2-H3 = 305 ms), completing the resetting response. The resetting of 
the tachycardia suggests that the site where the left atrial extrastimulus was delivered was located close to an atrial connection with the SP, forming the anterograde limb 
of the reentrant circuit (IL-LA SP). D, An application of RF current was delivered to the resetting site in the left atrium (arrow; RF On in the RF Power Tracing). This produced 
an immediate accelerated junctional rhythm. Each His bundle potential of the accelerated junctional rhythm (HJunct) was followed by retrograde conduction over the fast 
AV nodal pathway (ARetro), consistent with heating-induced automaticity of the IL-LA SP. 
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reentry between the 2 SPs suggests that the junction between 
anterograde and retrograde limbs of this tachycardia is located 
more inferiorly in the ToK than during Slow/Fast AVNRT.9

It is important to differentiate RIE /LIE and LIE /RIE 
AVNRT from Slow/Fast AVNRT for at least two reasons. First, 
the technique of FP ablation, now only rarely used for ablation 
of Slow/Fast AVNRT, does not eliminate RIE/LIE or LIE /RIE 
AVNRT. In fact, RIE/LIE and LIE/RIE AVNRT with a short 
H-A interval, mimicking Slow/Fast AVNRT, probably account 
for the 5% to 10% incidence of “atypical AVNRT” reported after 
FP ablation in patients thought to have Slow/Fast AVNRT. Second, 
in our experience, the recurrence rate after SP ablation is greater 
for RIE/LIE or LIE/RIE AVNRT than for Slow/Fast AVNRT 
(8.3% vs. 0.5%, respectively); therefore, ablation targeting both 
RIE and LIE (inferior ToK and roof of the CS) may be justified. 
Of 650 consecutive patients with AVNRT exhibiting a short H-A 
interval (<120 ms) referred for ablation in our laboratory, earliest 
retrograde activation was recorded behind the ToT (Slow/Fast 
AVNRT) in 541 (83%), and 109 (17%) had RIE/LIE or LIE/RIE 
AVNRT.

AVNRT but are differentiated from Slow/Fast AVNRT by the 
presence of earliest retrograde activation recorded at the roof of 
the CS (1 to 3 cm from the ostium; Figures 77-9, B and 77-16, B)8 
or at the inferior ToK (Figure 77-17), rather than posterior to 
the ToT (fast pathway area; see Figure 77-2). RIE anterograde/
LIE retrograde AVNRT accounts for most of these tachycardias. 
When induced by programmed atrial stimulation, the initiation 
is associated with an abrupt increase in the A-H interval. Patients 
often exhibit multiple jumps in the A2-H2 interval during atrial 
extrastimulus testing, consistent with multiple SPs.

Compared with Slow/Fast AVNRT (the other “Short H-A” 
form of AVNRT), RIE anterograde/LIE retrograde and LIE 
anterograde/RIE retrograde AVNRT have a much wider range 
of H-A interval, in our experience ranging from −35 to 260 ms 
(median, 120 ms). Unlike Slow/Fast AVNRT, the H-A interval 
can be very short or even negative (see Figure 77-17), despite 
retrograde conduction over an SP, because of the presence of a 
lower common pathway. Short H-A intervals can be explained by 
retrograde conduction over the LIE (or RIE) with simultaneous 
bystander conduction over a lower common pathway from the 
distal junction of the two slow pathways to the His bundle. The 
longer the conduction time over the lower common pathway, the 
shorter is the H-A interval. The short H-A interval produces 
simultaneous atrial and ventricular activation, simulating Slow/
Fast AVNRT (see Figures 77-9, B, 77-16, and 77-17) and has 
sometimes been considered a variant of Slow/Fast AVNRT with 
an inferior exit for the retrograde FP (formerly described as 
“posterior type” AVNRT). However, approximately half of the 
patients with this form of AVNRT also have retrograde conduc-
tion over the FP. The shift in retrograde atrial activation sequence 
during programmed ventricular stimulation from retrograde FP 
to retrograde SP confirms that retrograde conduction is not 
occurring over the FP during tachycardia (see Figures 77-1 and 
77-17). In patients with simultaneous atrial and ventricular acti-
vation during tachycardia, identification of the retrograde atrial 
activation sequence is facilitated by the use of para-Hisian late 
ventricular extrastimuli, which separate the atrial and ventricular 
potentials (see Figure 77-16, B).

Cycle length changes and especially changes in H-A interval 
during tachycardia are much more common in RIE anterograde/
LIE retrograde and LIE anterograde/RIE retrograde AVNRT 
than in Slow/Fast AVNRT. In addition, during RIE anterograde/
LIE retrograde or LIE anterograde/RIE retrograde AVNRT, the 
H-A interval is consistently shorter (by a mean of 30 ms) than 
during ventricular pacing at the tachycardia cycle length (see 
Figure 77-9, B), whereas in Slow/Fast AVNRT, the H-A interval 
is usually slightly longer (mean, 9 ms) than during ventricular 
pacing at the tachycardia cycle length (see Figure 77-9, A).1 The 
longer H-A interval during ventricular pacing in patients with 
RIE anterograde/LIE retrograde and LIE anterograde/RIE ret-
rograde AVNRT results from conduction over the relatively long 
lower common pathway. In patients with AVNRT exhibiting a 
short H-A interval, an H-A interval during ventricular pacing at 
the tachycardia cycle length (measured from the end of the most 
proximal retrograde His bundle potential) exceeding the H-A 
interval during tachycardia (ΔHA) by ≥15 ms is probably diag-
nostic of RIE anterograde/LIE retrograde or LIE anterograde/
RIE retrograde AVNRT (Slow/Slow AVNRT), excluding Slow/
Fast AVNRT (see Figure 77-9).1

The long lower common pathway in AVNRT using two SPs 
is also demonstrated by ventricular extrastimuli during tachycar-
dia. Atrial activation is not advanced until the ventricular extra-
stimulus retrogradely advances the proximal His bundle potential 
by 30 to 60 ms (Figure 77-18). This contrasts with Slow/Fast 
AVNRT wherein any advance in the timing of retrograde His 
bundle activation by a ventricular extrastimulus usually results in 
an equal advance in the timing of retrograde atrial activation (see 
Figure 77-12). The longer lower common pathway during 

Figure 77-16.  Rightward Inferior Extension Anterograde/Leftward 
Inferior Extension Retrograde AVNRT (Slow/Slow AVNRT) With 
a Short H-A Interval Mimicking Slow/Fast AVNRT A, During Slow/
Slow AVNRT, a short H-A interval (70 ms in HB electrogram) resulted in simultane-
ous atrial and ventricular activation, which obscures the retrograde atrial activation 
sequence and mimics Slow/Fast AVNRT. B, Two right ventricular extrastimuli were 
delivered to the para-Hisian right ventricular septum. The second ventricular extra-
stimulus (S3) advanced the timing of local ventricular activation, revealing the ret-
rograde atrial activation sequence with earliest activation recorded at the roof of 
the proximal CS (*CS potential in Roof CSd electrogram), consistent with retrograde 
conduction  over  the  SP  formed  by  the  LIE,  with  activation  propagating  away  in 
both directions in the Floor CS electrograms. 
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reentrant circuit (bystander). The H-A interval is not a direct 
measure of any components of the circuit, but is simply the entire 
cycle length minus the A-H interval.

Traditionally, Fast/Slow AVNRT was given this label because 
the relatively short A-H interval was interpreted as indicating 
that the FP formed the anterograde limb of the tachycardia 
circuit. This label suggested that the circuit was the same as that 
used in Slow/Fast AVNRT, but in the reverse direction. However, 
several findings suggest the presence of a long lower common 
pathway, which would not be present if the circuit was using the 
same anatomic substrate as Slow/Fast AVNRT (i.e., using  
the FP). First, the H-A interval during ventricular pacing at the 
tachycardia cycle length is much longer than the H-A interval 
during tachycardia (compared with the slightly shorter H-A 
interval during ventricular pacing in Slow/Fast AVNRT). Second, 
unlike Slow/Fast AVNRT, ventricular extrastimuli during tachy-
cardia must advance His bundle activation by 30 to 60 ms before 
resetting the tachycardia (see Figure 77-18). Another observation 
supporting reentry between two “SPs” is the frequent occurrence 
of a >50-ms jump in A-H interval during initiation of Fast/Slow 
AVNRT by programmed atrial stimulation, suggesting antero-
grade conduction over one SP, followed by retrograde conduc-
tion over another SP.

Fast/Slow AVNRT, using the FP for the anterograde limb and 
one of the SPs for the retrograde limb, may occur but appears to 
be very uncommon. This tachycardia would be expected to have 
a very short lower common pathway (as for Slow/Fast AVNRT). 
As a result, ventricular extrastimuli during tachycardia that 
advance the His bundle potential by 5 to 10 ms would be expected 
to change the timing of the next atrial potential and to reset the 
tachycardia. This finding is rarely, if ever, encountered in long 
H-A AVNRT.

Rarely, short H-A AVNRT is seen using an anteroseptal SP 
for retrograde conduction and presumably the RIE or LIE for 
anterograde conduction. This tachycardia is identified by record-
ing earliest retrograde activation at the anterior-superior atrial 
septum, slightly superior and posterior to the site recording His 
bundle activation and approximately 1 to 2 cm superior to the 
site of earliest activation during retrograde FP conduction (pink 
arrows in Figure 77-3, D).

Long H-A Interval
AVNRT with a relatively short A-H interval and long H-A inter-
val usually represents LIE anterograde/RIE retrograde AVNRT, 
formed by anterograde conduction over the LIE and retrograde 
conduction over the RIE (Figure 77-19, A), with earliest retro-
grade activation recorded at the inferior ToK. The RP interval is 
longer than the PR interval, with a wide inverted P wave in the 
inferior electrocardiographic leads (see Figure 77-7) caused by 
activation of the left atrium by the coronary sinus. This circuit 
probably accounts for almost all of the tachycardias traditionally 
classified as Fast/Slow AVNRT.

In the more usual manifestation of this tachycardia (long 
H-A), the short A-H interval may be even shorter than during 
sinus rhythm (see Figure 77-7). The short A-H (and PR) interval 
may be explained by the following mechanism. Retrograde acti-
vation of the RIE (blue arrow in Figure 77-19, D) activates the 
CS myocardium (brown arrows in Figure 77-19, D), which acti-
vates the left atrium (green arrows in Figure 77-19, D) and the 
LIE (purple arrows in Figure 77-19, D). Relatively rapid conduc-
tion along the left atrium (green arrows in Figure 77-19, D) and 
anterograde conduction over the FP (red arrows in Figure 
77-19, D) produce a short A-H interval. In this mechanism, the 
FP activates the His bundle but does not participate in the 

Figure 77-17.  Induction by Ventricular Extrastimuli of Leftward Inferior Extension/Rightward Inferior Extension AVNRT (Slow/Slow 
AVNRT) With Negative H-A Interval In the first complex of the tracing, a ventricular extrastimulus (S2) resulted in a retrograde atrial activation sequence consistent 
with retrograde conduction over the fast AV nodal pathway. Note that the retrograde ASP potential follows the timing of atrial activation in the proximal CS as well as the 
far-field atrial potential (AFar) from behind the Eustachian ridge. The second ventricular extrastimulus (S3) resulted in retrograde block in FP conduction and selective retro-
grade conduction over an SP, with an activation sequence consistent with conduction over the RIE (ASP potential precedes atrial activation at other sites), initiating sustained 
LIE anterograde/RIE retrograde AVNRT (Slow/Slow AVNRT). During tachycardia, atrial activation in the His bundle electrograms (A potential) followed His bundle activation, 
simulating Slow/Fast AVNRT. However, the retrograde ASP potential in the Inf ToK electrogram preceded His bundle activation by 35 ms (negative H-A interval). 



ELECTROPHYSIOLOGICAL CHARACTERISTICS OF AVNRT: IMPLICATIONS FOR THE REENTRANT CIRCUITS 785

77 

Figure 77-18.  Use of Ventricular Extrastimuli to Verify the Diagnosis of Slow/Slow (LIE /RIE) AVNRT A, During tachycardia, a single extrastimulus 
(S2) was delivered to the para-Hisian right ventricular septum. S2 advanced the timing of local ventricular activation near the site of earliest retrograde atrial activation (Inf 
ToK electrogram) by 70 ms (V-V = 510 ms, compared with 580 ms). However, S2 did not advance the timing of His bundle activation (H) or atrial activation, excluding ret-
rograde conduction over an inferoseptal accessory pathway and orthodromic AV reentrant tachycardia. Note that the ventricular extrastimulus provided further separation 
of the ventricular and atrial potentials, allowing clear identification of the retrograde atrial activation sequence, including the early retrograde ASP potential. B, An earlier S2 
resulted in retrograde activation of the His bundle. The end of the retrograde His bundle potential occurred 20 ms before anterograde His bundle activation would have 
occurred (H-H = 540 ms, compared with 560 ms). This failed to advance the timing of retrograde atrial activation (ASP-ASP = 560 ms), consistent with either AVNRT with a 
long lower common pathway or atrial tachycardia. C, Further shortening of the extrastimulus coupling interval (an earlier S2) resulted in earlier retrograde activation of the 
His bundle. The end of the retrograde H potential occurred 35 ms before the anterograde H potential would have occurred (H-H = 525 ms, compared with 560 ms). This 
resulted  in a 10-ms advance  in  the  timing of  retrograde atrial  activation without a change  in  the atrial  activation sequence  (ASP-ASP =  550 ms, compared with 560 ms), 
indicating that the timing of atrial activation was dependent on the timing of His bundle activation, excluding an atrial tachycardia and confirming AVNRT. 



786 SUPRAVENTRICULAR TACHYARRHYTHMIAS: MECHANISMS, CLINICAL FEATURES, AND MANAGEMENT

Figure 77-19.  Hypothesis That Slow/Slow AVNRT and Fast/Slow AVNRT Result from Reentry Between the Rightward and Leftward Inferior 
Extensions of the AV Node and Schematic Representations for the Proposed Circuits for These Tachycardias A, Reentry using the RIE  in  the 
anterograde direction (blue arrow) and the LIE in the retrograde direction (purple arrow), with earliest activation in the roof of the proximal CS often producing a long A-H 
interval and a shorter H-A interval typical of Slow/Slow AVNRT. B, Reentry using the LIE for anterograde conduction (purple arrow) and the RIE for retrograde conduction 
(blue arrow), with earliest activation at the inferior ToK (ASP potential) often producing a short A-H (left atrium activates the FP) and a long H-A, typical of Fast/Slow AVNRT.
C, Schematic representation of reentry between the RIE and LIE, postulated by the authors to be the reentrant circuit in most cases of Slow/Slow AVNRT. Activation propa-
gates in the anterograde direction along the SP formed by the RIE (blue arrows) to activate the lower common pathway in the anterograde direction (squiggly black arrows) 
and the SP formed by the LIE in the retrograde direction (purple arrows). The LIE activates the roof of the CS myocardium (brown arrows), which propagates the impulse to 
the floor of the CS ostium (brown arrows) to activate the inferior ToK and RIE (blue arrows and ASP potential) to complete the circuit. The FP does not participate in the circuit, 
even though the H-A interval is often short. The conduction time over the lower common pathway delays His bundle activation, shortening the H-A interval during tachy-
cardia mimicking Slow/Fast AVNRT. Our approach to ablation is to target the atrial end of the retrograde limb of the circuit (usually the LIE at the roof of the CS; red cross-
hatched area  in LAO projection);  this  is  followed  by  ablation  of  the  atrial  end  of  the  anterograde  limb  (usually  the  RIE  at  the  inferior ToK;  red cross-hatched area  in RAO 
projection). 

RIE Ante/LIE Retro AVNRT
(Usually Slow/Slow AVNRT)

LIE Ante/RIE Retro AVNRT
(Usually Fast/Slow AVNRT)

RIE Ante/LIE Retrograde AVNRT
(Usually Slow/Slow AVNRT)

LIE

ToT

TA

RIE LIE

Retrograde SP
Ablation Region

(LIE)

Anterograde SP
Ablation Region

(RIE)C

RIE

Differential Diagnosis of AVNRT

Differentiating AVNRT from Atrioventricular 
Reentrant Tachycardia and Atrial Tachycardia

The atrial activation sequence of the various forms of AVNRT 
may be indistinguishable from the atrial activation sequence of 
either orthodromic AV reentrant tachycardia (using an antero-
septal, inferoseptal, left posterior, or left posterolateral accessory 
pathway) or atrial tachycardia arising from the septum or region 
surrounding the CS. Any form of AVNRT can be differentiated 

from orthodromic AV reentrant tachycardia and atrial tachycar-
dia by the use of ventricular extrastimuli, which establishes 
whether the reentrant circuit incorporates ventricular myocar-
dium. The extrastimuli are best delivered to the base of the 
ventricle, close to the site of earliest retrograde atrial activation 
(see Figure 77-18). An advance in the timing of atrial activation 
without retrograde activation of the His bundle establishes the 
presence of an accessory AV pathway. If the atrial activation 
sequence of the advanced complex is identical to that of the other 
tachycardia complexes, and if a slight advance in the timing of 
atrial activation results in a change in the timing of the next His 
bundle activation (resetting the tachycardia), then an accessory 
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LIE Ante/RIE Retrograde AVNRT

(Usually Fast/Slow AVNRT)

TA

Retrograde SP
Ablation Region

(LIE)

Anterograde SP
Ablation Region

(RIE)
D

LIE
LIE

FPFP

FP

RIE
RIE

D, Schematic representation of the proposed circuit for LIE /RIE AVNRT (accounting for most Fast/Slow AVNRT and some Slow/Slow AVNRT). Activa-
tion propagates in the anterograde direction along the SP formed by the LIE (purple arrows) to activate the lower common pathway in the anterograde direction (lower 
squiggly black arrows in RAO projection) and the retrograde SP formed by the RIE in the retrograde direction (blue arrows). The RIE activates the floor of the CS ostium (brown 
arrow  in RAO projection). The CS myocardium propagates the impulse laterally (brown arrows  in LAO projection) to activate the left atrium (green arrow) and the LIE in the 
anterograde direction (purple arrows) to complete the circuit. Left atrial activation propagates rapidly (green arrows in LAO) to the atrial septum to activate the FP (red arrows), 
producing a short A-H interval, and across the atrial septum to activate the right atrium (dotted green lines and green arrows). The FP serves as a bystander. Ablation is tar-
geted to the atrial end of the retrograde SP at the inferior ToK, at a site recording a sharp retrograde ASP potential (red cross-hatched area). 

Modified by permission.5

Figure 77-19, cont’d. 

pathway is being activated during the tachycardia, and it forms 
part of the reentrant circuit, respectively. Conversely, an acces-
sory AV pathway is unlikely to be present if the timing and 
sequence of retrograde atrial activation are unchanged by a ven-
tricular extrastimulus that advances the timing of ventricular 
activation close to the site of earliest retrograde atrial activation 
by 50 ms or more (see Figures 77-12, A, 77-16, B, and 77-18, A). 
AVNRT can be differentiated from atrial tachycardia by the use 
of earlier ventricular extrastimuli. In AVNRT, ventricular extra-
stimuli that significantly advance the timing of retrograde His 
bundle activation (30 to 60 ms or longer) will alter the timing of 
atrial activation (without a change in atrial activation sequence) 
or will block without conduction to the atrium and terminate the 

tachycardia (see Figures 77-12, B, 77-12, C, and 77-18, C), but 
will have no effect on the timing or sequence of atrial activation 
in atrial tachycardia. This degree of advance in His bundle activa-
tion often requires the use of multiple ventricular extrastimuli or 
continuous ventricular pacing at a cycle length slightly shorter 
than tachycardia cycle length. Atrial tachycardia is diagnosed if 
ventricular extrastimuli or ventricular pacing during tachycardia 
retrogradely advances His bundle activation by more than 60 to 
80 ms without changing the timing or sequence of atrial activa-
tion. A long advance in His bundle activation is required to dif-
ferentiate AVNRT using 2 SPs from atrial tachycardia because 
of the long lower common pathway between rightward and left-
ward inferior extensions and the His bundle.
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there were nearly equal numbers of adults and children with 
severe CHD.4 Current estimates in the United States of people 
with CHD are in excess of 2 million with an approximate equal 
number of children and adults.5 It is expected that the number of 
adults with severe CHD will outnumber the number of children 
with severe CHD. These findings reflect the need for more spe-
cialized care facilities for ACHD patients to meet the needs of 
the additional morbidity burden including arrhythmias.

Risk of Atrial Tachyarrhythmias in  
Congenital Heart Disease

A large population-based study demonstrated that the prevalence 
of AT is approximately 15% in ACHD, which is nearly threefold 
higher than in the general population.1 In general, older patients 
with CHD are more likely to develop AT. For example, the 
20-year risk of developing AT is 7% in a 20-year-old patient and 
38% in a 55-year-old patient.1 Overall, approximately 50% of 
20-year-old patients with CHD will develop AT during  
their lifetime.1 This risk is higher in those with severe CHD 
lesions and in those with right-sided lesions.1,6 The prevalence 
and mechanism of arrhythmias varies according to the underlying 
anatomic defect and method of surgical repair (Tables 78-1,  
78-2). The prevalence of AT ranges from 4.8% in patients with 
patent ductus arteriosus to 33% in those with Ebstein anomaly.1 
The following section discusses the congenital cardiac malforma-
tions at highest risk of developing AT, including Ebstein anomaly, 
complete transposition of the great arteries (TGA), univentricu-
lar heart (UVH), atrial septal defect (ASD), and tetralogy of 
Fallot (TOF).

Populations at Risk

Ebstein Anomaly

Ebstein anomaly is an uncommon congenital cardiac malforma-
tion accounting for less than 1% of CHD lesions. It is character-
ized by apical displacement and tethering of the septal and 
posterior leaflets of the tricuspid valve, creating a broad area of 
atrialized right ventricle. There is often coexistence of an ASD 
(84%), but other cardiac anomalies can also occur, including 
pulmonary stenosis (10%) and ventricular septal defect (4%).7 
The pathophysiologic abnormalities that occur in Ebstein 
anomaly place these patients at increased risk of developing AT: 
a markedly enlarged right atrium (RA), left-to-right atrial shunt-
ing, and the not infrequent occurrence of accessory pathways.8 A 
recent study from the Mayo Clinic demonstrated that 36% of 
operated patients reported an episode of AT in adulthood.9 In 
patients experiencing AT, the most common mechanism of AT is 
atrial fibrillation or flutter (64%), followed by atrioventricular 
reentrant tachycardia (AVRT) (45%) and atrioventricular nodal 
reentrant tachycardia (AVNRT) (9%).8 Approximately 17% of 
patients with AT demonstrate multiple mechanisms of AT.8 
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Advances in pediatric cardiovascular care have resulted in a 
rapidly expanding population of adults with congenital heart 
disease (ACHD). However, improved surgical outcomes in the 
young have resulted in alternate sources of morbidity and mortal-
ity in the adult, central among which are cardiac arrhythmias. 
Atrial tachyarrhythmias (ATs) are the most commonly encoun-
tered.1 The etiology of these arrhythmias is multifactorial, and 
they can arise as a consequence of underlying hemodynamic 
derangements, chronic cyanosis, elevated pressures, or prior 
surgery in which patches and suture lines create the substrate for 
tachycardia, most frequently macroreentrant. The clinical burden 
of these arrhythmias is substantial, and the development of AT is 
associated with an increased risk of stroke, heart failure, and 
death.1,2 Ventricular dysfunction and a predisposition to bradyar-
rhythmias can constrain the choice of antiarrhythmic agents in 
ACHD and as such, catheter ablation—coupled with or instead 
of antiarrhythmic therapy—is being used increasingly. The 
advent of sophisticated mapping systems has improved proce-
dural success rates of catheter ablation,3 although recurrences 
after successful ablation occur more frequently in this patient 
cohort, motivating active and ongoing research in this area. This 
chapter presents an overview of the epidemiology of congenital 
heart disease (CHD) and reviews the clinical effects, mechanisms, 
and management of AT in this population.

Epidemiology

Changing Epidemiology of  
Congenital Heart Disease

The development of advanced surgical techniques for patients 
with CHD and improved pediatric care have resulted in an 
increasing and aging population of ACHD, including those with 
complex lesions.1 More than 90% of children born with CHD 
are expected to survive to adulthood. In a large Canadian 
population-based database, the prevalence of CHD was 1.2% in 
children, 0.4% in adults, and 0.6% in the general population in 
the year 2000.4 For severe CHD lesions, the prevalence was 0.38 
per 1000 adults, representing 9% of the total ACHD population. 
The prevalence of adults with severe CHD is rising faster than 
the prevalence of children with severe CHD and in the year 2000 
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Table 78-2.	 Relative	Risk	for	Specific	Tachyarrhythmias	in	Common	Congenital	Heart	Defects

CHD Diagnosis IART, Atrial Flutter Atrial Fibrillation AP-Mediated Arrhythmia Ventricular Tachycardia

TGA	(Mustard	or	Senning) +++ ++

Univentricular	heart	(Fontan) +++ + +

Tetralogy	of	Fallot ++ ++

Ebstein’s	anomaly ++ +++ +

Atrial	septal	defect + +

Ventricular	septal	defect + +

Atrioventricular	septal	defect +

Congenital	corrected	TGA + ++ +

Aortic	stenosis + ++

AP,	Accessory	pathway;	CHD,	congenital	heart	disease,	IART,	intraatrial	reentrant	tachycardia;	TGA,	transposition	of	the	great	arteries;	+++,	high	risk;	++,	moderate	risk;	+,	
slight	risk.
Modified	from	Walsh	EP:	Interventional	electrophysiology	in	patients	with	congenital	heart	disease.	Circulation	115:3224-3234,	2007.

Table 78-1.	 Prevalence	of	Atrial	Tachyarrhythmias	in	Selected	ACHD	Cohorts

CHD Diagnosis Prevalence of AT (%) ACHD With AT (n) Total Population (n)

Ebstein	anomaly 33.0 37 112

Transposition	of	the	great	arteries 28.0 120 428

Univentricular	heart 24.2 77 318

Atrial	septal	defect 18.9 1,362 7,197

Tetralogy	of	Fallot 15.5 205 1,319

Atrioventricular	canal	defect 7.6 98 1,284

Coarctation	of	the	aorta 7.6 58 752

Ventricular	septal	defect 4.9 322 6,570

Patent	ductus	arteriosus 4.8 30 626

Total	ACHD	population 15.1 5,812 38,428

ACHD	Adults	with	congenital	heart	disease;	AT,	atrial	tachyarrhythmias;	CHD,	congenital	heart	disease.
Modified	from	Bouchardy	et	al:	Atrial	arrhythmias	in	adults	with	congenital	heart	disease,	Circulation	120:1679-1686,	2009.

AVRT can induce atrial fibrillation, and in conjunction with rapid 
antegrade conduction over an accessory pathway this can in turn 
provoke ventricular fibrillation.

Complete Transposition of the Great Arteries

Complete TGA is characterized by ventriculoarterial discordance 
and atrioventricular (AV) concordance. The prevalence of com-
plete TGA is 5% to 7% of all congenital cardiac malformations. 
From the mid 1960s to the late 1980s, these patients underwent 
repair with atrial switch procedures using either artificial material 
(Mustard) or myocardial tissue (Senning) to redirect the systemic 
and pulmonary venous circulation, such that the morphologic 
right ventricle serves as the systemic ventricle and the morpho-
logic left ventricle as the pulmonary venous ventricle. Although 
arterial switch surgery is the current procedure of choice, most 
adults currently have Mustard or Senning baffles. These surgeries 
involve extensive atrial reconstruction and predispose the patient 
to sinus node dysfunction and late AT.10 In a large cohort study 
of 478 early Mustard survivors (median age at operation, 1.3 
years) the incidences of sinus node dysfunction and AT and were 

60% and 24%, respectively, at 20 years after the index opera-
tion.10 Independent risk factors for the occurrence of late AT 
included perioperative bradycardia, permanent heart block, need 
for reoperation, and loss of sinus rhythm during follow-up. A 
later study in a subset of these patients demonstrated that by 
adulthood 48% of Mustard patients had experienced at least one 
episode of AT, with most patients having experienced intraatrial 
reentrant tachycardia (IART) or atrial flutter (AFL).11 Pulmonary 
hypertension, systemic ventricular dysfunction, and junctional 
rhythm before 18 years of age were independent predictors for 
AT.11 Documented AT has also been associated with sudden death 
in patients with atrial switch.12

The arterial switch operation is the most contemporary surgi-
cal approach for complete TGA. Besides restoring the morpho-
logic left ventricle as the systemic ventricle, this procedure also 
reduces the incidence of sinus node dysfunction and late AT. A 
Japanese multicenter study of 624 1-year survivors (median age 
at operation, 2 months) demonstrated incidences of 1.0% and 
4.3% for sinus node dysfunction and AT, respectively, during a 
mean follow-up duration of 10 years.13 This low incidence of AT 
appears to remain fairly constant during long-term follow-up, 
with a prevalence of approximately 4.5% reported at adulthood.14 
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in the external conduit Fontan.17 Previously, a single-center study 
demonstrated a 15-year incidence of late AT of 13% for patients 
with intracardiac lateral tunnel repair versus 39% for atriopul-
monary Fontan patients.15 Intracardiac lateral tunnel repair 
requires a lot of atrial surgery, whereas with the extracardiac 
Fontan, there is less extensive atrial surgery. The use of an extra-
cardiac Fontan circulation has resulted in a low incidence of AT, 
4.2% during a mean follow-up of 6 years.20 Although the duration 
of follow-up for these newer surgical variants is shorter than for 
the atriopulmonary Fontan, it is hoped that the avoidance of an 
extensive atriotomy and intraatrial suture lines will contribute to 
a reduction of AT in the long-term.

Atrial Septal Defect

Atrial septal defect is the most common congenital cardiac mal-
formation in adults.4 Several anatomic types of ASD exist. Ostium 
secundum defects occur as a result of an increased resorption of 
the primum septum or an undergrowth of the flap of the foramen 
ovale, whereas ostium primum defects results from abnormal 
development of the endocardial cushions and are accompanied 
by anomalies of the mitral valve. The resultant atrial enlargement 
secondary to left-to-right atrial shunting—and mitral regurgita-
tion in ostium primum defects—contributes to arrhythmia devel-
opment. Sinus venosus defects result from the abnormal 
development of the sinus horn with a resulting defect in proxim-
ity to the sinus node. A shunt resulting from the ASD itself, 
anomalous pulmonary venous drainage, and prolonged AV node 
conduction predispose to subsequent arrhythmias. Secundum 
defects are the most common (60%), with primum defects 
accounting for 20% and superior sinus venosus defects 15%. In 
the absence of associated lesions, the development of late AT is 
low in those operated during childhood.21 Murphy et al.21 dem-
onstrated that the incidence of late AT after closure increased 
from 17% in the 12- to 24-year-old age group to 55% in the over 
41-year-old age group during late follow-up.21 The prevalence of 
AT is approximately 20% in patients undergoing surgical closure 
of ASD in adulthood, and the majority of patients with 

These data support the notion that extensive atrial surgery is an 
important contributor to the development of AT in TGA patients.

Univentricular Heart with Fontan Surgery

The Fontan palliation was introduced in 1971 to treat tricuspid 
atresia. Four decades later, the Fontan circulation encompasses a 
spectrum of anatomic substrates, staging options, and operative 
techniques resulting in one functional ventricular chamber.15 
Types of Fontan procedures include the atriopulmonary connec-
tion, a right atrioventricular connection, and total cavopulmo-
nary connection (i.e., an intracardiac or extracardiac lateral tunnel 
connection, or an extracardiac conduit; Figure 78-1). ATs are 
highly prevalent, depending on type of surgery and age, and are 
associated with substantial morbidity.16,17 Earlier single-center 
cohort studies, in which a large proportion of patients had an 
atriopulmonary Fontan, reported a higher incidence of late AT 
ranging from 16% to 22%, with a mean follow-up duration of 
approximately 5 years after surgery.18,19 Risk factors for the devel-
opment of late postoperative AT included RA enlargement, sys-
temic AV regurgitation, sinus node dysfunction, older age at the 
time of cardiac surgery, elevated preoperative pulmonary artery 
pressure, early postoperative arrhythmias, lower functional status, 
and longer follow-up duration.17-19 Earlier canine models of atrio-
pulmonary Fontan have shown that suture lines alone can con-
tribute to the development of IART. As a consequence of these 
observations, the Fontan procedure was revised to minimize both 
RA dilatation and the extent of atrial surgery, resulting in the (1) 
lateral tunnel connection and (2) extracardiac total cavopulmo-
nary conduit. In a recent multicenter cross-sectional pediatric 
cohort study of 521 early Fontan survivors (mean age, 12 years) 
the prevalences of IART, AVRT, and focal AT were 7.3%, 1.8%, 
and 0.8%, respectively. The risk of IART decreased after the 
Fontan operation until 4 to 6 years after completion, and it then 
increased with age thereafter.17 The prevalence of IART was 
related to the amount of RA dilatation and extent of atrial surgery: 
19% in the atriopulmonary connection, 7% in the intracardiac 
lateral tunnel, 5% in the extracardiac lateral tunnel, and only 2% 

Figure	78-1.  The different types of Fontan circulation. A, The atriopulmonary connection consists of closing the atrial septal defect (ASD) and connecting the right atrium 
(RA) directly to the right pulmonary artery (RPA). B, The intracardiac total cavopulmonary connection, or lateral tunnel procedure, connects the superior vena cava to the 
right pulmonary artery, so that the blood is directed from the inferior vena cava (IVC) to the pulmonary artery. C, The extracardiac cavopulmonary connection consists of 
a direct anastomosis of the superior vena cava (SVC) to the RPA and in the interposition of an extracardiac prosthesis between the IVC and the RPA. The advantage of the 
procedure is that it can be performed without myocardial ischemia, there are fewer suture lines in the RA, and there are no foreign material in the RA. 

(From	d’Udekem	et	al:	The	Fontan	procedure:	contemporary	techniques	have	improved	long-term	outcomes.	Circulation	116:I157-I164,	2007.)
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important risk factor for the development of AT.11,22 The devel-
opment of AT confers a twofold to threefold increased risk of 
heart failure and has been associated with an increased risk of 
death from heart failure.1,2 Therefore, the onset of AT should 
prompt the clinician to look for hemodynamically reversible 
causes of AT.

Arrhythmias, especially AT, are common during pregnancy in 
women with CHD, with a prevalence of approximately 5% of 
completed pregnancies, and are associated with an increased risk 
of adverse fetal complications.30,31 Risk factors for developing 
arrhythmias during pregnancy are similar to those already 
described and include a prior history of arrhythmias and extensive 
atrial surgery (e.g., Fontan, Mustard, or Senning operation).30,31

Mortality

Bouchardy et al.1 demonstrated in a large ACHD population-
based study (n = 38,428) that the presence of AT increases the 
risk of mortality by approximately 50%. A Dutch population-
based study (n = 6933) also showed that AT was associated with 
all-cause mortality when corrected for age, gender, and severity 
of underlying CHD (adjusted hazard ratio of 1.8).2 Previous 
lesion-specific studies demonstrated an increase in mortality in 
patients with CHD and AT, particularly in Mustard or Senning 
patients,12 TOF patients,25 and Fontan patients.32 For the overall 
ACHD population, AT is associated with death owing to heart 
failure (hazard ratio of 5 : 1),2 whereas AT is also associated with 
sudden death in Mustard and Senning patients12 and thrombo-
embolic death in Fontan patients.32

The ACHD population consists of different CHD subgroups 
with different anatomic diagnoses and background risks for 
death. Risk factors for mortality in the specific subgroup of 
ACHD with AT include poor functional class, UVH, pulmonary 
hypertension, and (residual) valvular lesions. ACHD with more 
than one risk factor have a 5-year mortality rate of approximately 
30%.33

Mechanism of Atrial Tachyarrhythmias

Macroreentrant Atrial Tachycardia

The most commonly encountered AT mechanism in ACHD is 
that of macroreentrant AT, followed by atrial fibrillation.34 Focal 
AT, AVNRT, and AVRT occur less frequently.35 The term IART 
is used most commonly to describe the atrial reentrant tachycar-
dias encountered in the patient with CHD. With the exception 
of Fontan patients, cavotricuspid isthmus (CTI)-dependent AFL 
remains the most common mechanism of macroreentrant AT in 
patients with CHD.36-39 Some authors prefer to use the term 
IART for both AFL and non-CTI-dependent IART.3,40 In patients 
with CHD, the propensity to IART is facilitated both by natural 
anatomic and surgically created barriers that result in delayed 
conduction. A variety of conduction barriers that confine IART 
circuits (e.g., the right AV valve, vena cavae, crista terminalis, 
surgical suture lines, patches, baffles, and conduits) have been 
described in these patients.38 In addition, chronic cyanosis, 
increased atrial wall stress, and increasing age contribute to the 
development of abnormal atrial myocardium and fibrosis (Figure 
78-2). Patchy islands of scar surrounded by viable myocardium 
facilitating reentry have been described at the time of intracardiac 
mapping.41 The most common critical corridor of conduction 
delay in IART in ACHD is the area between the right lateral 
atriotomy scar and the inferior caval vein.36,38

The arrhythmia mechanism can be reflected in the surface 
electrocardiogram, which can be helpful in making distinguishing 

preoperative AT continues to experience AT during long-term 
follow-up after surgical closure.22,23 Furthermore, a randomized 
study showed that surgical closure at an older age (>40 years) 
does not appear to protect against new-onset AT compared with 
medical therapy.23 In the current era of predominantly percutane-
ous ASD closure, risk factors for the development of late AT after 
closure at adult age remain similar to those identified for the 
surgical cohort and include older age (>40 years) at time of 
closure and a prior history of AT.24 A prospective study of 200 
patients with ASD demonstrated an incidence of AT of 16% 
during long-term follow-up after device closure.24 These data 
support the need to close defects at a young age to prevent the 
development of AT.

Tetralogy of Fallot

Tetralogy of Fallot is the most common cyanotic heart disease in 
adults, and it accounts for approximately 10% of CHD lesions. 
Surgical repair includes patch closure of the ventricular septal 
defect, relief of right ventricular outflow tract obstruction, and 
repair of associated anomalies. Ventriculotomies have largely 
been abandoned in favor of transatrial or transpulmonary 
approaches to accomplish the repair, because the latter appear to 
reduce the risk for subsequent ventricular tachyarrhythmias 
(VT). Although VT is recognized as a potentially life-threatening 
arrhythmia in this patient population, the development of AT is 
an important contributor to morbidity—including heart failure, 
reoperation, subsequent VT, and stroke—and mortality.25 In a 
large multicenter cohort study of 793 patients with TOF, sus-
tained AT and VT occurred in 10% and 12%, respectively, at 35 
years after repair.26 Older age at repair, previous palliative surgery, 
and significant tricuspid regurgitation at follow-up were indepen-
dent predictors of AT.26 In a recent multicenter, cross-sectional 
study (n = 556; mean age, 37 ± 12 years), the prevalence of AT 
was 20.1%.27 Interestingly, this study identified risk factors asso-
ciated with a specific AT type. Independent factors associated 
with IART/AFL were RA dilatation and hypertension, whereas 
atrial fibrillation was associated with older age, left ventricular 
dysfunction, and left atrial dilatation. The number of cardiac 
surgeries was a risk factor for both IART/AFL and atrial fibril-
lation. The prevalence of atrial fibrillation increased markedly 
after 45 years of age.27

Clinical Impact

Morbidity

Arrhythmias are an important cardiovascular reason for hospital-
ization of ACHD and are an increasingly frequent cause of mor-
bidity and mortality.1,28 A population-based study in the 
Netherlands demonstrated that 31% of cardiovascular hospital 
admissions in the ACHD population were related to arrhyth-
mias.28 The development of AT has been associated with a greater 
than 50% increase in the risk of stroke,1 whereas patients with 
intracardiac shunts and transvenous leads are deemed to be at 
even higher risk of stroke, estimated at a sixfold to sevenfold 
increase.29

New-onset AT can contribute to symptoms of palpitations, 
dizziness, chest pain, and syncope. In addition, it can herald 
worsening hemodynamic outcome, and the risk associated with 
AT can be amplified in the presence of the abnormal underlying 
circulation. For example, in patients with surgically corrected 
TOF, significant pulmonary regurgitation and left ventricular 
dysfunction are important risk factors for AT,25,27 whereas in 
other CHD defects elevated pulmonary artery pressures are an 
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between AFL and IART. Usually the P wave contour of these 
IARTs will differ from the familiar sawtooth appearance of typical 
AFL because of the course of the reentrant path. Furthermore, 
IART in ACHD usually has a longer cycle length than CTI-
dependent AFL, although considerable overlap exists.39 Multiple 
IART circuits can be present in the same patient, most notably 
in Fontan patients who usually have the longest cycle lengths of 
macroreentrant AT because of their markedly enlarged RA 
(Figure 78-3).3,37,40

It is well known that the incidence of AT in CHD increases 
with age,1 and the data suggest that in addition to the surgical 
and anatomic barriers,38 there is progressive atrial disease because 
of chronic atrial volume or pressure overload. Studies in Fontan 
patients have provided insight into the development of atrial 
myopathy and the relationship with IART. One study using 
three-dimensional (3D) electroanatomic mapping demonstrated 
progressive areas of low voltage with increasing age in adults with 
old-style Fontan modifications consistent with an evolving elec-
troanatomic substrate in concert with the recognized progressive 
RA dilatation, stretch, and wall thickening.17,42

Focal Atrial Tachycardia

Although less common than IART/AFL, focal patterns of AT 
activation have been observed in ACHD.35,36 Focal AT can 
arise throughout both atria and are not limited to the site of 
suture lines.35 Low-amplitude fractionated potentials and con-
tinuous electrical activity have been demonstrated at the site of 
origin of focal AT, and it has been postulated that focal AT origi-
nates from areas with enhanced nonuniform anisotropic proper-
ties.35 The exact underlying mechanism of focal AT is not clear, 

Figure	78-2.  Electroanatomic mapping (CARTO XP) of  intraatrial reentrant tachy-
cardia  (IART)  in  a  Fontan  patient  with  an  atriopulmonary  connection.  A,  Color-
coded  activation  map  showing  a  double-loop  figure  eight  IART  circuit  rotating 
around two dense areas of scar (the right anterior oblique [RAO] view demonstrates 
a potential lateral right atriotomy scar). Tachycardia terminated by radiofrequency 
applications  in the area between the two scars demonstrating fractionated atrial 
electrograms. No further atrial tachyarrhythmia could be induced. Local activation 
times are color-coded  from  red, orange,  yellow, green,  light blue, dark blue,  and 
purple. The white arrows denote the direction of the IART circuit. B, Bipolar voltage 
map. The  maximum  peak-to-peak  atrial  electrogram  amplitude  is  displayed  with 
areas of very low (≤0.10 mV) or no voltage depicted in gray, and areas of normal 
endocardium (>0.50 mV) depicted in purple. All colors in between denote interme-
diate low-voltage zones (0.10-0.50 mV). Blue dots mark areas with double potentials, 
and  pink dots  mark  areas  with  fractionated  potentials.  PA,  Posterior  anterior;  PL, 
posterolateral view. 

A

B

PA PL RAO

Figure	78-3.  Electrocardiographic manifestations of intraatrial reentrant tachycardia (IART) in a patient with previous atriopulmonary Fontan connection. IART at relatively 
slow cycle length (340 ms) is present throughout the 12-lead electrocardiographic recording with 2 : 1 atrioventricular conduction evident in the first part of the tracing, 
converting to intermittent 1 : 1 conduction. Arrows denote the flutter waves. 
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conduction can be mistaken as sinus rhythm when the arrhythmia 
cycle length is long and the atrial activity obscured by the QRS 
on alternate beats (see Figure 78-3).

In the acute setting, intravenous medications such as ibutilide, 
procainamide, and amiodarone have been reported to have 
success rates of 71%, 50%, and 15%, respectively, for cardiover-
sion in young patients with CHD,49,50 whereas oral sotalol has 
also been shown to be effective with a 84% conversion rate in a 
similar aged cohort.51 When cardioversion is not appropriate, 
control of the ventricular response rate in AT can be attempted 
with β-blockers, calcium channel blockers, or digoxin. For 
patients with CHD and IART, 1 : 1 conduction is not infrequent 
and adequate rate control might be difficult to achieve. The 
experience with long-term antiarrhythmic drug therapy in the 
patient with CHD remains variable, and a number of factors such 
as ventricular dysfunction and predisposition to bradyarrhyth-
mias must be considered when selecting an antiarrhythmic 
agent.47 Antiarrhythmic drugs are frequently poorly tolerated 
because of negative inotropic and chronotropic effects. The most 
commonly used antiarrhythmic drugs are digoxin, amiodarone, 
β-blockers, and sotalol.33 Amiodarone is notable for amiodarone-
induced thyrotoxicosis, especially in those with a low body mass 
index (i.e., <21) and goiter.52 Furthermore, the potential proar-
rhythmic effects of antiarrhythmic agents must be kept in mind 
when being used for continued therapy, as should the risk of 
reduced atrial conduction and potential 1 : 1 AV conduction.

In ACHD requiring pacemaker therapy, the mode of pacing 
(physiological versus nonphysiological pacing) does not seem to 
influence the development of AT, in contrast to the general popu-
lation.53 Interestingly, a few small studies have suggested that 
permanent atrial overdrive pacing suppresses the occurrence of 
IART/AFL.54 Pacemakers with algorithms for antitachycardia 
pacing have been demonstrated to have a 43% to 54% conversion 
rate for IART in CHD and may be a useful adjunctive therapy.55 
However, atrial antitachycardia pacing can also be proarrhythmic 
accelerating the tachycardia, increasing the risk of conversion to 
atrial fibrillation and has been reported as precipitating ventricu-
lar arrhythmias.

Catheter Ablation in Congenital Heart Disease

The use of 3D electroanatomic mapping (e.g., CARTO; Biosense 
Webster, Diamond Bar, CA) and remote-controlled magnetic 
navigation (Niobe; Stereotaxis, St. Louis, MO) has greatly facili-
tated the identification of arrhythmia circuits in CHD, enabling 
catheter ablation to be applied successfully to many forms of 
tachycardia in this patient cohort. However, despite the introduc-
tion of advanced mapping techniques, catheter ablation of post-
operative AT is time consuming and difficult, with a greater 
likelihood of recurrence during follow-up.3,40,56 Several challenges 
might be encountered when performing ablation procedures in 
patients with CHD, including the complexity of the underlying 
anatomy and prior surgeries, difficulty with vascular access, unsta-
ble reference catheter position, baffle or conduit obstruction, and 
the potential for multiple and nonsustained AT.46

General Mapping and Ablation Technique
Preprocedural planning should include a careful review of 
imaging studies, original surgical and interventional notes, and 
all available electrocardiograms of tachyarrhythmias. Radiofre-
quency catheter ablation (RFCA) procedures are usually per-
formed under conscious sedation in adults. Adequate vascular 
access must be confirmed in advance of the study. Because of 
prior surgery in childhood, femoral vein access might not always 
be feasible. If AT is not present at the commencement of the 
procedure, programmed atrial stimulation can induce AT, which 

and both a microreentrant mechanism and triggered activity 
could have roles.35

Atrial Fibrillation

Atrial fibrillation occurs in approximately 30% of ACHD with 
AT, most commonly in patients with residual left-sided lesions or 
unrepaired heart disease.33,34 Atrial fibrillation, in contrast to 
IART or AFL, is usually found in the older ACHD population.34 
A lesion-specific study patients with TOF demonstrated that 
independent risk factors for the development of atrial fibrillation 
were older age, left ventricular dysfunction, left atrial dilatation, 
and number of cardiac surgeries.27 The exact mechanism of atrial 
fibrillation in ACHD is not well understood.

Accessory Pathways

The presence of an accessory pathway in CHD is most com-
monly associated with Ebstein anomaly of the tricuspid valve 
(34%).43 It has been postulated that failure of the AV annulus to 
fuse with the hypoplastic central cardiac fibrous skeleton allows 
persistence of fetal accessory pathways in these patients. As a 
result, the localization of the accessory pathway is usually on the 
right side near the dysplastic tricuspid valve, in contrast to the 
general population.8,43,44 Furthermore, multiple accessory path-
ways are common (18% to 52%) in patients with Ebstein anomaly 
and AVRT8,44,45 and the pathways are more likely to be broad 
bands rather than the discrete, microscopic pathways typically 
found in patients with structurally normal hearts.8 Mahaim fibers 
have been described in as many as 13% of patients with Ebstein 
anomaly and pre-excitation. In congenitally corrected TGA, it is 
thought that the increased incidence of Wolff-Parkinson-White 
syndrome is explained by the coexistence of Ebstein anomaly of 
the left-sided (systemic) tricuspid valve.46

Management

Drugs, Cardioversion, and Pacemaker Therapy

Direct current cardioversion for AT has a high conversion rate 
(94%).47 Although thromboembolism complicating cardioversion 
is rare,47 echocardiographic observation of atrial thrombi is not 
infrequent. Therefore, it is recommended that all patients with 
AT and high-risk cardiac anatomy, as well as those at lower risk 
who are not anticoagulated but have been in tachycardia of 
uncertain duration, undergo a transesophageal echocardiography 
examination before direct current cardioversion is attempted.47 
Patients thought to be at high risk for intracardiac thrombi 
include those with complex CHD (e.g., TGA, TOF, Eisenmenger 
syndrome, Ebstein anomaly, intracardiac baffles, Fontan opera-
tion), and patients with mechanical valve prosthesis, in addition 
to those with conventional risk factors for stroke.47,48 The pres-
ence of a residual shunt in patients with intracardiac pacemakers 
also constitutes an increasingly recognized risk.29 Risk stratifica-
tion for atrial fibrillation and thromboembolism tailored to 
patients with CHD in order to guide anticoagulation has not 
been established. Therefore, until such information is available, 
existing guidelines for anticoagulation before and after cardiover-
sion should be used.48

In patients with CHD and AT, symptoms of palpitations for 
estimating duration of the arrhythmia are often unreliable 
because patients sometimes experience symptoms only when 
there is 1 : 1 conduction in IART. Furthermore, IART with 2 : 1 
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via a retrograde arterial approach, transbaffle puncture, or baffle 
leak to reach this site for ablation.40 Transbaffle puncture of 
synthetic material (e.g., Dacron, Gore-Tex) can sometimes be 
difficult, but provides greater catheter stability compared with a 
retrograde approach.

Fontan patients are at risk of multiple complex arrhythmia 
circuits.41,60 The location of successful ablation of macroreentrant 
tachycardias in Fontan patients is usually located on the lateral 
wall, and not the cavotricuspid isthmus as in other patients with 
CHD.36,40,60 The presence of multiple ATs with frequently chang-
ing activation sequences can hamper identification of the clini-
cally relevant critical isthmus.41,60 In addition, the markedly 
enlarged RA limits the use of noncontact mapping because of the 
inaccuracy of electrogram reconstruction and poor definition of 
atrial scar.61 Although patients with a total cavopulmonary con-
nection are at lower risk of developing AT, when AT ablation is 
required in these patients it is technically daunting because of the 
limited access to the RA, especially in those with an external 
conduit. Various novel approaches have been described, includ-
ing a retrograde arterial approach, crossing a fenestration, punc-
turing the conduit itself, entering the roof of the atrium via the 
superior vena cava and left pulmonary artery,62 and direct trans-
thoracic approach to the atrium.63 All these approaches are tech-
nically challenging and are associated with significant risk of 
complications.

Accessory pathway ablation in patients with CHD is common 
in patients with Ebstein anomaly.64 Successful accessory pathway 
ablation requires accurate localization of the AV groove and 
knowledge of AV node location. The appropriate level for abla-
tion is the true AV groove, which is marked by the course of the 
right coronary artery. It can be difficult to establish the true AV 
groove with conventional fluoroscopy, and a right coronary 
angiogram may simplify this task.45,46 Radiofrequency ablation of 
septal accessory pathways in close proximity to the AV node poses 
a risk of heart block, and the recent availability of cryoablation 
may be protective of iatrogenic heart block in such cases.65 Cath-
eter ablation of accessory pathways has a lower success rate in 
Ebstein anomaly (76% to 81%) than in patients with structurally 
normal hearts (>95%), and the risk of recurrence is higher.44,45 
Therefore, some authors advocate the use of concomitant 
arrhythmia surgery at the time of corrective surgery in patients 
with Ebstein anomaly and documented AT.8

Outcome of Catheter Ablation in Patients With Congenital 
Heart Disease
Overall, the acute procedural success rate for AT ablation ranges 
from 63% to 100% (Table 78-3). Combining data for approxi-
mately 500 patients undergoing ablation in 11 centers results in 
a procedural success rate of 74%. Patient and technical factors 
influence the outcome of ablation. Predictors of procedural 
success include the use of irrigated ablation and 3D electro-
anatomic mapping, absence of atrial fibrillation, and absence of 
complex atrial surgery (i.e., Mustard/Senning repair and Fontan 
palliation).3,40 Using 3D electro-anatomic mapping, recent 
ablation studies in TOF patients and Fontan patients have  
demonstrated a procedural success rates of >90% and 78%, 
respectively.60,66-67 The recent introduction of remote magnetic 
navigation in guiding RFCA in patients with CHD offers the 
potential to improve procedural success rates and may offer 
advantage in complex anatomic situations.68-69

Unfortunately, recurrence of AT remains disappointingly 
common, and has been estimated at approximately 50% at 4 years 
after successful RFCA.40 Recurrent ATs often follow circuits that 
are different from the initial AT, suggesting that these ATs are 
new and not caused by previous ablative lesions.39 It has been 
postulated that to reduce AT recurrences, both the cavotricuspid 
isthmus and lateral RA wall should be targeted even if the mapped 

can be repeated with isoproterenol infusion. Three-dimensional 
bipolar activation and voltage maps are constructed during AT 
to identify the underlying mechanism and select target sites for 
ablation. These maps can be merged with computed tomography 
or magnetic resonance images.

The complexity of the macroreentrant circuits depends on the 
underlying CHD anatomy and type of repair. Patients with 
cardiac chambers in normal orientation sometimes have CTI-
dependent AFL, and entrainment mapping can be used to deter-
mine whether the isthmus is involved in the circuit.40 After 
confirmation of involvement of the isthmus, linear ablation across 
this isthmus is warranted as a first step. Large-tip catheters or 
irrigated ablation catheters with high-output radiofrequency 
generators are often required for transmural lesions to interrupt 
the macroreentrant circuits in these patients because of the extent 
of atrial hypertrophy. Termination of the tachycardia in response 
to isthmus ablation confirms involvement of the isthmus, and 
demonstration of bidirectional block confirms a complete linear 
block across the isthmus.

If the tachycardia persists without a change in cycle length or 
activation or has changed, the possibility of IART macroreentry 
around a right lateral atriotomy scar or septal patch should be 
explored using activation and voltage mapping.41,57 Zones of slow 
conduction, possibly critical to the maintenance of the IART 
circuit, are usually identified by low-amplitude fractionated atrial 
electrograms (see Figure 78-2). These zones are further defined 
by their relation to known anatomic obstacles or acquired or 
surgical electrical conduction barriers. Care must be taken to 
identify the location of the right phrenic nerve, which is poten-
tially susceptible to injury by ablation. Commonly, linear RF 
lesions are applied at the best and easiest accessible myocardial 
site in regard to catheter handling and at the narrowest possible 
isthmic zone, typically between the atriotomy scar and the tri-
cuspid annulus or inferior vena cava. Although noninducibility 
during programmed atrial stimulation is the desired procedural 
end point, additional ATs are sometimes induced; however, 
whether to address these arrhythmias should be determined by 
the clinical relevance of these AT.

When the macroreentrant circuit cannot be identified because 
of the presence of multiple or unstable IART circuits, the RA 
needs to be explored extensively by voltage mapping to identify 
potential isthmuses that can be targeted for RFCA. Areas of scar 
can be identified by low-voltage areas with no or very low bipolar 
voltage (<0.1 mV).58 These areas and their relation to all naturally 
and surgical barriers of electrical conduction could identify 
potential RFCA targets.

If there is no wavefront circulating around a macroscopic 
anatomic structure or a functional line of conduction block, a 
focal AT should be suspected. Activation mapping can be supple-
mented by unipolar electrogram recordings from the distal abla-
tion catheter demonstrating a QS pattern, and radiofrequency 
applications directed at the site of earliest activation can result in 
termination of the tachycardia.35,58

Challenges in Catheter Ablation in Patients  
With Congenital Heart Disease
Ablation of macroreentrant circuits becomes more complicated 
whenever RA anatomy is distorted by abnormalities of atrial situs, 
atresia of an AV valve, and intraatrial baffles. For example, in 
patients who have undergone the Mustard or Senning operation 
for complete TGA, the most common form of AT is a CTI-
dependent AFL.36,37,59 However, depending on the surgical han-
dling of the inferior suture line of the atrial baffle, most of the 
lateral critical isthmus may be located on the pulmonary venous 
side of the circulation, and successful ablation will need to be 
accomplished by ablation in both the systemic venous and pul-
monary venous atria.40,59 The ablation catheter has to be delivered 
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repair.25 Many patients with significant regurgitation undergo 
repeat pulmonary valve replacement. Although the hemody-
namic benefit (positive RV remodeling) of this surgery has been 
well established,76 pulmonary valve replacement alone seems 
insufficient for reducing the propensity for AT.77 Therrien et al.77 
demonstrated in a small substudy that concomitant surgical atrial 
cryoablation at the time of pulmonary valve implant is a helpful 
adjunct for preventing recurrent AT. Cryoablation was targeted 
at the cavotricuspid isthmus in those with a history of typical AFL 
and a modified RA maze procedure was performed in patients 
with IART or atrial fibrillation. In a larger cohort of these patient, 
a significant reduction in the incidence of recurrent AT was 
observed among those with a history of AT who underwent 
arrhythmia surgery compared with those who did not (25% 
versus 66% at 7.5 years).78

Conclusion

Incessant or recurrent ATs are an important burden for the 
rapidly expanding ACHD population, especially in those with 
right-sided lesions. The onset of AT often coincides with the 
presence of significant hemodynamic abnormalities that precipi-
tate or contribute to the development of arrhythmia. Improved 
understanding of the underlying substrate of AT has resulted in 
successful surgical modifications that prevent or moderate  
the development of AT. The limitations of the pharmacologic 
approach to arrhythmia management have resulted in increased 
use of interventional techniques and catheter ablation. Although 
the outcomes of catheter ablation for AT continue to improve, 
the incidence of recurrent AT remains substantial and  
many technical challenges remain, emphasizing the need for 
additional study. Thus, the management of arrhythmias in the 
rapidly expanding ACHD population should occur in specialized 
centers with attention paid to both the treatment of the specific 
arrhythmia and potential underlying residual hemodynamic 
derangements.

circuit indicates only one region.67 Although AT recurrences are 
frequent, the ablative procedure can still provide effective pallia-
tion by reducing the frequency of AT episodes and eliminating 
the need for long-term drug therapy.3

Pulmonary Vein Isolation in Patients with Congenital  
Heart Disease
The experience with pulmonary vein isolation for treatment of 
drug-refractory atrial fibrillation in the ACHD population is 
limited. One single-center study of 36 patients demonstrated a 
freedom from atrial fibrillation of 42% at 1 year after one pro-
cedure.70 The most common CHD lesion was ASD (61%). Com-
plication rates between patients with and without CHD were 
similar, except for a higher risk of vascular site complications in 
patients with CHD (8% versus 1%; P < 0.05).70

Surgical Intervention for Arrhythmias

Multiple modifications in technique and timing of corrective 
operations have significantly reduced the incidence of late post-
operative AT. For example, the contemporary approach to 
patients with complete TGA is an arterial switch operation in the 
newborn period. This approach has effectively abolished the late 
complications of IART and sinus node dysfunction in this condi-
tion.13,14 Similarly, the use of the extracardiac conduit in the 
Fontan operation for UVH prevents the massive RA enlargement 
seen with the atriopulmonary connection and is associated with 
less atrial surgery. The adoption of these techniques has resulted 
in a decrease in the incidence of postoperative AT.20 In addition, 
recent decades have seen the advent of surgical techniques 
designed specifically to eliminate AT in patients with CHD, 
predominantly in ACHD whose defects were repaired with 
earlier techniques (e.g., atriopulmonary connection in Fontan 
patients).71 These operations usually have the combined goals of 
tachycardia elimination and improvement of hemodynamics.

Fontan Conversion and Atrial Maze
Recognition that atriopulmonary Fontan patients have recurrent, 
often refractory AT in addition to hemodynamic derangements 
led a group at the Children’s Memorial Hospital in Chicago to 
combine arrhythmia surgery with Fontan conversion to an extra-
cardiac total cavopulmonary connection.71 Earlier surgical expe-
rience identified that hemodynamic conversion alone was 
insufficient to eliminate IART.72 In addition to RA reduction, 
arrhythmia surgery consists of a modified RA maze procedure, 
left atrial Cox maze III, and implantation of an epicardial dual 
chamber antitachycardia pacing system (Figure 78-4). A modified 
RA maze has been shown to be superior to anatomic isthmus 
block in preventing recurrence of AT. Analysis of 111 consecutive 
patients undergoing concomitant arrhythmia surgery demon-
strated an AT recurrence rate in early survivors of 14% at 5 years 
after conversion.71 Other centers have achieved similar results 
with AT recurrence rates ranging from 14% to 28%.73,74 Although 
the perioperative mortality in the Chicago experience is less than 
1%,71 other centers have demonstrated higher perioperative mor-
tality rates ranging from 7% to 14%.73-75 This risk must be bal-
anced against the potential electrophysiological benefit. Older 
age (>20 years) at Fontan conversion has been identified as a risk 
factor for perioperative mortality and could account for some of 
the variation in perioperative mortality between series.73 It is 
unresolved whether arrhythmia surgery should be considered 
primary therapy for AT in the absence of an underlying hemo-
dynamic indication for surgery.

Pulmonary Valve Replacement in Tetralogy of Fallot
Significant pulmonary regurgitation has been shown to be a risk 
factor for the development of late AT in patients after TOF 

Figure	78-4.  Surgical modifications of atrial maze procedure in complex anatomy. 
Solid black lines indicate sites of cryoablation. Avn, Atrioventricular node; CS, coro-
nary sinus; FO, foramen ovale; HV, hepatic vein; IVC, inferior vena cava; LAA, left atrial 
appendage; LSVC, left superior vena cava; MV, mitral valve; PV, pulmonic vein; RAA, 
right  atrial  appendage;  RSVC,  right  superior  vena  cava;  TAPVR,  total  anomalous 
pulmonary venous return; TV, tricuspid valve. 

(Reprinted	with	permission	from	Mavroudis	et	al:	Arrhythmia	surgery	in	patients	with	
and	without	congenital	heart	disease.	Ann	Thorac	Surg	86:857-868,	2008.)
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that JET is more likely. Finally, complete absence of VA conduc-
tion would also favor JET as the diagnosis, because AVNRT with 
complete block of the upper common pathway is less likely.

Differentiation During  
Electrophysiological Study

The electrophysiological hallmark of JT is the presence of a His 
bundle electrogram preceding the QRS complex. The HV inter-
val may be normal or prolonged (in the setting of infra-Hisian 
conduction system disease). A short HV interval (<35 ms) should 
prompt suspicion of a fascicular tachycardia, bundle branch 
reentry, or the presence of a nodofascicular accessory pathway. 
Differentiation of JET with aberrant conduction from myocar-
dial ventricular tachycardia (VT) is based primarily on the pres-
ence of the His bundle electrogram preceding the QRS. When 
VA conduction is present, differentiation of JET from atrial 
tachycardia can be based on observation of H-H interval vari-
ability driving A-A interval variability. Ventricular overdrive 
pacing yields a V-A-H-V response, also ruling out atrial 
tachycardia.

As indicated earlier, the most challenging differential diagno-
sis is between JET and AVNRT, as the two arrhythmias present 
with similar HV intervals recorded during tachycardia and sinus 
rhythm. Each arrhythmia may also be associated with VA block.1 
Several maneuvers can help to differentiate JT from AV node 
reentry but require the presence of VA conduction. Atrial over-
drive pacing yields an A-H-H-A response in JET because of the 
focal nature of this tachycardia; the maneuver yields an A-H-A 
response in AVNRT because entrainment proceeds via the same 
anterograde limb as the reentry circuit (Figure 79-1).2 Another 
useful maneuver involves the introduction of premature atrial 
complexes (PACs) during tachycardia. A late-coupled PAC deliv-
ered during His-refractoriness does not affect JET but can pre-
excite or delay the subsequent ventricular beat in AVNRT by 
engaging the anterograde slow AV nodal pathway (Figure 79-2, 
A, B). An early-coupled PAC that captures the His and ventricle 
usually allows JET to continue but should terminate AVNRT 
because it conducts anterogradely down the fast pathway (Figure 
79-2, C, D).3

Mechanisms

There is a dearth of data regarding the electrophysiological 
mechanism of junctional ectopic tachycardia. Given the lack of 
dependence on a critical coupling interval for tachycardia initia-
tion, the often irregular tachycardia rate, and inability to entrain 
the arrhythmia, the electrophysiological behavior of JET is con-
sistent with a focal non-reentrant arrhythmia. With regard to 
cellular mechanisms, most published case series of JET have 
postulated that enhanced automaticity is responsible for the 
arrhythmia.4-6 However, recent evidence suggests that at least two 

Junctional Tachycardia
Christopher F. Liu, Steven M. Markowitz, and Bruce B. Lerman

CHAPTER OUTLINE

Electrocardiographic Features and Diagnosis 801

Differentiation During Electrophysiological Study 801

Mechanisms 801

Clinical Features 803

Management 804

Conclusions 806

Junctional tachycardia (JT), alternatively known as junctional 
ectopic tachycardia (JET), originates from the atrioventricular (AV) 
junction—encompassing the AV node and the bundle of His. 
Junctional tachycardia is rarely encountered, especially in the 
adult population, and its pathogenesis remains incompletely 
understood. Furthermore, its presentation can be widely variable, 
and its diagnosis and therapy are often challenging. This chapter 
will focus on tachycardic forms of junctional arrhythmia, although 
escape rhythms arising from the AV junction in the setting of 
severe bradycardia and AV block may also occur.

Electrocardiographic Features and Diagnosis

The surface electrocardiographic findings of JET can be variable, 
depending on whether the tachycardia is paroxysmal or incessant, 
and on whether ventriculo-atrial (VA) conduction occurs during 
tachycardia. An incessant JT with 1 : 1 VA conduction will present 
as a regular narrow-QRS tachycardia with short RP interval and 
retrograde P waves, mimicking typical AV nodal reentrant tachy-
cardia (AVNRT). By contrast, in paroxysmal JET without VA 
conduction, the electrocardiogram (ECG) will show an irregular 
narrow-QRS tachycardia with intermittent sinus capture beats. 
During periods of frequent irregular junctional ectopy without 
obvious P waves or with variable distortion of sinus P waves, the 
surface ECG can mimic the appearance of multifocal atrial tachy-
cardia or atrial fibrillation. Finally, JT with bundle branch block 
can mimic ventricular tachycardia involving the specialized con-
duction system, particularly if VA conduction is absent. Because 
of its relative rarity in the adult population, JET may not always 
be considered in the differential diagnosis and therefore may be 
underdiagnosed.

When VA conduction is present, JET most often demon-
strates short RP intervals, although it is possible for the retro-
grade P wave to slightly precede the QRS; this same pattern is 
also seen in typical AVNRT, which is much more common. To 
differentiate JET from AVNRT on the basis of surface ECG, the 
pattern of initiation of tachycardia can be informative, that is, it 
can indicate whether critical prolongation of the PR interval is 
seen on the initiating beat (this would suggest that AVNRT is 
more likely). Bursts of short RP tachycardia without initiation by 
premature atrial contractions (PACs) or PR prolongation suggest 
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Figure 79-1.  Atrial Overdrive Pacing to Differentiate Junctional Tachycardia (JT) from Atrioventricular Nodal Reentrant Tachycardia (AVNRT) 
Left side, Ladder diagrams illustrating response to atrial overdrive pacing. Top, During JT, the earliest return signal is an H followed by an A, resulting in an AHHA response. 
Bottom, During AVNRT, the earliest return signal is an A, resulting in an AHA response. Star represents atrial pace. Solid arrows represent conduction through the atrium, 
fast AV nodal pathway, and His.  Interrupted arrows  represent conduction  through  the  slow AV nodal pathway.  A, Atrium;  AVN,  atrioventricular node;  H, His.  Right side, 
Intracardiac electrograms. Top, During JT, tachycardia cycle length is 468 ms. Atrial overdrive pacing is performed at 448 ms. After cessation of pacing, an AHHA response 
is observed.  Solid arrows  represent conduction down  the  fast AV nodal pathway.  Bottom, During AVNRT,  tachycardia cycle  length  is 320 ms. Atrial overdrive pacing  is 
performed at 300 ms. After cessation of pacing, an AHA response is observed.  Interrupted arrows represent slow pathway conduction. Ap, Atrial pace; CS, coronary sinus; 
HRA, high right atrium; RVa, right ventricular apex. 

(From Fan R, Tardos JG, Almasry I, et al: Novel use of atrial overdrive pacing to rapidly differentiate junctional tachycardia from atrioventricular nodal reentrant tachycardia. Heart 
Rhythm 8:840-844, 2011.)
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Figure 79-2.  Premature Atrial Complex (PAC) Response to Differentiate Junctional Tachycardia (JT) from Atrioventricular Nodal Reentrant 
Tachycardia (AVNRT) Left, Response to PAC delivered when junction is refractory (local atrial activation from PAC occurs at or after His activation). A, During JT, a 
PAC delivered at a time the junction focus has already depolarized blocks at the AV node (AVN) and is unable to influence the immediate or the next junction beat. Solid 
circles represent junction focus. Black lines show conduction through AVN, His (H), and atrium (A). B, During AVNRT, a similarly timed PAC can influence the next beat of 
AVNRT by early engagement of the slow pathway. Black lines show conduction through AVN, His (H), and atrium (A), and red lines show PAC and its response. Although this 
figure shows advancement of the next beat (x-n), delay of the next beat or termination of tachycardia is also specific to AVNRT. Red arrow indicates PAC and its response. 
FP, Fast AV nodal pathway; SP, slow AV nodal pathway; x and x-n, H-H intervals. Right, Response to earlier-coupled PACs. C, During JT, an early PAC advances the immediate 
JT beat, and His timing by AV nodal fast pathway activation and JT continues. Open circle represents the anticipated JT beat timing if no PAC is delivered. D, During AVNRT, 
an early PAC may advance the immediate His by activation of the AV nodal fast pathway. However, this makes the fast pathway refractory and unavailable for retrograde 
conduction, thus terminating the AVNRT circuit. 

(From Padanilam BJ, Manfredi JA, Steinberg LA, et al: Differentiating junctional tachycardia and atrioventricular node re-entry tachycardia based on response to atrial extrastimu-
lus pacing. J Am Coll Cardiol 52:1711-1717, 2008.)
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other mechanisms may be responsible for cases of JET: abnormal 
automaticity and triggered activity.7

In contrast with enhanced automaticity, tissue with abnormal 
automaticity generally does not demonstrate overdrive suppres-
sion because of its reduced resting membrane potential (typically 
≤−60 mV) and the inactivated state of the sodium current and 
the electrogenic sodium pump. Abnormal automaticity is then 
dependent on the slow inward calcium current and is therefore 
sensitive to inhibition of this current by calcium channel block-
ers.8 Adenosine has no effect on abnormal automaticity, whereas 
it transiently suppresses enhanced normal automaticity (Figure 
79-3).9 Therefore, sensitivity of an automatic tachycardia to 
calcium channel blockade as well as insensitivity to adenosine is 
consistent with abnormal automaticity rather than enhanced 
“normal” automaticity (Figure 79-4).

A second mechanism—triggered activity—has also been 
shown to be responsible for JET in some patients. In contrast to 
JET due to abnormal automaticity, in the triggered subset, the 
arrhythmia can be induced and terminated by programmed stim-
ulation and can be terminated with adenosine (Figure 79-5).10-12

Clinical Features

Primary JET occurs in two predominant clinical settings: in 
infants, usually shortly after birth, and in children and adults as 
sporadic cases. The presentation and clinical outcomes are very 
different in these two settings.

The “congenital” form, which was first described by Coumel 
and colleagues, manifests at birth or within the first 6 months of 
age.13 A strong familial association has been noted—up to 50%, 
as reported in multiple series. A significant minority of cases 
occur in association with a structural congenital cardiac abnor-
mality such as an atrial or ventricular septal defect.14,15 The con-
genital form of JET is usually incessant and rapid, with mean 
ventricular rates of 200 to 250 beats/min. Prenatal cases may 
present with fetal tachycardia and hydrops. The congenital form 
of JET is associated with a high incidence of ventricular systolic 

Figure 79-3.  Electrophysiological  mechanism  of  arrhythmia 
based on response to adenosine (top) as well as various elec-
trophysiological  and  pharmacologic  maneuvers  (left).  “+” 
denotes that a relationship or response exists; “−” denotes that 
the  maneuver  has  no  effect  on  the  arrhythmia.  PES,  Pro-
grammed  electrical  stimulation.  *cAMP-mediated  delayed 
afterdepolarization. 

(From Liu CF, Ip JE, Lin AC, Lerman BB: Mechanistic heterogeneity 
of junctional ectopic tachycardia in adults. Pacing Clin Electro-
physiol 36:e7-e10, 2013.)
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dysfunction and clinical heart failure, and despite intervention, 
mortality is high—reported at 35% in the older series (although 
some deaths were due to procedural complications)14 and 9% in 
a more recent series.16 Documented spontaneous causes of death 
have included ventricular fibrillation, atrioventricular block, and 
refractory heart failure. Because of the frequent requirement for 
multiple antiarrhythmic drugs, proarrhythmia is suspected to 
play a role in some cases of sudden death. Limited autopsy data 
on patients with JT have shown abnormal anatomy as well as 
focal degeneration and fibroelastosis involving the AV node 
region and the His bundle.14,17

In pediatric cases of spontaneous JET presenting after age 6 
months, the clinical course is usually benign. Spontaneous JET 
is extremely rare in adults, and reported series have suggested a 
mostly benign course, similar to other forms of supraventricular 
tachycardia in adults.5,6,12 The typical presentation is symptomatic 
tachycardia, usually exacerbated by exercise or stress; occasionally 
JET may cause syncope. As in pediatric patients, congenital 
cardiac anomalies such as atrial or ventricular septal defects can 
present with JET in the adult population. As applies to other 
forms of supraventricular tachycardia, tachycardia-mediated car-
diomyopathy is a potential concern when a high arrhythmia 
burden is present.

Secondary junctional tachycardia can present in the postop-
erative setting after cardiac surgery, usually in children after cor-
rection of congenital cardiac defects. In one of the largest series 
published to date, Hoffman and colleagues identified postopera-
tive JET in 5.6% of 594 pediatric patients after cardiac surgery, 
the vast majority of cases within the first 48 hours.18 Multivariate 
analysis showed that age younger than 6 months and postopera-
tive use of dopamine were associated with occurrence of JET. 
Another series reported that patients manifesting JET after 
surgery had a longer requirement for mechanical ventilation, a 
longer stay in the cardiac intensive care unit, and a higher mortal-
ity rate.19 Although the cause of postoperative JET is thought to 
be direct injury to the AV junction, this is not always the case 
because it occurs in patients without intracardiac surgery, such as 
in those with extracardiac Fontans. The main postulated causes 
of hemodynamic compromise are rapid ventricular rates and loss 
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combination with other drugs—is the most frequently reported 
drug to successfully affect the rate or frequency of JET. Many 
experts attempt to add a second agent to reduce the amiodarone 
dose and its potential long-term toxicity. Although it is ineffective 
in suppressing tachycardia when used alone, digoxin is frequently 
used as part of a combination regimen in the pediatric popula-
tion, likely because of its safety and tolerability profile. In addi-
tion, digoxin is often used in the congenital form of JET to 
control the symptoms and signs of congestive heart failure.15 
Almost all other antiarrhythmic drugs have had limited reported 
efficacy. Scant literature is available regarding the efficacy of 
medical therapy for JET in adults, and a similar algorithm using 
AV nodal agents and antiarrhythmic drugs is usually employed. 
As part of its more malignant clinical course, the congenital form 
of JET is more resistant to therapy and is associated with a higher 
incidence of proarrhythmia.4,14-16 Cases of ventricular fibrillation 
have been documented during intravenous digoxin loading, and 
sudden death is often suspected to be due to the sequelae of heart 
failure and/or proarrhythmia of medical therapy in this sicker 
population.

Postoperative junctional tachycardia in the pediatric popula-
tion is associated with hemodynamic compromise and higher 
rates of morbidity and mortality; therefore aggressive manage-
ment should be pursued to maintain AV synchrony while avoid-
ing excessive tachycardia. The mainstays of management involve 
a typical sequence of rapid weaning of catecholaminergic agents, 
correction of fever, maintenance of deep sedation, and correction 
of electrolyte disturbance (particularly of serum magnesium). 
Most cases of postoperative JET resolve with these initial mea-
sures. However, a significant minority will require active therapy, 
including atrial overdrive pacing, amiodarone, procainamide, or 
hypothermia (core temperature of 33° C to 35° C).21,22 For refrac-

of atrioventricular synchrony. Postoperative junctional tachycar-
dia is rarely seen in adults.

An accelerated junctional rhythm can also present as a result 
of metabolic or autonomic disturbance or drug toxicity. Classic 
examples are seen in the setting of myocardial ischemia and with 
digitalis toxicity. The likely mechanism for these secondary accel-
erated junctional rhythms is thought to be triggered activity 
caused by delayed afterdepolarizations.20

Management

Treatment of JET remains a vexing clinical problem. Options 
include pharmacologic suppression, selective catheter ablation of 
the JET focus, and His bundle ablation with implantation of a 
permanent pacemaker. Indications for treatment include symp-
toms (including syncope), signs of hemodynamic compromise, 
evidence of cardiac dilatation or decline in ventricular function, 
congestive heart failure, and, in fetal cases, evidence of hydrops.

Pharmacologic

Most of the data regarding pharmacologic management of JET 
have been reported in the pediatric literature. In this population, 
most cases require combination therapy with at least two antiar-
rhythmic drugs to achieve efficacy. Even with multiple drug com-
binations, complete suppression of JET is achieved in only 
approximately 10% of patients, and almost 20% of cases are 
completely resistant to medical therapy (the remaining 70% 
demonstrate partial efficacy).16 Amiodarone—used alone or in 

Figure 79-4.  Adenosine and Diltiazem Responses in Junctional Ectopic Tachycardia Due to Abnormal Automaticity A, Surface ECG recording (leads 
as labeled) immediately after administration of adenosine during short-RP tachycardia (retrograde P waves denoted by arrowheads) results in transient VA block followed 
by dissociated sinus rhythm P waves (hollow arrows) with intermittent capture beats (solid arrows), but tachycardia continues. B, ECG of the tachycardia response to diltiazem; 
tachycardia rate is 158 beats/min before diltiazem (top) and slows to 113 beats/min after diltiazem is administered (bottom). Note pseudo-S waves in lead II (arrowheads). 
This arrhythmia was demonstrated to be JT at EP study (not shown). 

(From Liu CF, Ip JE, Lin AC, Lerman BB: Mechanistic heterogeneity of junctional ectopic tachycardia in adults. Pacing Clin Electrophysiol 36:e7-e10, 2013.)
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successfully suppress JET in most cases.12,23 If this is ineffective, 
or if VA conduction is absent during JET, then sequential empiric 
lesions can be applied in the posterior septum (the slow AV nodal 
pathway region), the mid-septum, and the anterior septum, 
incurring higher risks of permanent AV block. In most reported 
series, successful suppression of JET during the ablation proce-
dure has been an excellent predictor of long-term freedom from 
recurrence. In cases where the JET focus cannot be selectively 
suppressed, ablation of the AV junction and His bundle, with 
implantation of a permanent pacemaker, is another option to 
definitively achieve ventricular rate control.

In recent years, the advent of three-dimensional mapping 
systems and cryothermal ablation has dramatically improved the 
risk profile of JET ablation with regard to reducing the risk of 
permanent AV block.24 Cryoablation is particularly well suited to 
this arrhythmia because of its ability to ablate in the “mapping 
mode” (−30° C), which allows for reversible injury. Thus both 
efficacy with regard to tachycardia suppression and adverse 
effects of AV block can be assessed at an ablation site before full 
ablation (−70° C) and more permanent cryothermal injury. In 
experienced centers, cryoablation has been reported to achieve 
success rates (≈80% to 85%) similar to those achieved with 

tory cases, a combination of antiarrhythmic therapy and hypo-
thermia appears to be more effective.18

Ablation

Before the advent of catheter ablation, surgical dissection and 
cautery of the AV junction were performed for rare refractory 
forms of JET associated with severe manifestations.14 In these 
cases, successful suppression of JET was uniformly associated 
with permanent AV block. Since catheter ablation became avail-
able, the goal has been to achieve tachycardia suppression while 
preserving AV conduction. However, the challenge in this regard 
has been twofold: the lack of a well-defined electrophysiological 
method to precisely map the JET focus, and the significant risk 
of permanent AV block from ablation in close proximity to the 
normal conduction system. Nevertheless, the initial published 
experience with radiofrequency catheter ablation showed that 
selective ablation of the JET focus is possible with a suggested 
sequence of sites to target. In the presence of VA conduction 
during JET, the site of earliest atrial activation can be mapped 
and initially targeted for ablation. This was reported to 

Figure 79-5.  Initiation and Termination of Junctional Ectopic Tachycardia (JET) With Triggered Mechanism A, Three sequential ventricular prema-
ture beats  introduced during sinus rhythm initiate narrow-QRS tachycardia. B, Junctional ectopic tachycardia abruptly terminates with a bolus dose of adenosine 6 mg. 
C, Advancement of His bundle activation during tachycardia. Intracardiac recording of early-coupled atrial premature depolarization (from proximal coronary sinus) intro-
duced during junctional ectopic tachycardia advances immediate His and ventricular activation without terminating the tachycardia, confirming the diagnosis of JET. Surface 
ECG leads as labeled. CS, Coronary sinus (p, proximal; d, distal bipoles); His, His bundle; RV, right ventricle. 

(From Liu CF, Ip JE, Lin AC, Lerman BB: Mechanistic heterogeneity of junctional ectopic tachycardia in adults. Pacing Clin Electrophysiol 36:e7-e10, 2013.)
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Conclusions

Junctional tachycardia presents in a variety of clinical settings. It 
can occur in a congenital form, which is poorly tolerated and 
causes significant morbidity and mortality if not adequately con-
trolled. Postoperative junctional tachycardia is associated with 
longer recovery time and poor outcomes; therefore aggressive 
intervention with medical therapy and hypothermia is often war-
ranted. The spontaneous form of JET is uncommon in children 
and rare in adults. Recent data suggest that this enigmatic 
arrhythmia can occur as the result of abnormal automaticity or 
triggered activity. Treatment is aimed at suppression of symptoms 
and prevention of tachycardia-associated cardiomyopathy and 
hemodynamic compromise. With the advent of cryothermal 
ablation and additional insights into electrophysiological targets 
for ablation, catheter-based ablative therapy is increasingly used 
for both children and adults.

radiofrequency ablation, with a much lower risk of inadvertent 
permanent AV block (close to 0%).16,25 As a result, cryoablation 
is now considered the preferred method of ablative therapy, espe-
cially in pediatric cases.

With regard to electrophysiological targets, Eizmendi et al 
recently described a novel method of mapping the focal site of 
origin of junctional ectopy from the His bundle.26 The mapping 
catheter is moved along the His bundle from proximal to distal. 
At more proximal His bundle sites (where ablation was unsuc-
cessful and caused transient AV block), the HV interval was 
shorter during ectopy than during sinus rhythm, and the local 
unipolar His bundle recording showed an “RS” morphology 
(Figure 79-6, A, C). Once the mapping catheter reached the more 
distal successful ablation site, the HV interval during ectopy was 
noted to be identical to the HV interval during sinus rhythm, and 
unipolar recording of the His bundle electrogram showed a “QS” 
morphology during ectopy (Figure 79-6, B, D).

Figure 79-6.  Left side, Schematic representation of the proposed method to map the focal origin of His bundle ectopy. A, When the recording site  is proximal to the 
focus, the  local HV interval  is  longer  in the sinus than in the ectopic beat (because the ectopic beat activation wave front simultaneously proceeds retrogradely and to  
the ventricles). B, Recording at the focus site yields an identical HV interval  in sinus and ectopic beats. Right side, C, Bipolar and unipolar recordings at a site proximal 
to  the ectopy  focus. The first complex corresponds  to a Hisian ectopy, whereas  the second one corresponds  to a sinus beat. D, Bipolar and unipolar  recordings at  the 
successful cryoablation site. The first complex corresponds to a sinus beat, and the second complex corresponds to a Hisian ectopy. The unipolar  recordings of the His 
bundle have been magnified to show morphology. The HV interval at the distal His bundle is almost identical in the sinus (39 ms) and ectopic (38 ms) beats. The unipolar 
His bundle recording shows an “RS” pattern during the sinus beat and a “QS” pattern during the ectopic beat.  UNI d, m, p, Unipolar  recordings  from the distal, mid, and 
proximal His bundle. 

(From Eizmendi I, Almendral J, Hadid C, ortiz M: Successful catheter cryoablation of Hisian ectopy using 2 new diagnostic criteria based on unipolar and bipolar recordings of 
the His electrogram. J Cardiovasc Electrophysiol 23:325-329, 2011.)
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taught that occasional pulse irregularities did not predict an 
adverse outcome; however, frequent irregularities (1 in 10 beats) 
were linked with an ominous prognosis (often resulting in death 
within a year).3 Reliable differentiation of PVCs from other 
arrhythmias became possible only in the past century. An inves-
tigation in patients with minimal or no structural heart disease 
demonstrated that the risk of death in patients with frequent 
PVCs was low.4 This study is often cited as showing that PVCs 
are benign arrhythmias. More recently, however, frequent idio-
pathic PVCs have been linked with a form of cardiomyopathy 
that can be reversed by elimination of the PVCs.5,6

Prevalence and Frequency

Interpreting the prevalence and frequency of PVCs is dependent 
on the patient population studied and the duration of monitoring. 
Prevalence in the normal, healthy population can range from less 
than 1% in healthy populations monitored for just 48 seconds7 
to 62% in those monitored for 6 hours.8 Different definitions 
have been used to describe the prevalence of PVCs. In patients 
with prior myocardial infarction, a PVC burden greater than 10 
PVCs/hour was defined as frequent and was associated with 
increased mortality.9 A much higher PVC burden is required 
for PVC-induced cardiomyopathy.10 The prevalence of PVCs 
depends on the presence or absence of structural heart disease, 
and in healthy subjects, they have been reported to occur in up 
to 75% of the general population. However, in most healthy 
subjects, the burden is fewer than 100 PVCs/day.11 A higher 
burden of 60 PVCs or more per hour has been described in 1% 
to 4% of the population.4 The definition of high-frequency PVCs 
is therefore variable and depends on the context of the patient 
and the purpose of evaluation.

Prognosis

Factors used to determine cardiac prognosis in patients with 
frequent PVCs include the presence of underlying cardiac disease 
and the nature of the PVCs. In postinfarction patients, predis-
charge documentation of more than 10 PVCs per hour correlated 
with increased 6-month mortality.12 A direct link between postin-
farction ventricular tachycardia (VT) and PVCs was established 
in a mapping study of patients with previous myocardial infarc-
tions.13 PVCs were mapped to the scar, and the site of origin of 
the PVCs was often correlated with the VT exit site of an induc-
ible VT. Elimination of the PVCs often permanently eliminated 
the VTs with the shared exit site.
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Premature ventricular contractions (PVCs) are increasingly rec-
ognized not merely as a marker of structural cardiac disease, but 
often as a potential cause. The decisions of when to pursue 
therapy to eliminate or diminish PVCs and whether to use phar-
macotherapy or catheter ablation can be challenging ones. This 
chapter discusses the diagnosis and prognosis of frequent PVCs 
in the presence or absence of other structural heart disease, and 
describes a treatment strategy for idiopathic frequent PVCs.

Mechanism

Initiation of PVCs is dependent on the underlying cardiac sub-
strate and, similar to other arrhythmias, can be explained by 
reentry, automaticity, or triggered activity. The most likely mech-
anism of PVCs in patients without structural heart disease is 
triggered activity. Reentry has been found and described in 
postinfarction animal models only.1

The potential for frequent idiopathic PVCs to result in  
cardiomyopathy has been established on the basis of reversibility 
of cardiomyopathy with successful elimination of the PVCs dem-
onstrated in observational studies. However, the mechanism 
responsible for development of cardiomyopathy is still under 
investigation. On the basis of short-term animal studies, a fibrotic 
process seems unlikely.2 Potential mechanisms include chronic 
dyssynchrony and impaired Ca2+ homeostasis, for example, 
impaired Ca2+ handling or decreased Ca2+ transient.

Epidemiology

History

Irregularities in pulse and their association with poor outcomes 
have been hypothesized for centuries. The Chinese physician 
Pien Ts’Io, who lived approximately in the sixth century bc, 
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block morphology with an inferior axis indicates an outflow tract 
origin of the PVCs, with a late precordial transition (>V3) point-
ing to an origin in the right ventricular outflow tract, and an early 
transition (≤V3) suggesting an origin from the aortic cusps, the 
left ventricular outflow tract, or the basal left ventricular epicar-
dium. Right bundle branch block PVC morphologies indicate a 
left ventricular origin, with positive concordance indicating a 
basal origin19 and a precordial transition to an R/S complex sug-
gesting origin in the papillary muscle.20 Intramural arrhythmias 
are more difficult to localize, and a specific pattern has not yet 
been described.21

Clinical Management

Decision to Treat

Treatment to decrease or eliminate PVCs should be considered 
in patients when an expected benefit in terms of symptoms or 
cardiac function exists. The categories of patients who should 
undergo treatment that targets PVCs can be summarized as 
follows:
• Patients with PVCs believed to be causing or contributing to 

LV dysfunction or dilatation
• Patients with symptomatically limiting PVCs
• Patients with VT or VF for which a PVC trigger can be identi-

fied (Figure 80-1)
• Patients in whom response to cardiac resynchronization 

therapy is limited by frequent PVCs
• Patients in whom deterioration of LV function may be expected, 

such as those with very frequent PVCs (>24%), may also be 
considered for therapy to reduce PVCs
Although clinical data regarding the last category are not yet 

definitive, PVC frequency in this range has been shown to often 
result in LV dysfunction, and a decision must be made on an 
individual basis between close follow-up of cardiac function 
versus prophylactic treatment to eliminate the PVCs.

Frequent PVCs (>30/hour) have been associated with 
increased mortality in men without coronary disease.14 The 
primary risk in patients with idiopathic frequent PVCs seems to 
be progression to cardiomyopathy rather than sudden death. 
Factors associated with increased risk of cardiomyopathy include 
frequency of PVCs, duration of PVCs, lack of symptoms, inter-
polation of PVCs, epicardial location, and increased PVC-QRS 
width.10,15-17

Although a PVC burden of >24% has been associated with 
impaired left ventricular (LV) function (sensitivity 79%, specific-
ity 78%),10 it is important to note that cardiomyopathy has also 
developed with considerably less frequent PVCs and has been 
reported with a burden as low as 4%.18 Furthermore, about 20% 
of patients with a PVC burden >24% did not develop cardiomy-
opathy.10 Therefore, factors other than the PVC burden affect 
the development of cardiomyopathy. Longer duration of PVCs 
is believed to be contributory to the development of LV dysfunc-
tion, and patients who are asymptomatic and seek medical atten-
tion later may fall victim to this scenario. Two other 
factors—epicardial location and an increased QRS duration 
(>150 milliseconds) of PVCs17—are associated with a greater 
likelihood of causing a cardiomyopathy; the reasons why are not 
definitively known but may be related to increased LV dyssyn-
chrony associated with PVCs originating from those sites.

Diagnosis

Clinical Presentation

Patients with frequent PVCs can present asymptomatically with 
PVCs discovered incidentally or can suffer from debilitating 
symptoms. Presenting complaints may include palpitations, chest 
pain, dyspnea, fatigue, light-headedness, or dizziness. Symptoms 
related to other cardiac comorbidities such as coronary artery 
disease may prompt initial work-up; however, particularly with 
idiopathic PVCs, clinical presentation may be late and often may 
occur after development of a cardiomyopathy. Several clinical 
scenarios are important to recognize:
• Congestive heart failure and frequent PVCs: PVCs can cause or 

worsen an existing cardiomyopathy. Treatment of PVCs in this 
scenario can improve ventricular function and heart failure 
symptoms.

• Ventricular fibrillation (VF) triggered by PVCs: PVCs can trigger 
VF in the setting of idiopathic VF or after acute myocardial 
infarction. Elimination of these PVCs can prevent recurrence 
of sustained ventricular arrhythmias.

• Insufficient biventricular pacing: Frequent PVCs can diminish 
the frequency of biventricular pacing and curtail its clinical 
benefit. Elimination of PVCs can enhance resynchronization 
therapy.

Electrocardiography

Advances and increased availability of home monitoring have 
enhanced PVC detection and characterization. 24-Hour and 
48-hour Holter monitors can assess PVC frequency and correlate 
symptoms; 30-day event monitors increase sensitivity when 
symptoms or arrhythmias occur less frequently. 12-Lead Holter 
monitors in particular have the ability to quantify different PVC 
morphologies and can be used to approximate PVC location. 
This information is extremely valuable for clinicians in deciding 
when and how to treat frequent PVCs.

Idiopathic ventricular arrhythmias most often originate from 
the outflow tracts, and 12-lead electrocardiographic (ECG) mor-
phology helps in identifying the PVC origin. Left bundle branch 

Figure 80-1.  Encircled in This Stored ICD Electrogram Is a PVC 
Triggering an Episode of Ventricular Fibrillation A similar morphology 
was seen to trigger further sustained ventricular arrhythmias. AS indicates the atrial 
sensed events (top tracing), and VS indicates the ventricular sensed events (middle 
tracing from near-field electrograms, lower tracings from far-field electrograms).  The 
PVC  originated  from  the  right  ventricular  outflow  tract  and  was  successfully 
ablated; this prevented further episodes of VF. 
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burden and improvement in LV function have been observed.22 
A mortality benefit has not been established.

Catheter Ablation

Catheter ablation has emerged as a favorable option for many 
patients with PVCs that are drug refractory or intolerant, or even 
as a first-line therapy in selected patients. The goal of catheter 
ablation of PVCs is generally to ameliorate symptoms, improve 
or curtail deterioration of LV function or dimensions, or prevent 
sustained ventricular arrhythmias.

Techniques
Advances in mapping technology, signal analysis, catheter design, 
and ablation techniques have evolved to establish catheter abla-
tion of PVCs as an effective and safe alternative to pharmacologic 
management of frequent PVCs. Activation and pace mapping are 
the techniques predominantly used for localization of PVCs 
(Figure 80-2); activation mapping is more accurate than pace 
mapping.23

Initial management of PVCs should focus on identifying triggers 
or potentially reversible causes. Abnormalities in electrolytes,  
active ischemia, significant valvular disease, hypoxia, and other met-
abolic processes should be investigated and treated when appropri-
ate. If clinical triggers (including caffeine, stress, recreational drugs, 
and alcohol) are identified, they should also be modified.

Pharmacotherapy

Medical management of frequent PVCs will depend on the 
underlying cause as well as comorbidities. In the absence of  
contraindications, initial therapy with beta blockers or calcium 
channel blockers can be attempted. Particularly with beta block-
ers, the benefit to be derived in patients with cardiomyopathy, 
heart failure, and ischemic disease is well established. If this treat-
ment does not provide adequate clinical benefit, antiarrhythmic 
medication can be attempted. Abnormalities in cardiac function, 
renal function, and baseline QTc interval, as well as potential side 
effects and patient age, may limit the selection of some of these 
agents; however, in appropriate patients, a decrease in arrhythmia 

Figure 80-2.  A,  An  activation  map  with  a  three-dimensional  electroanatomic  mapping  system  shows  the  origin  of  the  clinical  PVC. The  site  of  origin  is  the  posterior 
right ventricular outflow tract. Ablation points are  in  red at  the  site of earliest activation. The pulmonary artery valve  (PA) and  the  tricuspid annulus  (TA) are  indicated.  
B,  Twelve-lead  electrocardiogram  (ECG)  of  the  PVC  depicted  in  A,  with  intracardiac  recordings  from  the  site  of  origin  (Abl)  preceding  the  PVC-QRS  complex  by  25 
milliseconds. C, Twelve-lead ECG of an epicardial PVC (left). Pacing from the site of origin within the great cardiac vein shows a morphology (right) similar to that of the 
spontaneous PVC. 
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produce improvement in heart failure symptoms and ejection 
fraction.35

Complications
Reports of ablation procedures targeting PVCs have generally 
described favorable outcomes with rare major complications. 
Although complications are relatively infrequent, it should be 
noted that they can include groin hematomas, arteriovenous fis-
tulas, pseudoaneurysm formation, cardiac tamponade, complete 
atrioventricular block requiring permanent pacing, thromboem-
bolic events, or, rarely, death. If epicardial PVCs are targeted for 
ablation, the potential for complications is increased. Overall, 
successful ablation in patients with likely PVC-induced cardio-
myopathy shows a high probability of improvement in LV func-
tion that may ultimately preclude the need for long-term heart 
failure management and the use of ICDs in these patients.

Conclusions and Future Directions

Treatment to reduce or eliminate PVCs can improve associated 
symptoms, recover cardiac function in PVC-induced cardiomy-
opathy, or prevent malignant ventricular arrhythmias in certain 
patients. Prospective randomized trials will be critical in confirm-
ing the benefit to be derived through nonrandomized observa-
tional reports and will reveal specific indications for therapy, 
particularly among asymptomatic patients with frequent PVCs 
and without evidence of cardiomyopathy.

Identification of the mechanism of PVC-induced cardiomy-
opathy will allow clinicians to better identify patients with fre-
quent PVCs who are at higher risk for development of 
cardiomyopathy. Advances in mapping and in catheter technol-
ogy are needed to further improve mapping accuracy and results 
of ablation.

The main challenges for ablation include a low PVC preva-
lence during mapping and the presence of pleomorphic PVCs. 
Several anatomic sites of origin are more challenging than others, 
and the reported success rates are variable depending on  
inclusion of these patients. PVCs originating from the right ven-
tricular outflow tract have the highest success rates,5 whereas 
PVCs originating from papillary muscles or the epicardium have 
lower success rates.24,25 PVCs originating from the epicardium 
pose a particular challenge but often can be approached via a 
percutaneous approach to the pericardial space.25 However, prox-
imity to coronary arteries and the basal location of epicardial fat 
can lead to an ineffective ablation.26 An approach via the coronary 
venous system, alone or in combination with adjacent anatomic 
sites, may be necessary to eliminate epicardial PVCs.19,27 Intra-
mural PVCs have only recently been described, and they repre-
sent a particular challenge21 with respect to localization and 
ablation.

Outcomes
Catheter ablation in patients with frequent and symptomatic 
PVCs has been shown to improve both symptoms and quality of 
life.28,29 Results are favorable and often signify an improvement 
over those produced by pharmacotherapy.30

With regard to patients with cardiomyopathy and frequent 
PVCs, ablation has been shown to restore LV function in patients 
who have undergone successful procedures. Although prospec-
tive randomized controlled data are still lacking, increasing evi-
dence does support ablation therapy in patients with frequent 
PVCs and LV dysfunction. Bogun et al observed normalization 
of ejection fraction in 82% of patients ablated for frequent idio-
pathic PVCs, with an average change in ejection fraction from 
34% to 59% within 6 months after ablation (Figure 80-3).6 
Yarlagadda observed similar results with improvement in LV 
function in 7 of 8 patients who were successfully ablated for 
frequent monomorphic ventricular ectopy.5 In addition to 
improvement in ejection fraction, other parameters such as LV 
size, mitral regurgitation, and New York Heart Association class 
have all been shown to improve in patients after effective abla-
tion.31 In patients with preexisting cardiomyopathy, ablation of 
PVCs has also been shown to improve LV function. In 15 postin-
farct patients with frequent PVCs, Sarrazin et al showed that 
ablation of frequent PVCs resulted in an improvement in ejection 
fraction from 38% to 51%.32 Three patients who qualified for 
implantable cardioverter-defibrillators (ICDs) for primary pre-
vention of sudden cardiac death on the basis of ejection fraction 
no longer qualified for ICD implantation post ablation. Among 
patients in whom the ejection fraction improved, scar size as 
assessed by magnetic resonance imaging was out of proportion 
to LV dysfunction in comparison with a control group. This 
might help clinicians to identify patients who will benefit from 
an ablation procedure.

Patients with congestive heart failure and biventricular pace-
makers or defibrillators in whom the amount of biventricular 
pacing is less than 93%33 may derive less clinical benefit and often 
have adverse outcomes. Frequent PVCs may cause insufficient 
biventricular pacing.34 Elimination of PVCs in this scenario can 

Figure 80-3.  Ejection fractions before and after catheter ablation of frequent PVCs 
in patients with a successful outcome. Mean ejection fractions and standard devia-
tions are indicated. 

(Reprinted with permission from Bogun F, Crawford T, Reich S, et al: Radiofrequency 
ablation of frequent, idiopathic premature ventricular complexes: Comparison with 
a control group without intervention. Heart Rhythm 4:863-867, 2007.)

70

60

50

40

30

20

10

0
Pre Ablation Post Ablation

E
je

ct
io

n 
F

ra
ct

io
n 

(%
) 59±7%

34.5±13%

References
1. El-Sherif N, Scherlag BJ, Lazzara R, et al: 

Re-entrant ventricular arrhythmias in the late 
myocardial infarction period. 1. Conduction char-
acteristics in the infarction zone. Circulation 
55:686–702, 1977.

2. Huizar JF, Kaszala K, Potfay J, et al: Left ventricu-
lar systolic dysfunction induced by ventricular 

ectopy: A novel model for premature ventricular 
contraction-induced cardiomyopathy. Circ 
Arrhythm Electrophysiol 4:543–549, 2011.

3. Lüderitz B: History of the Disorders of Cardiac 
Rhythm, Armonk, New York, 2002, Futura 
Publishing.

4. Kennedy H, Witlock J, Sprague M, et al: Long-
term follow-up of asymptomatic healthy subjects 
with frequent and complex ventricularectopy. N 
Engl J Med 312:193–198, 1985.

5. Yarlagadda RK, Iwai S, Stein KM, et al: Reversal 
of cardiomyopathy in patients with repetitive 
monomorphic ventricular ectopy originating from 
the right ventricular outflow tract. Circulation 
112:1092–1097, 2005.

6. Bogun F, Crawford T, Reich S, et al: Radiofre-
quency ablation of frequent, idiopathic premature 
ventricular complexes: Comparison with a control 
group without intervention. Heart Rhythm 4:863–
867, 2007.

http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0010
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0010
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0010
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0010
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0010
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0015
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0015
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0015
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0015
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0015
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0020
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0020
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0020
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0025
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0025
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0025
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0025
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0030
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0030
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0030
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0030
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0030
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0035
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0035
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0035
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0035
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0035


PREMATURE VENTRICULAR CoMPLExES 813

80 
7. Hiss RG, Lamb LE: Electrocardiographic findings 

in 122,043 individuals. Circulation 25:947–961, 
1962.

8. Hinkle LE, Carver ST, Stevens M: The frequency 
of asymptomatic disturbances of cardiac rhythm 
and conduction in middle-aged men. Am J Cardiol 
24:629–650, 1969.

9. Hallstrom AP, Bigger JT, Jr, Roden D, et al: Prog-
nostic significance of ventricular premature depo-
larizations measured 1 year after myocardial 
infarction in patients with early postinfarction 
asymptomatic ventricular arrhythmia. J Am Coll 
Cardiol 20:259–264, 1992.

10. Baman TS, Lange DC, Ilg KJ, et al: Relationship 
between burden of premature ventricular com-
plexes and left ventricular function. Heart Rhythm 
7:865–869, 2010.

11. Kostis JB, McCrone K, Moreyra AE, et al: Prema-
ture ventricular complexes in the absence of iden-
tifiable heart disease. Circulation 63:1351–1356, 
1981.

12. Maggioni AP, Zuanetti G, Franzosi MG, et al: 
Prevalence and prognostic significance of ventricu-
lar arrhythmias after acute myocardial infarction in 
the fibrinolytic era: Gissi-2 results. Circulation 
87:312–322, 1993.

13. Bogun F, Crawford T, Chalfoun N, et al: Relation-
ship of frequent postinfarction premature ventricu-
lar complexes to the reentry circuit of scar-related 
ventricular tachycardia. Heart Rhythm 5:367–374, 
2008.

14. Bikkina M, Larson MG, Levy D: Prognostic impli-
cations of asymptomatic ventricular arrhythmias: 
The Framingham heart study. Ann Intern Med 
117:990–996, 1992.

15. Yokokawa M, Kim HM, Good E, et al: Relation of 
symptoms and symptom duration to premature 
ventricular complex-induced cardiomyopathy. 
Heart Rhythm 9:92–95, 2012.

16. Olgun H, Yokokawa M, Baman T, et al: The role 
of interpolation in PVC-induced cardiomyopathy. 
Heart Rhythm 8:1046–1049, 2011.

17. Yokokawa M, Kim HM, Good E, et al: Impact of 
QRS duration of frequent premature ventricular 

non-epicardial sites. Heart Rhythm 8:1525–1529, 
2011.

28. Zhu DW, Maloney JD, Simmons TW, et al: Radio-
frequency catheter ablation for management of 
symptomatic ventricular ectopic activity. J Am Coll 
Cardiol 26:843–849, 1995.

29. Huang CX, Liang JJ, Yang B, et al: Quality of  
life and cost for patients with premature  
ventricular contractions by radiofrequency cathe-
ter ablation. Pacing Clin Electrophysiol 29:343–
350, 2006.

30. Stec S, Sikorska A, Zaborska B, et al: Benign symp-
tomatic premature ventricular complexes: Short- 
and long-term efficacy of antiarrhythmic drugs and 
radiofrequency ablation. Kardiol Pol 70:351–358, 
2012.

31. Takemoto M, Yoshimura H, Ohba Y, et al: Radio-
frequency catheter ablation of premature ventricu-
lar complexes from right ventricular outflow tract 
improves left ventricular dilation and clinical status 
in patients without structural heart disease. J Am 
Coll Cardiol 45:1259–1265, 2005.

32. Sarrazin JF, Labounty T, Kuhne M, et al: Impact 
of radiofrequency ablation of frequent post-
infarction premature ventricular complexes on left 
ventricular ejection fraction. Heart Rhythm 
6:1543–1549, 2009.

33. Koplan BA, Kaplan AJ, Weiner S, et al: Heart 
failure decompensation and all-cause mortality in 
relation to percent biventricular pacing in patients 
with heart failure: Is a goal of 100% biventricular 
pacing necessary? J Am Coll Cardiol 53:355–360, 
2009.

34. Mullens W, Verga T, Grimm RA, et al: Persistent 
hemodynamic benefits of cardiac resynchroniza-
tion therapy with disease progression in advanced 
heart failure. J Am Coll Cardiol 53:600–607,  
2009.

35. Lakkireddy D, DiBiase L, Vanga S, et al: Radiofre-
quency ablation of premature ventricular ectopy 
can improve left ventricular function and heart 
failure class in non-responders of cardiac resyn-
chronization therapy. Circulation 122:A20821, 
2010.

complexes on the development of cardiomyopathy. 
Heart Rhythm 9:1460–1464, 2012.

18. Shanmugam N, Chua TP, Ward D: “Frequent” 
ventricular bigeminy—A reversible cause of dilated 
cardiomyopathy. How frequent is “frequent”? Eur 
J Heart Fail 8:869–873, 2006.

19. Baman TS, Ilg KJ, Gupta SK, et al: Mapping and 
ablation of epicardial idiopathic ventricular 
arrhythmias from within the coronary venous 
system. Circ Arrhythm Electrophysiol 3:274–279, 
2010.

20. Good E, Desjardins B, Jongnarangsin K, et al: Ven-
tricular arrhythmias originating from a papillary 
muscle in patients without prior infarction: A com-
parison with fascicular arrhythmias. Heart Rhythm 
5:1530–1537, 2008.

21. Yokokawa M, Good E, Chugh A, et al: Intramural 
idiopathic ventricular arrhythmias originating in 
the intraventricular septum: Mapping and ablation. 
Circ Arrhythm Electrophysiol 5:258–263, 2012.

22. Singh SN, Fletcher RD, Fisher SG, et al: Amioda-
rone in patients with congestive heart failure and 
asymptomatic ventricular arrhythmia: Survival trial 
of antiarrhythmic therapy in congestive heart 
failure. N Engl J Med 333:77–82, 1995.

23. Bogun F, Taj M, Ting M, et al: Spatial resolution 
of pace mapping of idiopathic ventricular 
tachycardia/ectopy originating in the right ven-
tricular outflow tract. Heart Rhythm 5:339–344, 
2008.

24. Yokokawa M, Good E, Desjardins B, et al: Predic-
tors of successful catheter ablation of ventricular 
arrhythmias arising from the papillary muscles. 
Heart Rhythm 7:1654–1659. 2010.

25. Schweikert RA, Saliba WI, Tomassoni G, et al: 
Percutaneous pericardial instrumentation for 
endo-epicardial mapping of previously failed abla-
tions. Circulation 108:1329–1335, 2003.

26. Desjardins B, Morady F, Bogun F: Effect of epicar-
dial fat on electroanatomical mapping and epicar-
dial catheter ablation. J Am Coll Cardiol 
56:1320–1327, 2010.

27. Yokokawa M, Latchamsetty R, Good E, et al: Abla-
tion of epicardial ventricular arrhythmias from 

http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0040
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0040
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0040
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0045
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0045
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0045
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0045
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0050
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0050
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0050
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0050
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0050
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0050
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0055
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0055
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0055
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0055
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0060
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0060
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0060
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0060
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0065
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0065
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0065
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0065
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0065
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0070
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0070
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0070
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0070
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0070
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0075
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0075
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0075
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0075
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0080
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0080
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0080
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0080
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0085
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0085
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0085
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0090
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0090
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0090
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0090
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0095
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0095
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0095
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0095
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0100
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0100
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0100
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0100
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0100
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0105
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0105
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0105
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0105
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0105
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0110
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0110
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0110
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0110
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0115
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0115
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0115
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0115
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0115
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0120
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0120
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0120
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0120
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0120
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0125
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0125
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0125
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0125
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0130
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0130
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0130
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0130
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0135
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0135
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0135
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0135
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0140
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0140
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0140
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0140
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0145
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0145
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0145
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0145
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0150
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0150
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0150
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0150
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0150
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0155
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0155
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0155
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0155
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0155
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0160
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0160
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0160
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0160
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0160
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0160
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0165
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0165
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0165
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0165
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0165
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0170
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0170
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0170
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0170
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0170
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0170
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0175
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0175
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0175
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0175
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0175
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0180
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0180
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0180
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0180
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0180
http://refhub.elsevier.com/B978-1-4557-2856-5.00080-7/sr0180


815

81 

superior and leftward portion is above the anterior pulmonary 
valve leaflet (Figure 81-2). Although the RVOT is muscular 
throughout, it is relatively thin in the rightward, anterior, and 
subpulmonary valve portions, and it is thicker in the proximal 
posterior portion, where it is directly opposite the LVOT and the 
anterior interventricular septum.

Relationship to Coronary Arteries

The left main coronary artery arises from the LCC, adjacent and 
immediately posterior to the RVOT below the pulmonary valve; 
therefore the potential for left main arterial damage exists during 
ablation both in the LCC and in the septal and posterior regions 
of the RVOT (see Figure 81-1). The left main coronary artery 
courses laterally relative to the RVOT as it branches into the left 
circumflex (LCx) and left anterior descending (LAD) arteries. 
Because the RVOT courses leftward, the right coronary artery 
(RCA), arising from the RCC, is closest to the proximal RVOT 
near the tricuspid annulus.

LVOT

Unlike the entirely muscular RVOT, part of the LVOT is mus-
cular and part is fibrous. Most of the RCC and the anterior aspect 
of the LCC lie above the muscular (anterior) portion of the 
LVOT. The junction between the RCC and the noncoronary 
cusp (NCC) overlies the membranous interventricular septum 
(rightward portion of the LVOT), where the bundle of His and 
the proximal left bundle branch are located. The NCC and the 
posterior aspect of the LCC are continuous with the fibrous 
aortomitral continuity (AMC) in the posterior portion of the 
LVOT.

Aortic and Pulmonary Valve Cusps

The ventricular myocardium extends beyond the semilunar 
valves into the proximal pulmonary artery and the aortic valve 
cusps,10 and can be found both between and within the cusps.11 
Some cases of myocardial sleeves in the region of the coronary 
artery have also been reported.12,13 Because the pulmonary valve 
is superior and leftward of the aortic valve, the RVOT beneath 
the pulmonary valve is at the same level as the aortic cusps. The 
RCC and the junction between the LCC and the RCC lie imme-
diately adjacent to the posterior RVOT, beneath the pulmonary 
valve. Myocardial sleeves are found most often in the RCC and 
less commonly in the LCC.10 The NCC lies posterior and imme-
diately adjacent to the interatrial septum; therefore its myocardial 
sleeves may be a site of origin for atrial tachycardias but not for 
idiopathic VTs.14

Outflow Tract Ventricular 
Tachyarrhythmias: Mechanisms, 

Clinical Features, and Management
Zian H. Tseng and Edward P. Gerstenfeld

CHAPTER OUTLINE

Anatomy	 815

Epidemiology	 816

Mechanism	 817

Diagnosis	 817

Prognosis	 819

Management	 820

Idiopathic ventricular tachycardias (VTs) typically occur in the 
absence of structural heart disease and can originate from mul-
tiple anatomic regions, including the left and right ventricular 
outflow tracts (OTs), the left fascicular system, the mitral and 
tricuspid annuli, and the papillary muscles, or they can develop 
perivascularly in the epicardial space. More than half of all idio-
pathic VTs originate from the OTs, and of these, approximately 
80% originate from the right ventricular outflow tract (RVOT).1 
The remainder originate from the left ventricular outflow tract 
(LVOT), which is located immediately posterior to the RVOT 
and includes the aortic sinuses of Valsalva, the ventricular myo-
cardium just inferior to the aortic valve, the aortomitral continu-
ity (AMC), the superior basal septum (ventricular summit), and 
the epicardial OT surface.2-7 OT arrhythmias can present as iso-
lated premature ventricular complexes (PVCs), as nonsustained 
VTs, or as sustained VTs.8 Symptoms of OT VTs vary widely and 
may include palpitations, presyncope, and syncope. Since the 
time that they were initially described, advances in our under-
standing of the mechanism and pathophysiology of OT VTs have 
been significant. This chapter reviews the anatomy, epidemiol-
ogy, mechanisms, diagnosis, prognosis, and management of OT 
PVCs and VTs.

Anatomy

RVOT

The RVOT is generally divided into rightward (free wall), ante-
rior, leftward (septal), and posterior portions (Figure 81-1).9 The 
RVOT courses anterior and leftward of the LVOT with the distal 
RVOT and pulmonic valve located leftward of the distal LVOT 
and aortic valve, respectively. The pulmonary valve is superior to 
the aortic valve, such that the posteroseptal RVOT is immedi-
ately anterior and adjacent to the aortic valve, specifically the 
right and left coronary cusps (RCCs and LCCs).9 Its inferior and 
most rightward portion is continuous with the tricuspid annulus 
and the interventricular septum, where the bundle of His and the 
proximal right bundle branch are located, whereas its most 
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is inaccessible to epicardial catheter ablation; the lateral region is 
accessible via the GCV.

Epidemiology

OT VTs have accounted for approximately 10% of all patients 
referred for evaluation of VT.17 OT VTs may present from the 
spectrum of premature ventricular complexes, nonsustained VT, 
and sustained monomorphic VT.8 OT VT typically occurs in 
young to middle-aged patients, with mean age at presentation 
lower than that of patients with VT secondary to structural heart 
disease.18,19 Although some have noted a higher incidence in 
women,2 others have reported no gender predominance.8

Symptoms

Palpitations, chest pain, dyspnea, and light-headedness during 
episodes are common, and rarely syncope can occur; some 
patients may be entirely asymptomatic.18

Triggers

Episodes are often triggered by caffeine, emotional stress, or 
exercise, typically during the recovery period after exercise.18,20,21 
In women, hormonal flux (e.g., premenstrual, perimenopausal) 
may be a particular trigger.21 Circadian variation with morning 
and late afternoon peaks of occurrence of outflow tract PVCs  
has also been reported.22 These suggest the importance of 

Epicardial and Perivascular Sites

Approximately 9% of idiopathic VTs originate epicardially, most 
often near coronary venous sites: the great cardiac vein (GCV), 
the anterior interventricular vein (AIV), and the middle cardiac 
vein (MCV).15 Immediately distal (in the retrograde direction to 
blood flow) to the coronary sinus (CS) os, the CS gives rise to 
the MCV, which courses in the posterior interventricular sulcus. 
The CS courses in the inferior aspect of the atrioventricular 
groove parallel to the mitral valve annulus, and ends at the valve 
of Vieussens in the region of obtuse marginal arteries. Beyond 
the valve of Vieussens, the vein continues as the GCV, coursing 
epicardially directly overlying the lateral mitral annulus. The 
junction of the AIV and the GCV is immediately lateral to the 
LCC. Proximal to distal, the AIV is adjacent to the posterolateral 
subvalvar RVOT, or the epicardial lateral RVOT, and the anterior 
epicardial space. Transpericardial mapping of the origin of epi-
cardial idiopathic VTs has confirmed their propensity for origin 
near these perivascular structures.15

Left Ventricular Summit

OT VTs may also originate from the region of the LV summit, 
the most superior LV epicardial region at the top of the inter-
ventricular septum. The LV summit lies between the LAD and 
LCx arteries, near the junction of the GCV and the AIV, and 
superior to the aortic valve cusps.16 One series reported that 12% 
of idiopathic LV VTs originate from the LV summit.16 The 
superior-most region of the LV summit is close to the LAD and 
LCx arteries, along with prominent overlying epicardial fat, thus 

Figure	 81-1.  Superior View of the Human Heart With the Atria, Pulmonary Artery, and Aorta Cut Away The heart  is oriented with  the anterior 
(A) aspect of the chest at the top, posterior (P) at the bottom, and right (R) and left (L) sides in the appropriate orientation. The location of the ECG leads on the chest is 
shown. The most anterior and superior part of the ventricles is the right ventricular free wall just below the pulmonic valve, which is separated into anterior (AF), mid (MF), 
and posterior (PF) free-wall regions. Just posterior to the free wall is the septal aspect of the RVOT, separated into anterior (AS), mid (MS), and posterior (PS) septal regions. 
Immediately posterior and slightly inferior to the RVOT septum lies the aortic root. The right coronary cusp (R) lies immediately posterior to the PS RVOT, and the left coro-
nary cusp (L) lies posterior to the AS RVOT. The noncoronary cusp (N) overlies the atrial septum and therefore is a useful location for mapping atrial tachycardia but not OT 
VTs. Posterior to the aortic root lies the mitral annulus (MA), below the left atrium (LA). 
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afterdepolarizations (DADs).1,23 Increased cAMP can occur with 
beta-adrenergic receptor stimulation (e.g., during exercise), 
resulting in increased intracellular calcium and DADs, triggering 
OT VT.

Consistent with this mechanism, in the electrophysiology 
(EP) laboratory, OT PVCs and VTs typically are induced by 
burst atrial or ventricular pacing rather than by programmed 
stimulation (which would be more characteristic of monomor-
phic VT due to reentrant mechanism) and are facilitated by 
isoproterenol or epinephrine infusion.18,24 These VTs cease with 
adenosine, verapamil, and β-blockers, all of which interfere with 
the cAMP-mediated calcium flux.25,26

Diagnosis

Recognition and localization of OT arrhythmias are ideally 
suited to the 12-lead electrocardiogram (ECG)18 because they 
originate from a focal source and usually occur in a structurally 
normal heart. The classic ECG pattern consists of left bundle 
branch block morphology in V1 with an inferior axis (Figure 
81-3). This occurs because the PVC/VT originates from the 
superior-most aspect of the ventricle, just at or below the level 
of the semilunar valves. Recognizing the typical ECG pattern is 
important for establishing the correct diagnosis and for discuss-
ing the prognosis with the patient. More detailed ECG localiza-
tion is helpful when treatment options and the risks of catheter 
ablation are discussed, and when a starting point is identified 
from which more detailed intracardiac mapping can be per-
formed in the EP laboratory.

RVOT

The most common origin of OT VT is the septal aspect of the 
RVOT, just inferior to the pulmonic valve (see Figure 81-2).27 
Because the PVC/VT exits from the superior-most region of the 
right ventricle, the inferior leads in stereotypical ECG morphol-
ogy are markedly positive and narrow (see Figure 81-3). Leads 
aVR and aVL are markedly negative with a QS pattern. All 
RVOT PVCs/VT have left bundle branch block morphology in 
lead V1 (rS or QS; see Figure 81-3). The precordial lead transi-
tion from net negative to net positive (from r<S to R>s) is critical 
for distinguishing RVOT from LVOT origin. The transition for 

Figure	81-2.  Anterior View of the Human Heart With the Free Wall 
of the Right Ventricle Cut Open This  view  shows  the  anteroseptal  (AS), 
midseptal  (MS),  and  posteroseptal  (PS)  aspects  of  the  RVOT  just  below  the  pul-
monic valve (PV). Immediately posterior to the RVOT lies the aortic root (Ao). Inferior 
and posterior to the RVOT lies the para-Hisian region (His), a less common site of 
origin of idiopathic PVCs. This region at the superior aspect of the tricuspid valve 
has been termed the tricuspid “inflow tract.” 
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Figure	81-3.  12-Lead ECG of a Patient With a Typical RVOT PVC The PVC has a left bundle branch block pattern in V1 with an rS—a transition at lead V4 
that is typical of RVOT PVCs. The PVC has a marked inferior axis and is multiphasic in lead I, suggesting a midseptal origin. Although notching in the inferior leads is more 
commonly seen in PVCs of free-wall origin, it can also be seen in PVCs of septal origin. 
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sympathetic activity and circulating catecholamines in the mech-
anism of OT VTs.

Mechanism

The mechanism of OT VTs is triggered activity due to  
cyclic adenosine monophosphate (cAMP)-mediated delayed 
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w-shaped in lead aVL and is more positive in lead I than in the 
typical posteroseptal PVC is typical for a PVC that originates 
from the RV inflow tract at the level of the His bundle30 (see 
Figure 81-4). These para-Hisian PVCs are less common than OT 
PVCs but do occur in structurally normal hearts. The origin may 
be just superior or free-wall to the His bundle region, and careful 
mapping is critical to avoid heart block during ablation.

Even more infrequently, PVCs may originate superior to the 
pulmonic valve from myocardial fibers that extend into or just 
above the pulmonary valve.31 Few ECG features are helpful in 
distinguishing pulmonary artery (PA) from RVOT PVCs, other 
than a markedly inferior axis, earlier precordial transition (>R/S 
ratio in lead V2), and the presence of a small atrial and ventricular 
potential on the mapping catheter at the site of successful abla-
tion.32 Pulmonary artery origin can be confirmed with right ven-
triculography or intracardiac echocardiography (ICE).

LVOT

Recognition that OT PVCs can also originate from the LVOT 
is increasing.33 The most common origin is from myocardial 
fibers within or adjacent to the aortic root,34,35 but PVCs may also 
originate from the left ventricular (LV) myocardium just below 
the aortic valve, from the LV summit at the top of the interven-
tricular septum, from the region of the AMC, or from the LV 
outflow epicardium.36 LVOT PVCs also have a left bundle branch 
block pattern in lead V1 (usually rS) with an inferior axis. Because 
the aortic root is immediately posterior to the RVOT (see Figure 
81-1), LVOT PVCs have an earlier precordial transition, typi-
cally at or before lead V3.11,37 Further analysis can be performed 
to identify the origin within the aortic root. PVCs from the LCC 

PVCs of RV origin typically occurs at or later than lead V3. Lead 
I is typically of low amplitude and is useful for differentiating 
posteroseptal (positive) from midseptal (multiphasic) or antero-
septal (negative) origin (Figure 81-4). The more leftward location 
of the anterior RVOT compared with the posterior RVOT 
accounts for the differences in lead I polarity (see Figures 81-1 
and 81-4). The most common site of PVC origin is the antero-
septal or midseptal region.27 Less than 10% of RVOT PVCs 
originate from the free wall.28 For free-wall RVOT PVCs, the 
QRS remains inferiorly directed but is wider and notched com-
pared with those of septal origin (see Figure 81-4). In the study 
by Dixit and colleagues,29 no QRS width cutoff clearly separated 
free-wall from septal origin; however, relative QRS widening 
with free-wall compared with septal origin was clearly noted 
within each patient. Because the RV free wall is more anteriorly 
located, the precordial transition is seen later than that of VT 
with septal origin, nearly always at or later than lead V4 (see 
Figure 81-4). Similar to septal PVCs, lead I is useful for differ-
entiating anterior (negative) from posterior (positive) free-wall 
origin. Because a free-wall origin is very uncommon in patients 
with a structurally normal heart, the presence of PVCs of free-
wall morphology should elicit a more thorough search for under-
lying structural heart disease, in particular arrhythmogenic right 
ventricular cardiomyopathy/dysplasia (ARVC/D).

PVCs may also originate lower in the OT, further beneath the 
pulmonic valve. As the origin becomes more inferior, a series of 
changes to the ECG occurs: The inferior leads become less posi-
tive (first lead III, then lead aVF, and finally lead II), lead aVL 
becomes less negative, and lead I becomes more positive (as the 
origin becomes more posterior toward the tricuspid valve; Figure 
81-2). An ECG morphology that is slightly inferiorly directed 
(positive in II and aVF and biphasic or positive in III), flat, or 

Figure	81-4.  Typical 12-Lead ECG Morphologies of the OT VTs, All from Patients With the Origin Confirmed With Intracardiac Mapping 
and Ablation From right to left, para-Hisian PVCs are not really located in the outflow tract but do have a left bundle inferior axis; the hallmark is the isoelectrical or “w” 
pattern in lead aVL and the more positive R wave in lead I. Next, an anterior free-wall (AF) PVC is shown, with the characteristic lower amplitude and notched inferior leads 
and a  late precordial transition. The more typical septal origin PVCs are shown next;  lead  I distinguishes anteroseptal  (AS, negative)  from midseptal  (MS, multiphasic) or 
posteroseptal (PS, positive) origin. The coronary cusp PVCs all have left bundle branch block (LBBB) morphology in V1 with an earlier precordial transition. More posteriorly 
located is the region of aortomitral continuity (AMC), which has an inferior axis and a signature qR pattern in lead V1. See text for a more detailed discussion. 

I

AIV AMC

LVOT

R/L Jxn LCC RCC AS MS PS AF His

II

III

aVR

aVL

aVF

V1

V2

V3

V4

V5

V6

RVOT



OUTFLOw	TRACT	VENTRICULAR	TACHYARRHYTHMIAS:	MECHANISMS,	CLINICAL	FEATURES,	AND	MANAGEMENT 819

81 
Prognosis

In contrast to many ventricular arrhythmias that occur in the 
setting of structural heart disease, OT PVCs and VTs are gener-
ally considered benign, with long-term studies demonstrating 
that a vast majority of patients do not develop structural heart 
disease or sudden cardiac death.18 Of course, OT VT can also 
occur in patients with underlying structural heart disease—it is 
important to identify the typical OT morphology in these 
patients, as the presence of VT does not have the same implica-
tions as the presence of ventricular arrhythmias that are associ-
ated with scar. Two notable instances when OT VT may have 
more serious implications involve patients with “short coupled” 
PVCs triggering polymorphic VT and patients with a PVC-
induced cardiomyopathy.

A malignant variant of “short-coupled” PVCs triggering 
torsade de pointes VT was first described in the 1990s.48 Initial 
reports identified a high mortality risk in these patients, despite 
medical treatment with traditional β-blockers or calcium channel 
blockers. Noda and Viskin then reemphasized the phenomenon 
of short-coupled OT PVCs that triggered torsade de pointes VT 
and resulted in syncope or sudden death.49,50 Although no abso-
lute coupling interval cutoff identifies potentially “malignant” 
PVCs, the coupling interval that triggered polymorphic VT was 
generally shorter than that of benign OT PVCs, even within the 
same patient.51 Catheter ablation should be strongly considered 
in patients with short-coupled OT PVCs with syncope or runs 
of torsade de pointes VT,49 and an implanted cardioverter-
defibrillator (ICD) may be required if the PVC trigger cannot be 
completely eliminated or if the patient has a history of cardiac 
arrest.

The syndrome of PVC-triggered torsade should be differenti-
ated from inherited arrhythmia syndromes such as catecholamin-
ergic polymorphic VT (CPVT). Both may be triggered by 
exercise. CPVT has a younger age of onset, a more malignant 
clinical history with frequent syncope, and a family history of 
sudden death. Genetic testing for CPVT can be performed. In 
some patients, PVCs triggering runs of polymorphic VT during 
extreme exertion may present in older adulthood. The prognosis 
in these patients has not been clearly defined but may be better 
than those with younger onset.52

A small percentage (5% to 7%) of patients with very frequent 
OT PVCs and VTs may develop a tachycardia-mediated cardio-
myopathy.53,54 The threshold of ectopy required to produce left 
ventricular dysfunction has ranged from 17,000 to 30 000 PVCs/
day,55 or 16% to 24% of daily heartbeats.53,54 Bogun and col-
leagues described a cohort of patients with cardiomyopathy  
and frequent PVCs who had near-complete resolution of the 
cardiomyopathy after PVC ablation.56 The mechanism of this 

region typically have an rS in lead I and an earlier precordial 
transition (lead V1 or V2) than those from the RCC (see Figure 
81-4). PVCs from the RCC typically are positive and notched in 
lead I, with a precordial transition at lead V2 or V3.38 The region 
at the junction of the RCC and LCC is a common site of aortic 
root PVC origin and has a signature “notch” or qrS pattern in 
lead V1 or V2

39,40 (see Figure 81-4).
As was already mentioned, PVCs with a precordial transition 

before lead V3 typically originate in the LVOT, and those with a 
transition after V3 typically originate in the RVOT. PVCs with a 
transition at lead V3 are therefore challenging to localize.41 In 
addition, cardiac rotation or precordial lead misplacement can 
confound most ECG localization algorithms. One study found 
that comparing the precordial transition of the PVC with that in 
sinus rhythm can be helpful in localizing PVCs with a V3 transi-
tion. If the PVC transition occurs after the sinus rhythm transi-
tion, the origin is RVOT with 93% specificity.42 Other algorithms 
are available for distinguishing RVOT from LVOT arrhyth-
mias43,44 (Table 81-1, Distinguishing ECG Features of LVOT vs. 
RVOT PVCs).

Rarely, PVCs can originate just below the aortic valve at the 
AMC—the region between the aortic and mitral valves. These 
PVCs have a marked inferior axis with a “signature” qR pattern 
in lead V1 and a positive QRS complex in all precordial leads (see 
Figure 81-4).45

Several criteria can be used to identify an epicardial exit to 
OT PVCs. The typical morphology is a left bundle branch block/
inferior axis with an early precordial transition, delayed or 
“slurred” intrinsicoid deflection, and a QS pattern in lead I. A 
criterion called the maximal deflection index (MDI) takes advan-
tage of the slower intrinsicoid deflection for arrhythmias of epi-
cardial origin.15 The MDI measures the time from onset to the 
latest R wave peak in any precordial lead divided by the QRS 
duration; an MDI greater than 0.55 suggests an epicardial origin 
that is best approached via the coronary venous system or epi-
cardium rather than via the aortic cusps. The typical PVC mor-
phology originating closest to the GCV or the AIV has an early 
transition (V1 or V2) with a slurred initial r wave in V1 and an rS 
or QS in lead I.46 Another common morphology for an epicardial 
OT PVC is a right bundle branch block pattern in V1, where a 
“pattern break” occurs from V1 to V3 (i.e., an R in V1 and V3 and 
an Rs or rS in V2).

One should always be aware of the location of the ECG elec-
trodes on the chest when analyzing a 12-lead ECG of OT VT, 
particularly in the EP laboratory, where other patches on the 
chest may affect usual ECG lead placement. Limb lead placement 
in the anterior chest during a stress test or precordial lead  
placement at the wrong interspace may lead to a significant 
change in ECG morphology that may confound any PVC local-
ization algorithm.47

Table 81-1.	 Distinguishing	ECG	Features	of	LVOT	vs.	RVOT	PVCs

ECG Lead

RVOT LVOT

Anterior Posterior LCC RCC LCC/RCC Jxn Epi/AIV

I rS	or	QS r	(notch) rS r	(notch) rS rS	or	QS

aVR,	aVL QS QS QS QS QS QS,	QaVL	<1.5*QaVR

Precordial	transition ≥V3	or	>SR ≥V3	or	>SR ≤V2	or	<SR ≤V3	or	<SR ≤V3	or	<SR ≤V2,	MDI	>0.55,	“pattern	break”	in	V1-V3

V1 rS	or	qS rS	or	qS qS	or	“w” rS qrS;	notch	on	downstroke rS

V5,	V6 R	or	Rs R R R R R

RVOT,	right	ventricular	outflow	tract;	LVOT,	left	ventricular	outflow	tract;	LCC,	left	coronary	cusp;	RCC,	right	coronary	cusp;	epi,	epicardial;	AIV,	anterior	interventricular	vein.	
MDI,	maximal	deflection	index;	SR,	sinus	rhythm	precordial	transition.
See	text	for	discussion.
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cardiomyopathy is not well understood, but multiple subsequent 
studies have demonstrated significant improvement in LV func-
tion after PVC ablation in this cohort of patients. In the Bogun 
trial, a cardiomyopathy was never seen in patients with less than 
10% PVC burden and occurred most frequently in patients with 
more than 20% PVCs.

In some patients with underlying structural heart disease and 
frequent PVCs, a significant improvement in LV function can be 
noted after PVC ablation. Among patients with residual PVCs 
after ablation, those with a burden reduced to less than 5% gen-
erally fared well, with LV ejection fraction (EF) improvement of 
10% to 15%.57 Therefore, in nearly any patient with frequent 
PVCs (>20% or 20 000/day) and reduced LV function, medical 
or catheter-based treatment of PVCs should be considered. 
Patients who are asymptomatic with normal LV size and function 
should undergo yearly echocardiograms and are often treated 
with β-blockers, although limited data support this. At the first 
sign of LV dilatation or decreased LV function, more aggressive 
treatment with antiarrhythmic medication or catheter ablation 
should be undertaken. It should be noted that even after complete 
resolution of a tachycardia-mediated cardiomyopathy, some 
residual LV structural changes and risk of malignant arrhythmias 
may occur, particularly with any recurrent tachycardia.58

A common inherited arrhythmia syndrome that is also associ-
ated with OT PVCs is ARVD/C. This inherited disorder of the 
myocardial desmosome leads to fibrofatty replacement of the RV 
myocardium and is associated with syncope, left bundle branch 
(LBB) morphology PVCs/VT, and sudden death. Screening tests 
for ARVC include genetic testing, echocardiography, and mag-
netic resonance imaging (MRI). Treatment of PVCs associated 
with ARVC is different from treatment of idiopathic PVCs, as an 
implantable defibrillator is nearly always required and ablation 
typically requires an epicardial approach. Therefore, distinguish-
ing patients with benign OT PVCs from those with ARVC is 
important. In general, young patients with a single-morphology 
PVC of typical origin from the RV septum or the LVOT and no 
family history of sudden death do not require screening beyond 
transthoracic echocardiography. Patients with multiple PVC 
morphologies or PVCs originating from an unusual location, 
such as the RV free wall, may require a screening MRI. ECG 
criteria have been developed that help to distinguish PVCs/VT 
in ARVC from benign idiopathic VT.59 These include a late 
precordial transition at or beyond lead V5, QRS notching in 
multiple leads, and a lead I QRS duration of 120 milliseconds or 
longer.

Finally, in the inherited arrhythmia syndromes such as Brugada 
syndrome or long QT syndrome, PVCs can serve as initiators of 
life-threatening arrhythmias by creating long-short coupling 
intervals that may predispose to torsade de pointes VT. Ablation 
of PVCs in patients with these inherited syndromes and frequent 
ICD shocks has been associated with a marked reduction in ICD 
therapy.60

Management

Given its generally benign prognosis, treatment decisions for 
patients with OT VTs largely depend on the severity of symp-
toms. More aggressive therapy may be warranted in patients with 
severe symptoms, syncope, short-coupled PVCs, or PVCs trig-
gering torsade de pointes VT, and in those with frequent PVCs 
believed to be contributing to a cardiomyopathy or worsening of 
preexisting LV dysfunction. Therefore, in all patients who present 
for PVC evaluation, we typically take a careful symptoms-based 
history, obtain a 24-hour monitor to quantify PVC burden, and 
obtain an echocardiogram with careful attention to right ven-
tricular (RV) and LV size and function. In patients with 

infrequent PVCs, mild to no symptoms, and normal LV function, 
reassurance of the benign prognosis with no specific therapy is 
sufficient. For patients with frequent symptomatic PVCs, treat-
ment options include medical therapy or catheter ablation.

Medical Therapy

OT VTs generally respond well to β-blockers or calcium channel 
blockers. These medications are typically first-line treatment 
because they have mild side effect profiles as compared with other 
antiarrhythmic medications, along with success rates in the range 
of 65%.18 Side effects such as fatigue may limit patient adherence. 
Calcium channel blockers may be tried in patients with asthma 
or intolerance to β-blockers but are typically less effective.

For patients who do not respond to β-blockers or calcium 
channel blockers, the addition or substitution of a class IC antiar-
rhythmic drug (flecainide, propafenone) may be useful.19,61 In 
refractory patients, class III drugs (sotalol or amiodarone) may 
also be considered.61 Because class I medications are contraindi-
cated in the setting of ischemic heart disease, coronary artery 
disease should be excluded in patients with intermediate or 
higher risk before administration of such medications is consid-
ered. The efficacy of drug therapy can be monitored by patient 
symptoms, Holter monitoring, or stress testing. We typically 
perform a routine stress test every other year in patients on class 
IC antiarrhythmic drugs.

Mapping and Catheter Ablation

Catheter ablation is now considered an alternative first-line 
option for treatment of symptomatic PVCs and is detailed here. 
For patients with recurrent syncope due to rapid VT- or PVC-
induced torsade de pointes VT, catheter ablation should be con-
sidered strongly early in the course of therapy. In some patients 
who suffer cardiac arrest caused by short-coupled PVC-induced 
torsade, an ICD may be recommended. In general though, ICD 
therapy is not warranted for most OT PVCs because they are 
typically associated with a benign prognosis and frequently can 
be cured with catheter ablation.

Mapping of PVCs in the EP laboratory requires fluoroscopy 
and an electrophysiological recording system that is typically 
coupled with an electroanatomical mapping system. For cases of 
aortic root or LVOT arrhythmia, phased-array ICE can be 
invaluable. PVCs can be mapped with pace mapping or activation 
mapping. If PVCs occur spontaneously and frequently, activation 
mapping can be used to identify the earliest bipolar electrogram 
preceding the surface QRS. For typical OT PVCs, a bipolar 
activation time longer than 20 to 25 milliseconds before QRS is 
usually sufficient for successful ablation. A QS pattern on the 
unipolar electrogram can also be recorded at the site of origin of 
the PVC/VT. Pace mapping should also be performed at the 
earliest site—recording of a pace map that does not match the 
clinical PVC at the earliest recorded site suggests that the PVC 
may originate from an adjacent cardiac chamber (e.g., LVOT 
when recording from posterior RVOT or epicardium). In cases 
of infrequent PVCs, pace mapping alone can be used to localize 
PVC origin. Pacing output should be set to twice diastolic thresh-
old to avoid far-field or anodal capture. Pace mapping should 
begin in the area of suspected VT origin based on the 12-lead 
ECG and the catheter manipulated to achieve a 12/12 lead pace-
map match with clinic VT (Figure 81-5). The first beat of sus-
tained VT can sometimes have a slightly different morphology 
than the sustained run as the result of repolarization changes 
during initiation; therefore the morphology during sustained VT 
should be targeted. In addition, sometimes a pace map can appear 
similar over a sizable distance (1 to 3 cm2,62,63). Attempts to match 
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the His region and may serve as a safer location for catheter 
ablation.67

For LVOT mapping catheter localization, unless the operator 
has experience with aortography for identifying the coronary 
cusps, ICE is extremely useful for identifying the aortic cusps and 
the catheter position within the cusps (Figure 81-7). Fluoroscopy 
alone can often be misleading. The aortic root is typically mapped 
using the retrograde aortic approach, and it should be mapped as 
a separate cardiac chamber, with multiple activation points and 
pace maps taken throughout each coronary cusp at the valve level 
and up to 2 cm above the valve. The NCC overlies the left atrium 
and has never been associated with PVC origin in our experience. 
However, sites throughout the RCC, R/LCC junction, and LCC 
have been described. In contrast to the RVOT, pace maps in the 
aortic root are often unreliable because pace mapping can capture 
distant structures rather than the thin sleeves of myocardium in 
the aortic root that may be the source of PVCs. The precordial 
transition will often be a closer match than the RVOT, and 
although a poor pace map should not dissuade ablation, a perfect 
pace map is a useful guide for suggesting an aortic root origin.

The primary tool used for mapping in the aortic root is activa-
tion mapping. As can be seen with RVOT sites, early sites are 
typically greater than 20 milliseconds before QRS. In the aortic 
root, “reversal” of a sharp potential from late during sinus rhythm 
to early during a PVC confirms the origin as aortic root and often 
suggests a successful ablation site68 (see Figure 81-5). Because of 
the proximity of the aortic valve region to the coronary arteries, 
coronary angiography is recommended before ablation is per-
formed in the aortic root. If ICE is being used by an experienced 
operator, coronary angiography may be omitted if the site of earli-
est activation at the R/LCC junction or at the LCC if the coro-
nary artery can be visualized farther than 1 cm away from the left 
main coronary artery. Registering the electroanatomical map with 
another imaging modality such as computed tomography (CT) 
angiography can facilitate identification of the proximal coronary 
arteries (see Figure 81-5). Visualizing the RCA with ICE is diffi-
cult; therefore coronary angiography should be performed before 
ablation within the right cusp. If ablation at an early site is inef-
fective, changing the angle of the catheter or looping the catheter 

notching and QRS amplitude in all 12 leads will yield better 
ablation success.

For nearly all patients, mapping of the RVOT should occur 
first, given the low risk and high prevalence of RVOT origin 
PVCs. When the RVOT is mapped, positioning a catheter at the 
RV apex helps to delineate septal from free-wall RVOT location 
in the left anterior oblique projection. Typically the site of earliest 
activation will also have a perfect 12-lead pace-map match; if 
activation is longer than 20 ms before QRS with qS on the uni-
polar electrogram, then radiofrequency (RF) energy should be 
applied. A standard nonirrigated 4-mm RF energy ablation cath-
eter can be used in the RVOT. Because the origin of these PVCs 
is superficial, powers of 25 to 30 watts are usually sufficient. An 
early “flurry” of PVCs during ablation is often considered a good 
sign, although this may occur with catheter ablation in any 
region. Very high-power lesions should be used cautiously, given 
the proximity of the superior RVOT, and particularly the proxi-
mal pulmonary artery, to the coronary arteries.64 If the earliest 
activation is less than 20 milliseconds before QRS, if a small 
initial r wave is present on the unipolar electrogram at the earliest 
site, and/or if the pace map has a later precordial transition than 
the clinical PVC, mapping of the LVOT should be performed. 
Because the aortic valve plane is inferior to the plane of the pul-
monic valve (Figure 81-6), when PVC activation is earliest in the 
low posterior RVOT and is less than 20 milliseconds before QRS, 
mapping of the aortic cusps should be performed. Typically the 
RCC is directly posterior to the inferoposterior RVOT, and the 
LCC is posterior to the anterior RVOT (see Figure 81-1). 
Unsuccessful ablation in these RVOT regions should lead to 
exploration of the corresponding aortic sinus regions. If after 
ablation in the superior RVOT, a change in PVC morphology is 
noted with a more inferior axis, the septal aspect of the pulmo-
nary artery should be explored.65 Coronary angiography should 
be performed before ablation in the PA. Cryoablation of RVOT 
and of pulmonary artery PVCs has been described but offers few 
advantages over RF ablation unless one is close to the His 
bundle.66 Cryoablation may have a role in para-Hisian PVCs, 
although before ablation is performed in the para-Hisian region, 
the RCC should be explored, because this region lies just above 

Figure	81-5.  Left panel, Surface ECG leads and intracardiac electrograms recorded from the distal (MapD) and proximal (MapP) mapping electrodes in a patient with PVC 
originating from the left sinus of Valsalva. Note the rS in lead I, the notch in lead V1, and early precordial transition. On the bipolar MapD catheter is a small potential that 
is late during sinus rhythm but precedes the QRS during the PVC by 22 milliseconds (black arrow). Middle panel, A perfect pace map from this location is shown. Reversal 
of potentials with  the catheter  in  the aortic cusps confirms a  supra-aortic valve PVC origin, and ablation at  this  site was  successful  in eliminating  the PVC.  Right panel, 
Registration of a computed tomographic image with the electroanatomical mapping system allows delineation of the proximal coronary arteries so that ablation can be 
performed without a coronary angiogram (as long as registration is confirmed to be accurate). Here the ablation sites are denoted by red tags (arrow) in the left coronary 
cusp, near the junction of the left and right cusps—a safe distance from the left main ostium (LM) and the left anterior descending coronary artery (LAD, colored purple). 
The right coronary artery (RCA) is colored yellow. The yellow tags represent sites of pace mapping. 
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MapD

200 msMapP

Pacemap

RCA
LM

LAD
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Figure	81-6.  Electroanatomical Map of RVOT and LVOT in a Right Anterior Oblique (RAO) and a Left Anterior Oblique (LAO) Projection 
During an Ablation Procedure Right ventricle (RV), aorta (Ao), pulmonic valve (PV), and aortic valve (AV) locations are shown. Note that the aortic root is  located 
inferiorly to the level of the pulmonic valve. The relationship of the right coronary sinus of Valsalva and the bundle of His region, at the superoseptal tricuspid annulus, can 
also be appreciated in this figure. PVC activation is superimposed on the aortic root, with the site of earliest activation depicted in white at the right coronary cusp (RCC), 
which lies inferior and immediately posterior to the posteroseptal RVOT. Ablation at the RCC was successful in eliminating the PVC. LCC, Left coronary cusp; NCC, noncoronary 
cusp. 

Ao
Ao

AV

RV

RV

NCC

–100 ms

0 ms

LCCRCC

RAO LAO

PV PV

Figure	81-7.  The left panels demonstrate fluoroscopic views of catheter positions in the RAO and LAO projections during an ablation procedure. The coronary sinus catheter 
(CS) has been advanced distally to the anterior interventricular vein (AIV) for mapping purposes. The ablation catheter is taking a retrograde aortic route to the junction of 
the right and left coronary cusps (RLC). The exact location of the ablation catheter tip is difficult to confirm using fluoroscopy. In the right panel, a phased-array ICE image 
is shown, confirming the catheter tip location at the junction of the left (L) and right (R) coronary cusps (red arrow). The location of the left main coronary artery (LM) is 
also shown (blue arrow). N, Noncoronary cusp. 
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low flow within a small vein may limit the power delivered, even 
with irrigated RF ablation; and (3) the proximity to the left main 
and LAD coronary arteries (Figure 81-8). Coronary angiography 
should always be performed before ablation is begun in the GCV/
AIV so that closeness to the LAD coronary artery may be noted 
and ablation avoided if the catheter tip is less than 5 mm from 
the coronary artery. If activation is noted as equally early in AIV 
and LCC, ablation in the LCC can be safer and more effective 
because higher power can be safely delivered.69 In some cases, the 
AIV has been the only site in which PVC elimination has 
occurred.46,70

Percutaneous subxiphoid access can also be used to gain trans-
pericardial access to map the epicardial surface of the OT. 
Although this is often limited by epicardial fat and proximity to 
the epicardial coronary arteries, a safe site that results in PVC 
elimination can be identified occasionally. It should be empha-
sized that even in expert hands, some PVCs of epicardial or 
intramyocardial origin near a major coronary artery cannot be 
eliminated with catheter ablation. Cryoablation has been per-
formed for lesions near epicardial coronary arteries or the His 
bundle.71 In theory the warm blood pool would protect the coro-
nary arteries, making cryoablation safer than RF energy when 
near a coronary vessel. However, animal studies have demon-
strated that chronic coronary artery damage can occur after cryo-
ablation directly on top of coronary arteries.72 In cases of 
unsuccessful ablation, treatment with drug therapy, including 1C 
agents, sotalol, or, if necessary, amiodarone, can then be under-
taken. Minimally invasive surgical cryoablation under direct visu-
alization has also been described for malignant PVCs originating 
near a coronary artery.73

into the LV cavity and back up into the aortic root can sometimes 
help. Mapping in the aortic root should be performed under sys-
temic heparinization, and ablation should be performed with the 
use of irrigated ablation catheters, because any thrombus can 
potentially embolize down a coronary artery. Power usually is 
initiated at 15 to 20 watts and is slowly titrated up to 30 watts. 
Higher powers usually are not needed, although for an intramyo-
cardial or epicardial focus, powers of up to 50 watts may be used. 
The impedance drop should be carefully observed and power 
discontinued at any sign of a rise in impedance.

The aortic cusps are the most common sites of LVOT PVCs; 
other sites include the LVOT myocardium just beneath the aortic 
valve and the LVOT epicardium, which can be approached via 
the aortic root or the coronary venous system or by subxiphoid 
epicardial access. Mapping and ablation of the LVOT endocar-
dium beneath the aortic valve can be undertaken using conven-
tional activation and pace mapping as described for the RVOT, 
although catheter stability is often challenging. For PVCs with a 
suggested epicardial exit by ECG or mapping, we often first 
explore the coronary venous system (GCV or AIV) and the left 
aortic sinus before considering epicardial access, because epicar-
dial fat and proximity to the coronary arteries often limit the 
ability to perform epicardial ablation. A coronary sinus venogram 
can be performed to delineate the caliber and anatomy of the 
distal AIV. We place a small coronary sinus catheter as far distally 
as possible in the AIV for all LV outflow tract PVCs, to compare 
activation timing during the PVC with the use of catheters in the 
RVOT and the aortic root (see Figure 81-7). The main limita-
tions of ablation within the GCV/AIV include the following: (1) 
the small size may not allow access with the ablation catheter; (2) 

Figure	81-8.  Coronary angiogram of the left coronary system shown in the right anterior oblique (RAO) and left anterior oblique (LAO) caudal projections during an abla-
tion procedure. The ablation catheter (Abl) tip has been advanced via the coronary sinus (CS) distal to the beginning of the anterior interventricular vein and is located at 
the  site of earliest activation. The angiogram demonstrates  that  the ablation catheter  tip  is  just below  the  left anterior descending  (LAD) coronary artery—a common 
challenge at this location. In this case, the ablation catheter was moved slightly more inferiorly, and then successful ablation was performed. RV, Right ventricle. 

RV

RV

RV

CS

LAD
LAD

Abl
Abl

RAO LAO Caudal

References
1. Iwai S, Cantillon DJ, Kim RJ, et al: Right and left 

ventricular outflow tract tachycardias: Evidence for 
a common electrophysiologic mechanism. J Car-
diovasc Electrophysiol 17:1052–1058, 2006.

2. Callans DJ, Menz V, Schwartzman D, et al:  
Repetitive monomorphic tachycardia from the left 
ventricular outflow tract: Electrocardiographic 

patterns consistent with a left ventricular site of 
origin. J Am Coll Cardiol 29:1023–1027, 1997.

3. Sekiguchi Y, Aonuma K, Takahashi A, et al: Elec-
trocardiographic and electrophysiologic character-
istics of ventricular tachycardia originating within 
the pulmonary artery. J Am Coll Cardiol 45:887–
895, 2005.

4. Yamauchi Y, Aonuma K, Takahashi A, et al: Elec-
trocardiographic characteristics of repetitive 
monomorphic right ventricular tachycardia origi-

nating near the his-bundle. J Cardiovasc Electro-
physiol 16:1041–1048, 2005.

5. Yamada T, McElderry HT, Okada T, et al:  
Idiopathic left ventricular arrhythmias originating 
adjacent to the left aortic sinus of valsalva: Electro-
physiological rationale for the surface electrocar-
diogram. J Cardiovasc Electrophysiol 21:170–176, 
2010.

6. Alasady M, Singleton CB, McGavigan AD: Left 
ventricular outflow tract ventricular tachycardia 

http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0010
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0010
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0010
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0010
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0015
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0015
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0015
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0015
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0015
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0020
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0020
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0020
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0020
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0020
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0025
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0025
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0025
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0025
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0025
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0030
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0030
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0030
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0030
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0030
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0030
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0035
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0035


824 VENTRICULAR	TACHYARRHYTHMIAS:	MECHANISMS,	CLINICAL	FEATURES,	AND	MANAGEMENT

originating from the noncoronary cusp: Electro-
cardiographic and electrophysiological character-
ization and radiofrequency ablation. J Cardiovasc 
Electrophysiol 20:1287–1290, 2009.

7. Kumagai K, Fukuda K, Wakayama Y, et al: Elec-
trocardiographic characteristics of the variants of 
idiopathic left ventricular outflow tract ventricular 
tachyarrhythmias. J Cardiovasc Electrophysiol 
19:495–501, 2008.

8. Kim RJ, Iwai S, Markowitz SM, et al: Clinical and 
electrophysiological spectrum of idiopathic ven-
tricular outflow tract arrhythmias. J Am Coll 
Cardiol 49:2035–2043, 2007.

9. Asirvatham SJ: Correlative anatomy for the inva-
sive electrophysiologist: Outflow tract and supra-
valvar arrhythmia. J Cardiovasc Electrophysiol 
20:955–968, 2009.

10. Hasdemir C, Aktas S, Govsa F, et al: Demonstra-
tion of ventricular myocardial extensions into the 
pulmonary artery and aorta beyond the ventriculo-
arterial junction. Pacing Clin Electrophysiol 
30:534–539, 2007.

11. Asirvatham SJ: Correlative anatomy and electro-
physiology for the interventional electrophysiolo-
gist: Right atrial flutter. J Cardiovasc Electrophysiol 
20:113–122, 2009.

12. Kanagaratnam L, Tomassoni G, Schweikert R, et 
al: Ventricular tachycardias arising from the aortic 
sinus of valsalva: An under-recognized variant of 
left outflow tract ventricular tachycardia. J Am Coll 
Cardiol 37:1408–1414, 2001.

13. Srivathsan KS, Bunch TJ, Asirvatham SJ, et al: 
Mechanisms and utility of discrete great arterial 
potentials in the ablation of outflow tract ventricu-
lar arrhythmias. Circ Arrhythm Electrophysiol 
1:30–38, 2008.

14. Yamada T, Huizar JF, McElderry HT, et al: Atrial 
tachycardia originating from the noncoronary 
aortic cusp and musculature connection with the 
atria: Relevance for catheter ablation. Heart 
Rhythm 3:1494–1496, 2006.

15. Daniels DV, Lu YY, Morton JB, et al: Idiopathic 
epicardial left ventricular tachycardia originating 
remote from the sinus of valsalva: Electrophysio-
logical characteristics, catheter ablation, and iden-
tification from the 12-lead electrocardiogram. 
Circulation 113:1659–1666, 2006.

16. Yamada T, McElderry HT, Doppalapudi H, et al: 
Idiopathic ventricular arrhythmias originating 
from the left ventricular summit: Anatomic con-
cepts relevant to ablation. Circ Arrhythm Electro-
physiol 3:616–623, 2010.

17. Brooks R, Burgess JH: Idiopathic ventricular 
tachycardia. A review. Medicine (Baltimore) 
67:271–294, 1988.

18. Buxton AE, Waxman HL, Marchlinski FE, et al: 
Right ventricular tachycardia: Clinical and electro-
physiologic characteristics. Circulation 68:917–
927, 1983.

19. Mont L, Seixas T, Brugada P, et al: The electrocar-
diographic, clinical, and electrophysiologic spec-
trum of idiopathic monomorphic ventricular 
tachycardia. Am Heart J 124:746–753, 1992.

20. Lemery R, Brugada P, Bella PD, et al: Nonisch-
emic ventricular tachycardia: Clinical course and 
long-term follow-up in patients without clinically 
overt heart disease. Circulation 79:990–999,  
1989.

21. Marchlinski FE, Deely MP, Zado ES: Sex-specific 
triggers for right ventricular outflow tract tachy-
cardia. Am Heart J 139:1009–1013, 2000.

22. Hayashi H, Fujiki A, Tani M, et al: Circadian varia-
tion of idiopathic ventricular tachycardia originat-
ing from right ventricular outflow tract. Am J 
Cardiol 84:99–101, A108, 1999.

23. Yamawake N, Nishizaki M, Hayashi T, et al: Auto-
nomic and pharmacological responses of idiopathic 
ventricular tachycardia arising from the left ven-
tricular outflow tract. J Cardiovasc Electrophysiol 
18:1161–1166, 2007.

24. Niroomand F, Carbucicchio C, Tondo C, et al: 
Electrophysiological characteristics and outcome 
in patients with idiopathic right ventricular 
arrhythmia compared with arrhythmogenic right 
ventricular dysplasia. Heart 87:41–47, 2002.

25. Lerman BB, Stein K, Engelstein ED, et al: Mecha-
nism of repetitive monomorphic ventricular tachy-
cardia. Circulation 92:421–429, 1995.

26. Sung RJ, Keung EC, Nguyen NX, et al: Effects of 
beta-adrenergic blockade on verapamil-responsive 
and verapamil-irresponsive sustained ventricular 
tachycardias. J Clin Invest 81:688–699, 1988.

27. Movsowitz C, Schwartzman D, Callans DJ, et al: 
Idiopathic right ventricular outflow tract tachycar-
dia: Narrowing the anatomic location for success-
ful ablation. Am Heart J 131:930–936, 1996.

28. Tada H, Ito S, Naito S, et al: Prevalence and elec-
trocardiographic characteristics of idiopathic ven-
tricular arrhythmia originating in the free wall of 
the right ventricular outflow tract. Circulation 
68:909–914, 2004.

29. Dixit S, Gerstenfeld EP, Callans DJ, et al: Electro-
cardiographic patterns of superior right ventricular 
outflow tract tachycardias: Distinguishing septal 
and free-wall sites of origin. J Cardiovasc Electro-
physiol 14:1–7, 2003.

30. Yamauchi Y, Aonuma K, Takahashi A, et al: Elec-
trocardiographic characteristics of repetitive 
monomorphic right ventricular tachycardia origi-
nating near the his-bundle. J Cardiovasc Electro-
physiol 16:1041–1048, 2005.

31. Timmermans C, Rodriguez LM, Medeiros A, et al: 
Radiofrequency catheter ablation of idiopathic 
ventricular tachycardia originating in the main 
stem of the pulmonary artery. J Cardiovasc Elec-
trophysiol 13:281–284, 2003.

32. Sekiguchi Y, Aonuma K, Takahashi A, et al: Elec-
trocardiographic and electrophysiologic character-
istics of ventricular tachycardia originating within 
the pulmonary artery. J Am Coll Cardiol 45:887–
895, 2005.

33. Callans DJ, Menz V, Schwartzman D, et al:  
Repetitive monomorphic tachycardia from the  
left ventricular outflow tract: Electrocardiographic 
patterns consistent with a left ventricular site  
of origin. J Am Coll Cardiol 29:1023–1027,  
1997.

34. Kanagaratnam L, Tomassoni G, Schweikert R,  
et al: Ventricular tachycardias arising from the 
aortic sinus of valsalva: An under-recognized 
variant of left outflow tract ventricular tachycardia. 
J Am Coll Cardiol 37:1408–1414, 2001.

35. Ouyang F, Fotuhi P, Ho SY, et al: Repetitive mono-
morphic ventricular tachycardia originating from 
the aortic sinus cusp: Electrocardiographic charac-
terization for guiding catheter ablation. J Am Coll 
Cardiol 39:500–508, 2002.

36. Tada H, Nogami A, Naito S, et al: Left ventricular 
epicardial outflow tract tachycardia: A new distinct 
subgroup of outflow tract tachycardia. Japanese 
Circulation J 65:723–730, 2001.

37. Hachiya H, Aonuma K, Yamauchi Y, et al: How to 
diagnose, locate, and ablate coronary cusp ven-
tricular tachycardia. J Cardiovasc Electrophysiol 
13:551–556, 2002.

38. Lin D, Ilkhanoff L, Gerstenfeld E, et al: Twelve-
lead electrocardiographic characteristics of the 
aortic cusp region guided by intracardiac echocar-
diography and electroanatomic mapping. Heart 
Rhythm 5:663–669, 2008.

39. Yamada T, Yoshida N, Murakami Y, et al: Electro-
cardiographic characteristics of ventricular 
arrhythmias originating from the junction of the 
left and right coronary sinuses of valsalva in  
the aorta: The activation pattern as a rationale for 
the electrocardiographic characteristics. Heart 
Rhythm 5:184–192, 2008.

40. Bala R, Garcia FC, Hutchinson MD, et al: Elec-
trocardiographic and electrophysiologic features of 
ventricular arrhythmias originating from the right/
left coronary cusp commissure. Heart Rhythm 
7:312–322, 2010.

41. Tanner H, Hindricks G, Schirdewahn P, et al: 
Outflow tract tachycardia with r/s transition in  
lead v3: Six different anatomic approaches for  
successful ablation. J Am Coll Cardiol 45:418–423, 
2005.

42. Betensky BP, Park RE, Marchlinski FE, et al:  
The v(2) transition ratio: A new electrocardio-
graphic criterion for distinguishing left from right 

ventricular outflow tract tachycardia origin. J Am 
Coll Cardiol 57:2255–2262, 2011.

43. Yang Y, Saenz LC, Varosy PD, et al: Using  
the initial vector from surface electrocardiogram to 
distinguish the site of outflow tract tachycardia. 
Pacing Clin Electrophysiol 30:891–898, 2007.

44. Kumagai K, Fukuda K, Wakayama Y, et al: Elec-
trocardiographic characteristics of the variants of 
idiopathic left ventricular outflow tract ventricular 
tachyarrhythmias. J Cardiovasc Electrophysiol 
19:495–501, 2008.

45. Shimoike E, Ohba Y, Yanagi N, et al: Radiofre-
quency catheter ablation of left ventricular outflow 
tract tachycardia: Report of two cases. J Cardiovasc 
Electrophysiol 9:196–202, 1998.

46. Hirasawa Y, Miyauchi Y, Iwasaki YK, et al:  
Successful radiofrequency catheter ablation of epi-
cardial left ventricular outflow tract tachycardia 
from the anterior interventricular coronary vein.  
J Cardiovasc Electrophysiol 16:1378–1380,  
2005.

47. Anter E, Frankel DS, Marchlinski FE, et al: Effect 
of electrocardiographic lead placement on localiza-
tion of outflow tract tachycardias. Heart Rhythm 
9:697–703, 2012.

48. Leenhardt A, Glaser E, Burguera M, et al: Short-
coupled variant of torsade de pointes: A new elec-
trocardiographic entity in the spectrum of 
idiopathic ventricular tachyarrhythmias. Circula-
tion 89:206–215, 1994.

49. Noda T, Shimizu W, Taguchi A, et al: Malignant 
entity of idiopathic ventricular fibrillation and 
polymorphic ventricular tachycardia initiated by 
premature extrasystoles originating from the right 
ventricular outflow tract. J Am Coll Cardiol 
46:1288–1294, 2005.

50. Viskin S, Rosso R, Rogowski O, et al: The “short-
coupled” variant of right ventricular outflow ven-
tricular tachycardia: A not-so-benign form of 
benign ventricular tachycardia? J Cardiovasc Elec-
trophysiol 16:912–916, 2005.

51. Shimizu W: Arrhythmias originating from the 
right ventricular outflow tract: How to distinguish 
“malignant” from “benign”? Heart Rhythm 
6:1507–1511, 2009.

52. Tan JH, Scheinman MM: Exercise-induced poly-
morphic ventricular tachycardia in adults without 
structural heart disease. Am J Cardiol 101:1142–
1146, 2008.

53. Baman TS, Lange DC, Ilg KJ, et al: Relationship 
between burden of premature ventricular com-
plexes and left ventricular function. Heart Rhythm 
7:865–869, 2010.

54. Hasdemir C, Ulucan C, Yavuzgil O, et al: 
Tachycardia-induced cardiomyopathy in patients 
with idiopathic ventricular arrhythmias: The inci-
dence, clinical and electrophysiologic characteris-
tics, and the predictors. J Cardiovasc Electrophysiol 
22:663–668, 2011.

55. Yarlagadda RK, Iwai S, Stein KM, et al: Reversal 
of cardiomyopathy in patients with repetitive 
monomorphic ventricular ectopy originating from 
the right ventricular outflow tract. Circulation 
112:1092–1097, 2005.

56. Bogun F, Crawford T, Reich S, et al: Radiofre-
quency ablation of frequent, idiopathic premature 
ventricular complexes: Comparison with a control 
group without intervention. Heart Rhythm 4:863–
867, 2007.

57. Mountantonakis SE, Frankel DS, Gerstenfeld EP, 
et al: Reversal of outflow tract ventricular prema-
ture depolarization-induced cardiomyopathy with 
ablation: Effect of residual arrhythmia burden and 
preexisting cardiomyopathy on outcome. Heart 
Rhythm 8:1608–1614, 2011.

58. Nerheim P, Birger-Botkin S, Piracha L, et al: Heart 
failure and sudden death in patients with 
tachycardia-induced cardiomyopathy and recur-
rent tachycardia. Circulation 110:247–252, 2004.

59. Hoffmayer KS, Machado ON, Marcus GM, et al: 
Electrocardiographic comparison of ventricular 
arrhythmias in patients with arrhythmogenic right 
ventricular cardiomyopathy and right ventricular 
outflow tract tachycardia. J Am Coll Cardiol 
58:831–838, 2011.

http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0035
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0035
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0035
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0035
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0040
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0040
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0040
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0040
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0040
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0045
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0045
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0045
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0045
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0050
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0050
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0050
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0050
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0055
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0055
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0055
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0055
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0055
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0060
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0060
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0060
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0060
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0065
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0065
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0065
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0065
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0065
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0070
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0070
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0070
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0070
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0070
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0075
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0075
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0075
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0075
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0075
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0080
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0080
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0080
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0080
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0080
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0080
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0085
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0085
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0085
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0085
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0085
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0090
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0090
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0090
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0095
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0095
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0095
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0095
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0100
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0100
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0100
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0100
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0105
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0105
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0105
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0105
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0105
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0110
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0110
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0110
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0115
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0115
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0115
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0115
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0120
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0120
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0120
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0120
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0120
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0125
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0125
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0125
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0125
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0125
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0130
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0130
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0130
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0135
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0135
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0135
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0135
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0140
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0140
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0140
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0140
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0145
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0145
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0145
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0145
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0145
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0150
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0150
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0150
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0150
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0150
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0155
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0155
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0155
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0155
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0155
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0160
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0160
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0160
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0160
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0160
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0165
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0165
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0165
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0165
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0165
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0170
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0170
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0170
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0170
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0170
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0170
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0175
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0175
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0175
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0175
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0175
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0180
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0180
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0180
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0180
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0180
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0185
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0185
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0185
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0185
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0190
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0190
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0190
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0190
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0195
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0195
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0195
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0195
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0195
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0200
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0200
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0200
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0200
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0200
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0200
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0200
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0205
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0205
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0205
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0205
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0205
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0210
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0210
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0210
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0210
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0210
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0215
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0215
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0215
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0215
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0215
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0220
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0220
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0220
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0220
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0225
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0225
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0225
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0225
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0225
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0230
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0230
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0230
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0230
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0235
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0235
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0235
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0235
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0235
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0235
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0240
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0240
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0240
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0240
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0245
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0245
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0245
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0245
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0245
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0250
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0250
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0250
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0250
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0250
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0250
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0255
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0255
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0255
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0255
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0255
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0260
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0260
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0260
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0260
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0265
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0265
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0265
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0265
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0270
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0270
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0270
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0270
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0275
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0275
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0275
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0275
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0275
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0275
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0280
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0280
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0280
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0280
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0280
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0285
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0285
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0285
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0285
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0285
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0290
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0290
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0290
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0290
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0290
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0290
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0295
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0295
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0295
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0295
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0300
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0300
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0300
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0300
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0300
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0300


OUTFLOw	TRACT	VENTRICULAR	TACHYARRHYTHMIAS:	MECHANISMS,	CLINICAL	FEATURES,	AND	MANAGEMENT 825

81 
60. Haissaguerre M, Extramiana F, Hocini M, et al: 

Mapping and ablation of ventricular fibrillation 
associated with long-QT and Brugada syndromes. 
Circulation 108:925–928, 2003.

61. Ritchie AH, Kerr CR, Qi A, et al: Nonsustained 
ventricular tachycardia arising from the right ven-
tricular outflow tract. Am J Cardiol 64:594–598, 
1989.

62. Azegami K, Wilber DJ, Arruda M, et al: Spatial 
resolution of pacemapping and activation mapping 
in patients with idiopathic right ventricular outflow 
tract tachycardia. J Cardiovasc Electrophysiol 
16:823–829, 2005.

63. Bogun F, Taj M, Ting M, et al: Spatial resolution 
of pace mapping of idiopathic ventricular 
tachycardia/ectopy originating in the right ven-
tricular outflow tract. Heart Rhythm 5:339–344, 
2008.

64. Vaseghi M, Cesario DA, Mahajan A, et al: Catheter 
ablation of right ventricular outflow tract tachycar-
dia: Value of defining coronary anatomy. J Cardio-
vasc Electrophysiol 17:632–637, 2006.

65. Tada H, Tadokoro K, Miyaji K, et al: Idiopathic 
ventricular arrhythmias arising from the pulmo-
nary artery: Prevalence, characteristics, and topog-
raphy of the arrhythmia origin. Heart Rhythm 
5:419–426, 2008.

66. Kurzidim K, Schneider HJ, Kuniss M, et al: Cryo-
catheter ablation of right ventricular outflow tract 
tachycardia. J Cardiovasc Electrophysiol 16:366–
369, 2005.

67. Yamada T, McElderry HT, Doppalapudi H, et al: 
Catheter ablation of ventricular arrhythmias origi-
nating in the vicinity of the his bundle: Significance 
of mapping the aortic sinus cusp. Heart Rhythm 
5:37–42, 2008.

68. Srivathsan KS, Bunch TJ, Asirvatham SJ, et al: 
Mechanisms and utility of discrete great arterial 
potentials in the ablation of outflow tract ventricu-
lar arrhythmias. Circ Arrhythm Electrophysiol 
1:30–38, 2008.

69. Jauregui Abularach ME, Campos B, Park KM,  
et al: Ablation of ventricular arrhythmias arising 
near the anterior epicardial veins from the left sinus 

of valsalva region: ECG features, anatomic dis-
tance, and outcome. Heart Rhythm 9:865–873, 
2012.

70. Obel OA, d’Avila A, Neuzil P, et al: Ablation of left 
ventricular epicardial outflow tract tachycardia 
from the distal great cardiac vein. J Am Coll 
Cardiol 48:1813–1817, 2006.

71. Di Biase L, Al-Ahamad A, Santangeli P, et al:  
Safety and outcomes of cryoablation for  
ventricular tachyarrhythmias: Results from a mul-
ticenter experience. Heart Rhythm 8:968–974, 
2011.

72. D’Avila A, Aryana A, Thiagalingam A, et al: Focal 
and linear endocardial and epicardial catheter-
based cryoablation of normal and infarcted ven-
tricular tissue. Pacing Clin Electrophysiol 
31:1322–1331, 2008.

73. Frey B, Kreiner G, Fritsch S, et al: Successful treat-
ment of idiopathic left ventricular outflow tract 
tachycardia by catheter ablation or minimally inva-
sive surgical cryoablation. Pacing Clin Electro-
physiol 23:870–876, 2000.

http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0305
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0305
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0305
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0305
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0310
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0310
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0310
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0310
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0315
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0315
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0315
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0315
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0315
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0320
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0320
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0320
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0320
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0320
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0325
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0325
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0325
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0325
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0330
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0330
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0330
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0330
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0330
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0335
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0335
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0335
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0335
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0340
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0340
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0340
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0340
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0340
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0345
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0345
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0345
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0345
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0345
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0350
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0350
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0350
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0350
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0350
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0350
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0355
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0355
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0355
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0355
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0360
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0360
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0360
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0360
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0360
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0365
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0365
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0365
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0365
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0365
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0370
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0370
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0370
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0370
http://refhub.elsevier.com/B978-1-4557-2856-5.00081-9/sr0370


827

82 
abnormal Purkinje tissue or adjacent ventricular myocardium 
with decremental properties, as elegantly demonstrated by 
Nogami and others, with the use of multipolar catheters posi-
tioned along the inferior left ventricular (LV) septum.7 During 
sinus rhythm, anterograde conduction occurs over the left pos-
terior fascicle, as well as over the abnormal, slowly conducting 
Purkinje/adjacent ventricular tissue, with anterograde and retro-
grade wave fronts colliding within that abnormal tissue (Figure 
82-1, top and bottom left). During most cases of macroreentrant 
fascicular VT, retrograde conduction occurs over the left poste-
rior fascicle and anterograde conduction over the abnormal 
Purkinje/adjacent ventricular fibers (see Figure 82-1, top and 
bottom right). Evidence of macroreentry includes induction with 
atrial or ventricular programmed stimulation. Entrainment can 
be performed from the atrium or the ventricle with constant 
fusion when pacing at a fixed cycle length and progressive fusion 
when pacing at faster cycle lengths.8 The VT circuit likely 
encompasses most of the length of the fascicle. Wen and col-
leagues identified the exit site of VT along the apical aspect of 
the inferior LV septum, as defined by the earliest ventricular 
activation relative to the QRS complex.9 They then terminated 
VT with ablation performed a mean of 3.1cm more basally along 
the septum, proving that the circuit is of considerable size.

Focal arrhythmias have also been described from the fascicu-
lar system with an automatic or triggered mechanism.10,11 Papil-
lary muscle VT is likely a focal arrhythmia, originating from the 
distal Purkinje network.12 Evidence of a focal mechanism includes 
induction by isoproterenol infusion and burst pacing, but not 
programmed stimulation, inability to entrain, and repetitive, 
nonsustained bursts of spontaneous VT.

Substrate

No defined scar or low-voltage substrate has been identified for 
fascicular VT. Controversy persists regarding whether false 
tendons or fibromuscular bands connected to the left ventricular 
septum provide the anatomical basis for the macroreentrant 
circuit. One group found false tendons in 15 of 15 patients under-
going catheter ablation for fascicular VT.13 Another reported 
cure of fascicular VT by surgical resection of a false tendon.14 
However, when studied systematically, false tendons are equally 
prevalent among patients without fascicular VT, casting doubt as 
to whether false tendons truly are a specific substrate for fascicu-
lar VT.15

Electrocardiographic Characteristics

Left posterior fascicular VT has a right bundle left superior axis 
QRS morphology, similar to that of posteromedial papillary 
muscle VT; left anterior fascicular VT has a right bundle right 
inferior axis QRS morphology, similar to that of anterolateral 
papillary muscle VT. Several electrocardiographic characteristics 
are useful in differentiating fascicular VT from papillary muscle 
VT. Fascicular VT has a typical right bundle branch block pattern 
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In this chapter, we discuss the clinical presentation, mechanism, 
diagnosis, and treatment of various fascicular ventricular arrhyth-
mias. We focus in detail on classic, reentrant fascicular ventricular 
tachycardia (VT), and distinguish fascicular VT from papillary 
muscle VT, which is a focal arrhythmia originating from the 
distal Purkinje system. Next we consider ventricular premature 
depolarizations from the Purkinje network, which can trigger 
ventricular fibrillation or can cause a cardiomyopathy when fre-
quent enough. We then discuss bidirectional VT, as is seen with 
digoxin toxicity and occasionally in catecholaminergic polymor-
phic VT, and conclude with a consideration of interfascicular 
reentry.

Fascicular Ventricular Tachycardia

Clinical Presentation

Although most patients with VT have structural heart disease, 
10% have idiopathic VT, occurring in the setting of a structurally 
normal heart. Among idiopathic VTs, those arising from the right 
or left ventricular outflow tract are most common, followed by 
fascicular VT, which accounts for between 7% and 12% of idio-
pathic VTs.1,2 Left posterior fascicular VT is the most common, 
with a narrow right bundle left superior axis QRS morphology. 
Left anterior fascicular VT is less common and has right bundle 
right inferior axis QRS morphology. These tachycardias are also 
referred to as verapamil-sensitive fascicular tachycardias, given their 
tendency to slow or terminate with intravenous verapamil, as 
originally described by Belhassen and colleagues.3

Fascicular VT typically manifests in young adulthood with a 
slight male preponderance.4,5 Presentation consists of palpita-
tions, presyncope and, rarely syncope, but not sudden cardiac 
death. Incessant, fascicular VT has been reported to cause 
tachycardia-mediated cardiomyopathy.6 In some patients, the 
arrhythmia may manifest only during exercise.

Mechanisms

The predominant mechanism of fascicular VT is macroreentry 
using the left posterior (or less commonly anterior) fascicle and 
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Catheter Ablation
The long-term results of catheter ablation for fascicular VT are 
excellent, with success rates greater than 90%.5,7,25,26 Thus abla-
tion is appropriate for those with severe symptoms, those failing 
treatment with antiarrhythmic medications, and those intolerant 
to antiarrhythmic medications.

Different strategies for ablation during VT have been 
reported. Some advocate targeting the abnormal, slowly conduct-
ing Purkinje/adjacent ventricular tissue, which forms the diastolic 
limb of the VT circuit, preceding the QRS complex by 40 to 110 
milliseconds.7,27 As one moves apically along the left posterior or 
anterior fascicle, the diastolic potentials becomes less early (see 
Figure 82-1, DP in top right). Others advocate targeting the left 
posterior fascicle itself, which is the systolic limb of the VT 
circuit. During VT, they ablate the earliest Purkinje potential 
along the apical half of the inferoseptum, typically preceding the 
QRS complex by 15 to 40 milliseconds at successful sites (see 
Figure 82-1, LPS in top right).5 These sites will also record Pur-
kinje potentials in sinus rhythm, after the His recording and 
before the QRS (see Figure 82-1, LPF in top left). Although tran-
section of the left posterior fascicle at any point along its length 
should be sufficient to abolish the VT circuit, targeting midway 
from the base to the apex is advisable, as ablation that is too basal 
may cause left bundle branch block or complete heart block, and 
ablation that is too apical may be ineffective as the left posterior 
fascicle arborizes.

in lead V1, with an rSR′ configuration. In contrast, papillary 
muscle VT most commonly has a qR pattern in V1 or, less com-
monly, a monophasic R wave.16 The QRS duration tends to be 
shorter in fascicular VT than in papillary muscle VT (mean QRS 
130 milliseconds vs. 150 milliseconds).16,17 Lastly, left posterior 
fascicular VT has q waves in leads 1 and aVL, likely reflective of 
early left-to-right septal activation, with the exit site directly on 
the septum as opposed to on the papillary muscle (Figure 82-2).17 
During ablation, we have found intracardiac echocardiography 
to be valuable in defining catheter position relative to the papil-
lary muscle (Figure 82-3).

Treatment

Medications
Intravenous verapamil acutely terminates or slows fascicular VT 
in most patients, so much so that fascicular VT is also referred 
to as verapamil-sensitive left ventricular tachycardia.18-21 No effect is 
typically seen with adenosine. Although data regarding long-term 
treatment with oral verapamil are sparse, many patients do expe-
rience improvement in symptoms.22 Response to β-blockers and 
potassium channel blockers has also been described, and experi-
ence with sodium channel blockers has been limited but not 
encouraging.23 In contrast, focal Purkinje VT responds best to 
β-blockers and sodium channel blockers.24

Figure 82-1.  Macroreentrant Circuit of Fascicular Ventricular Tachycardia During sinus rhythm (left), anterograde conduction occurs over the left posterior 
fascicle (LPF), as well as in abnormal, decremental Purkinje tissue (DP). The activation wave front also proceeds retrograde over the DP, resulting in a collision within the DP. 
During fascicular VT (right), retrograde conduction occurs over the LPF, with anterograde conduction over the DP. 

(Adapted from Maruyama M, Tadera T, Miyamoto S, Ino T: Demonstration of the reentrant circuit of verapamil-sensitive idiopathic left ventricular tachycardia: Direct evidence 
for macroreentry as the underlying mechanism. J Cardiovasc Electrophysiol 12:968-972, 2001; Nogami A, Naito S, Tada H, et al: Demonstration of diastolic and presystolic Purkinje 
potentials as critical potentials in a macroreentry circuit of verapamil-sensitive idiopathic left ventricular tachycardia. J Am Coll Cardiol 36:811-823, 2000; and Aiba T, Suyama K, 
Aihara N, et al: The role of Purkinje and pre-Purkinje potentials in the reentrant circuit of verapamil-sensitive idiopathic LV tachycardia. Pacing Clin Electrophysiol 24:333-344, 
2001.)
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be recorded as a very late potential, 180 to 480 milliseconds after 
the Purkinje potential, in the mid inferoseptum (see Figure 82-1, 
top left). These potentials reportedly are not present in patients 
without fascicular VT and can be targeted for ablation.29

Alternatively, anatomical ablation can be performed for non-
inducible fascicular VT. In a series of 15 patients undergoing 
ablation at the University of Pennsylvania for electrocardio-
graphically documented left posterior fascicular VT, sustained 
VT could not be induced in six, despite discontinuation of antiar-
rhythmic drugs well in advance of ablation.2 A linear lesion set 
was delivered midway from the base to the apex of the left ven-
tricle, perpendicular to the long axis, from the mid septum to the 
junction with the inferior wall (Figure 82-4). A mean of nine 
lesions were delivered, with a linear lesion length of 1.7 cm. 
None of these six patients had a recurrence during a mean 
follow-up of 16 months.

Ventricular Premature Depolarizations and 
Ventricular Fibrillation Triggers from the 
Fascicular System

Ventricular premature depolarizations (VPDs) arising from the 
fascicular system and, in particular, from the distal Purkinje net-
worked linked anatomically to the papillary muscle are increas-
ingly recognized as a major source of VPDs in patients with and 
without structural heart disease.12,30 Similar to other VPDs, they 
can cause symptoms such as palpitations and, when frequent 
enough (typically >20%, although occasionally observed with 
frequencies as low as 10%), VPD-induced cardiomyopathy.31 
VPD-induced cardiomyopathy can be reversed with elimination 
of VPDs, or at least with 80% reduction in VPD burden.32

Additionally, several small to moderate-sized series have 
described VPD-induced ventricular fibrillation, both in  
patients with structurally normal hearts and in those with 

In our experience, pace mapping at capture threshold can be 
useful if an exact match is obtained for fascicular VT. However, 
because it is difficult to capture the fascicle or abnormal, slowly 
conducting Purkinje tissue without capturing adjacent myocar-
dium, activation mapping is preferred in most patients.

Catheter  ablation  for  noninducible  left  posterior  fascicular 
ventricular tachycardia  Fascicular VT may be noninducible or 
nonsustained in the electrophysiology (EP) lab. Even if inducible 
and sustained initially, superficial components of the tachycardia 
circuit are vulnerable to catheter “bump.”28 During sinus rhythm, 
the abnormal, slowly conducting Purkinje tissue can occasionally 

Figure 82-2.  Electrocardiographic Characteris-
tics of Fascicular and Papillary Muscle  
Ventricular Tachycardia  Representative  12-lead 
electrocardiograms are provided for left posterior fascicu-
lar ventricular tachycardia (VT) and posteromedial papil-
lary muscle VT. Red stars indicate initial q waves in leads 1 
and aVL for fascicular VT, which are not present for PM VT. 
Blue stars indicate a qR pattern or a monophasic R wave in 
lead V1, which is present for papillary muscle VT, but not for 
fascicular VT. 
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Figure 82-3.  Intracardiac Echocardiography to Define Catheter Posi-
tion Relative to the Papillary Muscle Intracardiac echocardiography clearly 
demonstrates  contact  of  the  ablation  catheter  with  the  posteromedial  papillary 
muscle (yellow arrow). 
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with bidirectional VT the QRS morphology alternates between 
right bundle superior axis and right bundle inferior axis (Figure 
82-6). The likely mechanism has been described as reciprocating 
bigeminy, wherein a delayed afterdepolarization–triggered beat 
from the left posterior fascicle induces a triggered beat from the 
left anterior fascicle, which in turn, induces a triggered beat from 
the left posterior fascicle, and so on.36 In two patients carefully 
studied in the EP laboratory at Penn during bidirectional VT 
secondary to digoxin toxicity, we observed a flat resetting response 
at different stages of tachycardia, slowing in response to variously 
coupled spontaneous VPDs, and transient acceleration of the 
tachycardia in response to nonsustained VT.37 These data provide 
strong support for triggered activity and exclude reentry as the 
mechanism for digoxin toxic bidirectional VT. Treatment is 
digoxin monoclonal antibody. The response is rapid with cessa-
tion of bidirectional fascicular tachycardia within 15 to 60 minutes 
of treatment initiation.

Bidirectional VT has also been observed in the setting of 
catecholaminergic polymorphic ventricular tachycardia (CPVT), 
triggered by exercise and adrenergic stimulation.38 A character-
istic progression of arrhythmias has been noted, which parallels 
the intensity of adrenergic stimulation. VPDs in a pattern of 

ischemic cardiomyopathy.33,34 Not infrequently, patients present 
in ventricular fibrillation (VF) storm. VPDs are tightly coupled 
(291 ± 39 ms) and, in most cases, originate from the right or left 
Purkinje system, including the papillary muscles and, less com-
monly, the right ventricular outflow tract. In patients with isch-
emic cardiomyopathy, Purkinje triggers most often occur in the 
scar border zone.34 Successful ablation sites typically record high-
frequency potentials preceding the VPD by 60 to 70 milliseconds. 
In patients with ischemic cardiomyopathy without spontaneous 
ventricular ectopy in the EP laboratory but with prior electrocar-
diographic documentation of a fascicular VPD initiating VF, the 
fascicular system within areas of low bipolar voltage can be empir-
ically targeted (Figure 82-5). By eliminating VPD triggers linked 
to the Purkinje network, good ventricular fibrillation free survival 
has been reported as long as 5 years post ablation.33

Bidirectional Ventricular Tachycardia

Bidirectional ventricular tachycardia was originally described in 
1922 as a manifestation of digoxin toxicity.35 Most commonly, 

Figure 82-4.  Linear Ablation for Noninducible Fascicular Ventricular Tachycardia Electroanatomical maps are displayed in the LAO and RAO projections, 
with corresponding fluoroscopic views. The bipolar voltage is normal. A linear ablation lesion set is drawn midway from the base to the apex of the left ventricle, perpen-
dicular to the long axis, from the mid septum to the junction of the septum with the inferior wall, to transect the left posterior fascicle. 

(Reprinted with permission from Lin D, Hsia HH, Gerstenfeld EP, et al: Idiopathic fascicular left ventricular tachycardia: Linear ablation lesion strategy for noninducible or non-
sustained tachycardia. Heart Rhythm 2:934-939, 2005.)
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inferior axis. H-H intervals preceded and predicted V-V inter-
vals. Anterograde conduction was seen over the left anterior 
fascicle, along with retrograde conduction over the left posterior 
fascicle (Figure 82-7).46 Tachycardia was eliminated in both 
patients through ablation of the left posterior fascicle. Crijns and 
colleagues reported a case of interfascicular reentry, initially with 
anterograde conduction over the left anterior fascicle and retro-
grade conduction over the left posterior fascicle, and later with 
anterograde conduction over the left posterior fascicle and ret-
rograde conduction over the left anterior fascicle. Ablation of the 
left anterior fascicle eliminated interfascicular VT.

Conclusions

Classic fascicular VT is most commonly macroreentrant, using a 
significant length of the left posterior fascicle or, less commonly, 
the left anterior fascicle. Tachycardia often slows or terminates 
in response to verapamil. Catheter ablation is highly successful 
and targets either the fascicle itself or the abnormal, slowly con-
ducting Purkinje tissue/adjacent muscle fibers, which form the 
diastolic component of the tachycardia circuit. For noninducible 
left posterior fascicular VT, an empiric line of ablation can be 
drawn through the mid left ventricular inferoseptum, transecting 
the fascicle. In contrast, papillary muscle VT is likely a focal 
arrhythmia, linked anatomically to the distal Purkinje network. 
The electrocardiogram can be used to distinguish fascicular VT 
from papillary muscle VT. The fascicular system and in particular 
the papillary muscles, are an important source of ventricular 
premature depolarizations, which can trigger ventricular fibrilla-
tion or cause cardiomyopathy if frequent enough. Ventricular 

quadrigeminy progress to bigeminy, followed by short or long 
salvoes of biventricular VT progressing to polymorphic VT. The 
disappearance of arrhythmia tends to follow a reverse order with 
withdrawal of adrenergic stimulation. Causative mutations have 
been identified in the cardiac ryanodine receptor (autosomal 
dominant pattern of inheritance) and in calsequestrin 2 (autoso-
mal recessive inheritance), both of which regulate the release  
of calcium from the sarcoplasmic reticulum.39,40 Patients with 
CPVT should avoid competitive sports. β-Blockers and flecainide 
are the medical treatments of choice.41,42 Patients with sudden 
cardiac death, syncope, or VT despite β-blockers should receive 
an implantable cardioverter-defibrillator.43 Left sympathetic 
denervation has been performed in patients with medically 
refractory arrhythmias, with a resultant decrease in arrhythmia 
burden.44,45

Interfascicular Reentry

Bundle branch reentry and interfascicular reentry are VTs that 
use the conduction system in patients with underlying structural 
heart and His-Purkinje disease.11,46-48 Bundle branch reentry is 
discussed in detail in the next chapter.

Interfascicular reentry is uncommon and most often occurs in 
patients with coexisting bundle branch reentry. Among 20 
patients with VTs using the His-Purkinje system, Lopera and 
colleagues identified two had interfascicular reentry.11 Both had 
prolonged HV intervals at baseline and bundle branch reentry as 
the initial tachycardia induced. After elimination of bundle 
branch reentry with ablation of the right bundle, interfascicular 
reentry was induced. QRS morphology was right bundle right 

Figure 82-5.  Focal Purkinje Trigger for Ventricular Fibrillation A 60-year-old man with a prior left anterior descending artery infarction presented with ven-
tricular fibrillation (VF) storm. The telemetry strip recorded a repetitive, monomorphic ventricular premature depolarization (VPD) (asterisk), triggering nonsustained VF here, 
along with frequently sustained VF requiring defibrillation. Morphology was right bundle, left axis, consistent with a trigger from the left posterior fascicle. Under general 
anesthesia, the VPD was not frequent enough to be mapped in the EP  laboratory. An electroanatomical map was created, revealing a  large anteroseptal  infarction. The 
length of the left posterior fascicle was defined (purple dots) and then was targeted with ablation (red dots). VF was eliminated in this patient. 
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Figure 82-7.  Interfascicular Reentry and Bundle Branch Reentry Circuits  In  the  left panel,  the circuit  for  interfascicular  reentry  is depicted. Anterograde 
conduction occurs over the left anterior fascicle and retrograde conduction over the left posterior fascicle. In the right panel, the circuit for bundle branch reentry is depicted. 
Anterograde conduction occurs over the right bundle branch and retrograde conduction over the fascicles of the left bundle branch. AVN, AV node; LAF, left anterior fascicle; 
LB, left bundle branch; LPF, left posterior fascicle; RB, right bundle branch. 

RB RB

LPF LPF

LAF
LAF

LB LB

His HisAVN AVN

Figure 82-6.  Bidirectional Ventricular Tachycardia Caused by Digoxin Toxicity  In  the  left panel,  the QRS morphology alternates between  right bundle 
superior  axis  and  right  bundle  inferior  axis.  A  delayed  afterdepolarization–triggered  beat  from  the  left  posterior  fascicle  induces  a  triggered  beat  from  the  left  anterior 
fascicle, which  in  turn,  induces a  triggered beat  from the  left posterior  fascicle, and so on. After digoxin monoclonal antibody was administered  for a supratherapeutic 
digoxin level, underlying atrial fibrillation was observed with occasional ventricular premature depolarizations from the left posterior fascicle (right panel). 
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turn, induces a triggered beat from the left posterior fascicle, and 
so on. The treatment of choice for digoxin toxicity is digoxin 
monoclonal antibody. Finally, interfascicular reentry is a macro-
reentrant circuit observed in patients with His-Purkinje disease. 
The left posterior and anterior fascicles form the two limbs of 
the tachycardia circuit. Ablation of either fascicle eliminates 
interfascicular reentry.

premature depolarizations from the fascicular system can be 
treated via medications or catheter ablation, resolving VF storm 
and reversing cardiomyopathy. Bidirectional VT is a triggered 
rhythm observed in the setting of digoxin toxicity and less com-
monly, catecholaminergic polymorphic VT, where a delayed 
afterdepolarization–triggered beat from the left posterior fascicle 
induces a triggered beat from the left anterior fascicle; this in 
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Mechanisms

Attempts have been made to model the His-Purkinje system and 
to define the reentrant circuit(s) responsible for BBR.18 Under 
normal conditions, sustained reentry cannot occur, but under 
conditions of slowed conduction in the His-Purkinje system and 
ventricular muscle, the path length can be increased such that 
sustained anatomical reentry does occur using these structures 
and with an excitable gap (Figure 83-2).

Patients with BBR generally have a prolonged PR interval, 
QRS duration, and H-V interval. For BBR to occur, there must 
be a delay or a complete anterograde block in at least one bundle 
branch. An LBBB, most commonly, or an RBBB, present on the 
surface 12-lead electrocardiogram (ECG), is more indicative of 
conduction slowing than of complete block in the left bundle 
branch (LBB) or the RBB, respectively. If complete anterograde 
block is present in one bundle branch, there must be conduction 
(likely slow) retrograde in that bundle branch for BBR-VT to 
occur.

During BBR-VT, activation proceeds anterograde via the 
RBB through the septum and retrograde via the LBB to activate 
the septal summit/His bundle and reactivate the RBB sequen-
tially (“counterclockwise” reentry). The ECG morphology of 
counterclockwise BBR is a typical LBBB with an R-wave transi-
tion between leads V4 and V5. LBBB morphology BBR is the 
cause of 98% of episodes of BBR-VT.19 This may be due to the 
fact that the LBB is the preferred retrograde route of activation.20 
Alternatively, activation can proceed anterograde via the LBB, 
through the septum, and retrograde via the RBB, creating an 
RBBB morphology (“clockwise” reentry).10,20 Anterograde activa-
tion via the RBB and retrograde via the left posterior fascicle 
(LPF) or the left anterior fascicle (LAF) alone is another 
possibility.

Conduction delay, critical for initiation and perpetuation of 
BBR, may be present in connections between the bundles and 
even within the His bundle itself. Anisotropic conduction in the 
common His bundle, potentially critical for initiation and main-
tenance of BBR,21 may explain the greater degree of H-V delay 
often noted during tachycardia than in sinus rhythm. Other 
mechanisms potentially explaining the observed H-V prolonga-
tion during tachycardia could be due to progressive distal Pur-
kinje system conduction delay in diseased bundles, whose slowing 
is more apparent at rapid rates (phase 3 block).

Although rate-related conduction delay between His and RBB 
and/or LBB during tachycardia may explain a greater H-V delay 
than is present during sinus rhythm, it is not clear that the 
common His bundle is required for BBR propagation. Although 
the upper common pathway responsible for reentry between 
right and left bundles is not understood completely, the His 
bundle, or another septal connection, is necessary for reentry to 
occur. BBR has not been described in patients with infra-Hisian 
block.

BBR can occur in patients who have apparently normal His-
Purkinje conduction during sinus rhythm but who have evidence 
of a functional conduction impairment at faster rates.22 Li et al.22 
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Bundle branch reentry (BBR) ventricular tachycardia (VT), first 
elucidated by Guerot et al. in 1974, is a unique, fast (200 to 300 
beats/min), monomorphic tachycardia associated with hemody-
namic collapse, syncope, and/or cardiac arrest and caused by a 
macroreentry circuit involving the right and left bundle branches, 
an upper common pathway, and septal ventricular muscle.1-3 BBR 
occurs in patients who have dilated cardiomyopathy and in those 
with coronary artery disease, valvular heart disease, myotonic 
dystrophy, or even no heart disease with associated His-Purkinje 
system disease.4-9 The incidence is reported to be 3.5% and 6% 
of ventricular tachycardias in separate series and 20% in a series 
of patients with nonischemic cardiomyopathy alone undergoing 
evaluation for ablation.10-12 Likely, BBR is underrecognized.

Electrocardiographic Appearance

The morphology of the tachycardia can have a typical left bundle 
branch block (LBBB)13 pattern (Figure 83-1, A) or right 
bundle branch block (RBBB) pattern (Figure 83-1, B). Some 
patients have both counterclockwise and clockwise BBR, causing 
an LBBB and RBBB morphology, respectively.14 It is possible for 
LBBB morphology BBR to have several morphologies presum-
ably as the result of extensive right bundle branch (RBB)  
disease in patients with dilated heart.13 Multiple monomorphic 
morphologies can occur, as anterograde conduction via the left 
anterior or left posterior fascicle can be present along with ret-
rograde activation of the RBB.15 BBR-VT with multiple mor-
phologies has also been described in Ebstein’s anomaly.7

BBR can present with a similar or identical QRS complex 
morphology to that present in normal sinus rhythm. Although 
the QRS complex morphology in VT can be identical to that in 
sinus rhythm in all 12 electrocardiographic (ECG) leads,16 not all 
such VTs are necessarily BBR.17 An RBBB and left hemiblock 
pattern is more consistent with an interfascicular tachycardia 
(Figure 83-1, C, D).
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Figure 83-1.  Twelve-Lead ECGs During Bundle Branch Reentry Tachycardias A, ECG of a bundle branch reentry with left bundle branch block morphology 
(type A). B, ECG of a bundle branch reentry with right bundle branch block morphology and  left-axis deviation (type C). C, ECG of an  interfascicular  reentry with right 
bundle branch block morphology and right-axis deviation (type B). 
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D, ECG during sinus rhythm of the patient with interfascicular reentry in (C), showing PR prolongation, right bundle branch block, and right-axis devia-
tion. Note that QRS morphology in tachycardia is identical to that in sinus rhythm. 
Figure 83-1, cont’d, 

100 140 180 240

Figure 83-2.  Successful Attempt to Stimulate Bundle Branch Reentry in a Model of Ventricular Conduction System Activation sequence in the 
Purkinje system under simulated temporal conduction block in the right Purkinje branch. Arrows indicate the direction of wave propagation. Excitation goes from the LBB 
to the septum, up the RBB, toward the LBB, where it runs into the previous excitation wave. To attain sustained BBR-VT, the effective path length of the reentry circuit needs 
to be increased (such as slowing conduction sufficiently). 

(Modified from Tusscher KH, et al: Modeling of the ventricular conduction system. Prog Biophys Mol Biol 96:152-170, 2008.18)
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reported a series of 178 patients with VT, of whom 13 had 
BBR-VT. Of those 13, 6 had an H-V interval ≤55 ms during sinus 
rhythm (i.e., normal). In those BBR-VT patients with a normal 
H-V interval at baseline, the H-V interval was prolonged during 
BBR-VT (73 ± 18 vs. 47 ± 7 ms; P = .007). Functional His-
Purkinje delay was present with rapid atrial pacing or premature 
extrastimuli in this group but not in those with prolonged H-V 
intervals in sinus rhythm who had BBR-VT. The explanation for 
BBR-VT in these patients may be the higher turnaround point 
in the BBR circuit in the proximal portion of the His bundle or 
in the N-H region of the AV node. Additionally, functional block 
initiating BBR may be perpetuated by persistent “linking.”23

Even in otherwise normal individuals, occasional spontaneous 
BBR beats are common. This is seen as a normal response to 
premature ventricular extrastimuli in patients undergoing pro-
grammed electrical stimulation who do not have BBR-VT or 
even known His-Purkinje disease.

BBR-VT is distinguished from interfascicular VT, in which 
the tachycardia depends on activation via the LPF and the LAF 
alone. His-bundle or RBBB activation is not necessary for the 
tachycardia to propagate. During interfascicular tachycardia, the 
morphology is an RBBB with right or left axis deviation. Right 
bundle reentry has been reported.24

Initiation of Tachycardia

BBR-VT has several modes of spontaneous initiation. Ventricular 
premature beats are often the trigger. Occasionally, premature 
atrial beats or atrial fibrillation25 can initiate BBR. Bradycardia-
dependent LBBB initiation of BBR, without obvious intra-
myocardial conduction delay, is possible spontaneously during 
sinus bradycardia.26 BBR has also been described in a patient with 
cycles of AV block and in association with bradycardia-dependent 
phase 4 bundle branch block.27 BBR-VT storm has been related 
to ventricular pacing that causes retrograde activation through 
the His-Purkinje system.28

In the electrophysiology laboratory, ventricular extrastimuli 
delivered with long-short coupling intervals (pacing train of 400 
milliseconds with a delay of 600 or 800 milliseconds before the 
short-coupled premature coupling intervals are introduced) tend 
to cause unidirectional block or sufficient conduction delay in a 
bundle branch to initiate BBR. Long-short coupling intervals are 
specific for initiation of BBR.29

Atrial pacing and/or isoproterenol may be required.30 In one 
report, incremental atrial pacing during isoproterenol infusion 
initiated BBR with an RBBB pattern in four of six patients with 
inducible BBR-VT.31 Class IA or IC antiarrhythmic drugs may 
slow conduction sufficiently in one of the bundles to allow BBR 
to occur (and thus may be proarrhythmic for this condition32). 
Rarely are such drugs used to initiate BBR in the clinical context.

Initiation of interfascicular reentry occurs when an atrial or 
ventricular premature depolarization conducts over the healthy 
fascicle, giving rise to a QRS identical to that in sinus rhythm, 
and then reenters the blocked fascicle in the retrograde direction 
to induce and sustain reentrant VT.

Diagnosis of Bundle Branch Reentry

Several criteria help in the diagnosis of BBR-VT: (1) The 12-lead 
ECG appearance during tachycardia is a typical LBBB or RBBB 
morphology. (2) A critical delay in His-Purkinje system conduc-
tion is needed to initiate tachycardia. (3) Although atrioventricu-
lar (AV) dissociation may be present, there is persistent 1 : 1 
His-bundle/QRS activation with the H-V interval during the 

tachycardia equal to or longer than the H-V interval in sinus 
rhythm (and no H-V dissociation). (4) Tachycardia stops and 
cannot be reinitiated if conduction in one of the bundle branches 
is disrupted. In some instances, temporary disruption of conduc-
tion via one bundle may occur purposefully, or unintentionally, 
with a catheter bump.33 (5) His-bundle, RBB, and LBB activation 
sequences during tachycardia recorded by point-by-point 
mapping are consistent with the presence of bundle branch block 
(i.e., if there is an LBBB morphology tachycardia, activation is in 
the order of His bundle, RBB, and then LBB), and the activation 
relationship remains stable. (6) A predictable change in the V-V 
interval occurs after the H-H interval if rate fluctuations exist. 
H-H interval timing changes before timing of the V-V interval. 
The H-V timing remains constant. If no perturbation in the H-H 
interval is present, atrial pacing can advance to atrial then ven-
tricular activation with a similar QRS complex morphology and 
H-V interval. (7) Entrainment with constant fusion (manifest 
entrainment) is present during pacing from the right ventricular 
apex.34 However, pacing from the right ventricular apex during 
BBR-VT results in a postpacing interval similar to the length of 
the tachycardia cycle (9 ± 11 ms), and never longer than 30 ms.35 
These findings serve as evidence of macro-reentry within the His-
Purkinje system.36 During resetting, when pacing from the right 
ventricular apex, an increasing reset response is noted (i.e., return 
cycle length is progressively longer), whereas recordings with 
respect to the H-V interval show a flat response consistent with a 
reentry circuit that has an excitable gap and involves the bundle 
branches but not the ventricular muscle.37 (8) Entrainment with 
concealed fusion is present during atrial pacing if AV nodal con-
duction allows faster pacing than is seen with tachycardia.

Activation Patterns

Tchou et al. described three categories of BBR-VT (Table 83-1; 
Figure 83-3).38 Type A and type C are the classic counter-
clockwise and clockwise BBR-VTs circuits. Type B is reentry 
within the LBB fascicles (interfascicular reentry).

In types A and C BBR-VT, the onset of ventricular depolariza-
tion is preceded by His-bundle, RBB, or LBB potentials with an 
appropriate sequence of His-bundle->RBB>LBB activation and 
relatively stable H-V, RBB-V, or LBB-V intervals. Spontaneous 
variations in V-V intervals are preceded by similar changes in 
H-H/RBB-RBB/LBB-LBB intervals (Figure 83-4).

A characteristic feature of classical BBR-VT (types A and C) 
is that the H-V interval during tachycardia is longer than H-V 
during sinus rhythm. Prolongation of the H-V interval during 
tachycardia is speculated to be caused by anisotropic conduction 
seen in the distal His bundle at the upper turnaround point of 
the tachycardia circuit.21 In the interfascicular variant (type B), 
the His bundle is activated retrograde concurrently during 
anterograde conduction over the fascicle (of the LBB), giving rise 
to a shorter H-V than during sinus rhythm.

Recording from both sides of the septum may help in identi-
fication of the BBR mechanism. Documentation of a typical 
H-RBB-V-LBB (during VT with LBBB morphology) or H-LBB-
V-RBB (during VT with RBBB morphology) activation sequence 
would further support a BBR-VT diagnosis. In addition, during 
BBR-VT with LBBB morphology, right ventricular excitation 
must precede left ventricular excitation. The opposite is true for 
a BBR-VT with an RBBB morphology.38 Three-dimensional 
electroanatomical mapping is also valuable in demonstrating the 
entire reentrant circuit.

Machino et al. reported type C BBR-VT using three-
dimensional electroanatomical propagation mapping (Figure 
83-5).39 Sequential activation of the His-Purkinje system 
accounted for the entire tachycardia cycle length. Anterograde 
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Figure 83-3.  Schematic Illustrations of Reentrant Circuits for Bundle Branch Reentry and Interfascicular Reentry A, Typical type of BBR in which 
retrograde conduction occurs via the left bundle (LBB) branch and anterograde conduction over the right bundle (RBB) branch. B, Interfascicular reentry with anterograde 
and retrograde conduction over opposing fascicles of the LBB. C, Reversal of the circuit depicted in (A). AVN, Atrioventricular node; BBR, bundle branch reentry; HB, His 
bundle; LAF, left anterior fascicle; LPF, left posterior fascicle; RBB, right bundle branch. 

(Modified from Nogami A: Purkinje-related arrhythmias. Part I: Monomorphic ventricular tachycardias. Pacing Clin Electrophysiol 34: 624-650, 2011.46)
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activation occurred via the LAF and the LPF, resulting in colli-
sion at the middle portion of the LAF, a bystander of the reen-
trant circuit.

Interfascicular tachycardia has been reported less com-
monly.3,30,40-42 In this tachycardia, one of the fascicles serves as the 

anterograde limb and the other as the retrograde circuit. The 
distal link between fascicles occurs through ventricular myocar-
dium. The LAF is usually the anterograde limb and the LPF the 
retrograde limb.5,42 BBR-VT and interfascicular tachycardia 
may be present in the same patient,2,43 or the interfascicular 
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Figure 83-4.  Intracardiac Recording During Bundle Branch Reentry (Type C) A, During bundle branch reentry (BBR), each His (H) activation precedes the 
ventricular (V) depolarization. Changes in the H-H interval precede any changes in the V-V interval. The H-V interval during the BBR was longer than the H-V interval during 
sinus rhythm (B). 

(Modified from Machino T, et al: Three-dimensional visualization of the entire reentrant circuit. Heart Rhythm 10:459-460, 2013.39)
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Table 83-1. Types of Bundle Branch Reentry Tachycardia

Type A
Type B
(Interfascicular Tachycardia) Type C

ECG morphology LBBB pattern RBBB pattern RBBB pattern

Anterograde limb RBB LAF or LPF LBB

Retrograde limb LBB Contra-left fascicle RBB

LAF, Left anterior fascicle; LBB, left bundle branch; LBBB, left bundle branch block; LPF, left posterior fascicle; RBB, right bundle branch; RBBB, right bundle branch block.

tachycardia may be inducible after ablation of the right bundle 
branch to stop BBR.42 It may even become incessant after RBB 
ablation.44

Interfascicular VT usually has RBBB morphology. The orien-
tation of the frontal plain axis is variable and may depend on the 
direction of the reentrant circuit. Anterograde activation over the 

LAF and retrograde activation through the LPF would be associ-
ated with right axis deviation and the reverse activation sequence 
with left axis deviation. In contrast to BBR, the H-V interval 
during interfascicular tachycardia is usually shorter by more than 
40 milliseconds than that recorded in sinus rhythm.45 This occurs 
because the upper turnaround point of the circuit (the left bundle 
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Figure 83-5.  Three-Dimensional Electroanatomical Mapping During Bundle Branch Reentry The activation map of the BBR-VT descending the left 
posterior fascicle (LPF) and ascending the right bundle branch (RBB), with the earliest activation displayed in red (LPF proximal) and the latest in violet (RBB proximal). 
The yellow dots and the numbered sites with arrows  indicate  fascicular potentials and  local activations of the His-Purkinje system  (left boxes),  respectively. Sequential 
activations of the local His-Purkinje system accounted for the entire tachycardia cycle length. The propagation map of the BBR-VT also demonstrated that anterograde 
activation through the left anterior fascicle and LPF resulted in a collision at the middle portion of the left anterior fascicle—a bystander of the reentrant circuit (see the 
Online Supplemental Movie: doi:10.1016/j.hrthm.2011.11.001) 

(From Machino T, et al: Three-dimensional visualization of the entire reentrant circuit. Heart Rhythm 10:459-460, 2013.39)

V1

1

Purkinje

-120

-93

-23

105

158

190 (ms)

4. RB distal
3. LPF distal

CRANIAL LEFT ANTERIOR OBLIQUE VIEW

1.10 cm

-125ms

195ms

LPF

LAF

RB

5. RB middle

6. RB proximal

1. LPF proximal

2. LPF middle

2

3

4

5

6

branching point) is relatively far from the His bundle activated 
in the retrograde direction. During interfascicular tachycardia, 
the LBB potential is inscribed before the His potential.45

Differential Diagnosis

It is important to recognize BBR-VT and interfascicular tachy-
cardia because they can be cured with catheter ablation. The 
differential diagnosis for BBR includes (1) VT due to myocardial 
reentry, (2) idiopathic left intrafascicular VT, (3) supraventricular 
mechanism with aberrant conduction in the presence of a 1 : 1 
ventriculo-atrial relationship, and (4) atrio-fascicular reentry.

VT caused by myocardial reentry needs to be excluded in 
every case because most patients with BBR also have the clinical 
substrate for developing myocardial VT. If the myocardial VT 
has a passive conduction into the His-Purkinje system, the mor-
phology becomes similar to that during basal rhythm.17 With 
myocardial reentry, the His potential usually does not precede 
the QRS complex, and variations in the H-H interval follow 
changes in the V-V interval if there is retrograde passive activa-
tion of the His-Purkinje system. The postpacing interval after 
entrainment of tachycardia from the right ventricular apex may 
differentiate BBR from myocardial VT.3,35 The difference 

between the postpacing interval and the tachycardia cycle length 
with BBR is short (<30  ms) because the RBB-VT inserts into the 
ventricular apex. For myocardial VT (unless originating in the 
apex), the difference greatly exceeds 30 milliseconds.

The possibilities of Purkinje-related VTs,46 such as idiopathic 
fascicular VT,47 fascicular VT postmyocardial infarction,48,49 
automatic His-Purkinje VT, focal Purkinje VT,50 AV node/His-
Purkinje reentry,51 should also be considered. Intrafascicular VT 
has a negative or short H-V interval during tachycardia and a 
normal baseline QRS and H-V interval.46 As with interfascicular 
VT, His activation follows activation of the left fascicles, which 
is inconsistent with an RBBB pattern BBR. VT arising from 
myocardial foci rarely produces entirely typical RBBB or LBBB 
patterns on the surface 12-lead ECG, as is expected with BBR. 
In addition, His activation usually occurs late in the QRS complex 
and may be dissociated from the tachycardia.

Exclusion of supraventricular tachycardia is particularly 
important because QRS morphology during BBR-VT is a typical 
bundle branch block pattern and may be similar to that seen in 
sinus rhythm. AV dissociation is typically present during BBR. 
However, AV nodal reentrant tachycardia with an upper common 
pathway, junctional tachycardia, intra-Hisian reentry, and ortho-
dromic tachycardia using a retrograde nodo-fascicular (ventricu-
lar) pathway are other possibilities in which VA dissociation or 
block can occur.
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branch can cure BBR-VT and is currently regarded as first-line 
therapy.

Right Bundle Branch Ablation

The technique of choice is ablation of the RBB.3,43,52 BBR-VT 
may be prevented by ablation of the right or left main bundle 
branch.4,38 Even though most patients demonstrate increased 
conduction system disease in the LBB, the RBB is typically the 
target for ablation. This is so because of the technical ease of 
ablation of the RBB, in contrast to the difficulties involved in 
ablation of the LBB. With this technique, the catheter initially is 
placed at the His-bundle area and then is gradually advanced 
toward the anterior-superior ventricular septum. To ensure cath-
eter stability, slight clockwise torque is applied to improve contact 
with the RBB (Figure 83-6).

The RBB potential is identified by the following characteris-
tics: (1) a sharp deflection inscribed 10 to 15 milliseconds after 
the typical His potential, and (2) the absence of an atrial electro-
gram on the same recording. The RBB-V interval value of less 
than 30 milliseconds may not be a reliable marker of RBB poten-
tial in these patients because of His-Purkinje system disease that 
can cause prolongation of the RBB-V conduction time (Figure 
83-7, A).43,52,53 If any RBB conduction delay is present, the RBB 
potential may be obscured by local ventricular activation in sinus 
rhythm.

Although it is important to obtain a stable catheter position 
to minimize the risk of AV block, in some cases, the RBB 

When 1 : 1 ventriculo-atrial conduction is present, the diag-
noses of orthodromic AV reciprocating tachycardia, tachycardia 
using an anterograde atriofascicular accessory pathway, and atrial 
tachycardia with aberrant ventricular conduction need to be con-
sidered. Entrainment with manifest QRS fusion during ventricu-
lar pacing and the ability to terminate or reset the tachycardia 
with a ventricular extrastimulus introduced when the His bundle 
is refractory will rule out atrial tachycardia, AV nodal reentrant 
tachycardia, junctional tachycardia, and intra-Hisian reentry.

A negative H-V interval at the onset of tachycardia is observed 
in Mahaim tachycardia using an anterograde atriofascicular 
pathway. AV nodal reentrant and AV reciprocating tachycardias 
commonly stop with adenosine; BBR rarely stops with 
adenosine.

The ventricular postpacing interval after entrainment of the 
tachycardia from the right ventricular apex also may differentiate 
BBR-VT from AV nodal reentry tachycardia. Atriofascicular 
tachycardia is notable for ventricular preexcitation with atrial 
pacing during sinus rhythm.

Catheter Ablation

Elimination of BBR-VT and interfascicular tachycardia would 
decrease the need for pharmacologic antiarrhythmic therapy and 
the frequency of defibrillator shocks. Pharmacologic antiarrhyth-
mic therapy, empirical or electrophysiologically guided, is usually 
ineffective. Radiofrequency (RF) catheter ablation of a bundle 

Figure 83-6.  Recording of the Right Bundle Branch Right and left anterior oblique (RAO and LAO) views of the 8-polar His and ablation (ABL) catheters are shown. 
His and RBB potentials are recorded continuously. The RBB recording occurs more than 10 milliseconds later than the typical His potential with a large atrial electrogram, 
and no atrial electrogram is recorded at the RBB recording site. 
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Figure 83-7.  Recordings Before and After Right Bundle Ablation During Sinus Rhythm and Atrial Pacing  A, Before ablation of  the  right bundle 
branch (RBB). The RBB recording occurs more than 10 milliseconds later than the His potential, and no atrial electrogram is recorded at the RBB recording site. The RBB-V 
interval is 32 milliseconds. B, After ablation of the RBB, the surface ECG shows complete RBBB and the RBB potential at the ablation site has disappeared. C, Before ablation, 
burst atrial pacing at a cycle length of 400 ms exhibits a complete LBBB configuration that is identical to clinical tachycardia. 
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D, After ablation of the RBB, burst atrial pacing shows 2 : 1 H-V block. Figure 83-7, cont’d, 

potential may not be identifiable in sinus rhythm and may be 
evident only during retrograde conduction during sustained 
BBR-VT or BBR echo beats. If the RBB is not well recorded at 
the basilar septum, mapping of the apical course of the RBB may 
be effective. Because of the superficial nature of the His-Purkinje 
system in most patients, standard 4-mm-tip RF ablation catheters 
are sufficient.3,42

The need for cooled ablation systems has not been described. 
Energy settings of 20 to 60 W with target temperatures of 60° 
C are reported.3,42 In sinus rhythm, complete RBB or LBB devel-
ops with successful ablation (Figure 83-7, B), although QRS 
changes may be subtle in patients with preexisting conduction 
abnormalities. Electrical axis changes may be the only manifesta-
tion of fascicular ablation. Elimination of retrograde V-H con-
duction has been used as a marker of successful ablation.3

After successful RBB ablation, programmed electrical stimula-
tion is performed at baseline and on isoproterenol. This should 
include pacing from two different sites at two different cycle 
lengths and with the use of extrastimuli with a short-long-short 
sequence. In patients with complete anterograde block in the 
LBB, RBB ablation necessitates permanent pacing. The reported 
incidence of clinically significant conduction system impairment 
requiring implantation of a permanent pacemaker varies  
from 0% to 30%.3,6,9,22,29,42,43 In patients with His-Purkinje disease, 
it is important to ascertain the need for permanent pacing by 
atrial stimulation (Figure 83-7, C, D). It is advisable to stress the 
His-Purkinje system with intravenous class IA or IC antiarrhyth-
mic drugs and to ensure that the anterograde conduction is 
preserved.

Left Bundle Branch Ablation

For many patients with BBR-VT who have LBBB during sinus 
rhythm, anterograde slow conduction over the LBB is present,39 
or the LBB is activated retrograde (transseptal).5 In patients with 
a complete LBBB pattern during sinus rhythm, anterograde ven-
tricular activation occurs solely via the RBB. These latter patients 
are at risk of developing complete AV block with RBB ablation. 

To avoid this potential complication, the LBB might be targeted 
in such patients with LBBB during sinus rhythm, and BBR-VT 
as an alternative approach (Figure 83-8).5 However, LBB ablation 
is technically difficult because it is a broad structure and usually 
requires arterial access; a catheter placed at the left ventricular 
septum may be unstable when the transseptal approach is used, 
even with a deflectable sheath. The risk for procedural complica-
tions (e.g., damage to the femoral, coronary and carotid arteries) 
is increased.

The LBB arises as a broad band of fibers directed inferiorly 
from the bundle of His. The left main bundle is typically 1 to 
3 cm long and 1 cm wide but shows great individual variation. 
For LBB ablation, the ablation catheter is advanced across the 
aortic valve and is positioned in the left ventricle along the inter-
ventricular septum. The LBB potential is recorded beneath the 
aortic valve, typically 1 to 1.5 cm inferior to the optimal His-
bundle recording site.38,52 The LBB potential is identified by a 
potential-to-ventricular electrogram interval of ≤20 ms and an 
A/V electrogram ratio of ≤1 : 10.38 Delivery of RF energy at this 
level results in complete LBBB and successfully interrupts the 
tachycardia circuit. However, LBB ablation usually requires more 
extensive ablation to transect this broad structure. After LBB 
ablation, routine follow-up is recommended even if the antero-
grade conduction via the RBB appears preserved. The long-term 
risk of complete heart block and progressive heart failure is 
unclear.

Ablation of Interfascicular Tachycardia

In interfascicular reentry, an RBB ablation will not cure the 
tachycardia because the RBB is a bystander. Similarly, ablation of 
the main LBB would not be expected to terminate the tachycardia 
because the circuit is distal to this point. Catheter ablation of the 
LAF or the LPF will result in termination of the tachycardia.41,42 
Ablation of one of the left-sided fascicles would not be expected 
to prevent BBR-VT in a patient with both interfascicular VT and 
BBR-VT. In this situation, both of the left-sided fascicles of the 
RBB and one of the left fascicles must be ablated.
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Figure 83-8.  Radiofrequency Catheter Ablation of the Left Bundle Branch in a Patient With Left Bundle Branch Block During Sinus Rhythm 
and a Bundle Branch Reentry Tachycardia A, Retrograde (transseptal) activation of the LBB is recorded during sinus rhythm. B, During an induced BBR-VT, the 
activation propagates down the right bundle branch (RBB) and up the LBB. The sequence of activation of the left bundle recordings during sinus rhythm and the tachycardia 
is  identical.  C,  Catheter  ablation  of  the  LBB  terminated  the  tachycardia.  D,  After  the  ablation,  QRS  duration  and  configuration  remain  unchanged,  and  the  left  bundle 
potential is no longer recordable. 

(From Blanck Z, et al: Catheter ablation of the left bundle branch for the treatment of sustained bundle branch reentrant ventricular tachycardia. J Cardiovasc Electrophysiol 
6:40-43, 1995.5)
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Clinical Outcomes

In the two largest series reported, acute success rates for BBR-VT 
and interfascicular reentry were 100%.3,42 After ablation, BBR-VT 
recurrence is uncommon but has not been thoroughly docu-
mented with follow-up testing.3,42 Despite the success of ablation 
of the RBB branch in eliminating BBR-VT, patients with cardio-
myopathy and heart failure continue to have a high mortality 
rate. Despite the impressive success of ablation of BBR-VT, pro-
gressive heart failure is a common cause of death.3,9,10,19,22,43,52,53 
Furthermore, patients with cardiomyopathy remain at high risk 
for sudden cardiac death. A small risk of progressive AV block is 
present as well.

Therefore, after ablation, the need for a permanent pace-
maker or an implantable cardioverter-defibrillator (ICD), with or 
without cardiac resynchronization capabilities, should be consid-
ered based on the status of the residual conduction system and 
the severity of the underlying structural heart disease. Further-
more, VT of myocardial origin may be induced in 36% to 60% 
of patients after successful ablation of one of the limbs of the BBR 
reentrant circuit.19,42 Cardiac resynchronization therapy should 
be considered based on standard recommendations even after 
ablation is performed for patients with severe left ventricular 
dysfunction and an intraventricular conduction disturbance.

The management strategy for patients with BBR-VT and 
preserved left ventricular function who have no other risk markers 
for sudden death is less clear. Very limited data suggest that these 
patients have a favorable long-term prognosis after successful 

ablation of the RBB to cure BBR-VT.3,4,43 However, they still 
have long-term risks of complete heart block and progressive 
heart failure when undergoing LBB ablation to cure BBR-VT. 
After ablation, patients with Mobitz II second-degree or third-
degree AV block at physiologic heart rates or a markedly pro-
longed H-V interval (>100 ms) but with preserved ventricular 
function and no inducible tachycardia should be considered for 
a dual-chamber pacemaker. Patients with myotonic dystrophy 
should be considered for prophylactic permanent pacemaker (or 
ICD) implantation because of the progressive nature of their 
conduction system disease.6

Complications

The most common complication of the ablation of BBR-VT is 
high-grade AV block, which is reported to occur in 0% to 30% 
of patients after a successful ablation.3,6,9,22,29,42,43 In most of these 
patients, the RBB was ablated to cure BBR-VT. In a series of 20 
patients with BBR-VT, 15 had permanent pacemakers or ICDs 
at the time of the ablation, and two of the remaining five patients 
had indications for ICD implantation after the ablation as the 
result of myocardial VT.42 Only two patients underwent pace-
maker implantation for impaired AV conduction. Incessant inter-
fascicular tachycardia after successful RBB ablation for the 
treatment of BBR-VT has been reported.44 The long-term risk 
of complete heart block and progressive heart failure after LBB 
ablation remains uncertain.
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Conclusions

BBR-VT, a unique form of reentrant VT involving the His-
Purkinje system, occurs in patients with cardiomyopathy and 
His-Purkinje conduction disease. Several criteria can distinguish 
supraventricular and myocardial ventricular tachycardias from 
BBR-VT. Detailed mapping on both sides of the septum and 
electrophysiological analyses facilitate an appropriate diagnosis.

It is important to recognize BBR-VT because it responds 
poorly to pharmacologic therapy and can be cured effectively 
with catheter ablation. Even after ablation, however, patients may 
remain at risk for total mortality and sudden cardiac death and 
may require further therapies, including, but not limited to, 
cardiac resynchronization therapy or an ICD. Elimination of 
BBR-VT will reduce associated episodic hemodynamic collapse 
and syncope, will decrease the need for pharmacologic antiar-
rhythmic therapy, and will curtail the frequency of ICD shocks.
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coupled with altered cellular distribution results in a slow, non-
uniform anisotropic conduction that may promote reentry. Other 
electrophysiological consequences of infarction include abnor-
malities in refractoriness, inexcitability, and enhanced automatic-
ity, all of which may contribute to arrhythmogenicity. However, 
abnormalities of conduction are most prominent and provide the 
electrophysiological substrate for VT.5 Abnormalities of conduc-
tion can be described in terms of electrogram characteristics and 
endocardial activation in sinus rhythm. Endocardial recordings 
from sites of VT origin during sinus rhythm consistently dem-
onstrate low amplitude, prolonged duration, and multicompo-
nent potentials frequently occurring after the end of the QRS 
(Figures 84-1 and 84-2). Furthermore, the degree of abnormal 
signals and conduction delay can distinguish patients with sus-
tained VT from those with prior myocardial infarction and no 
tachycardia. In general, patients with prior myocardial infarction 
and sustained monomorphic VT have more profound electro-
gram abnormalities and endocardial conduction delay compared 
with those with coronary disease and no VT or nonsustained VT 
(Figure 84-3).

The relationship between abnormal electrograms and VT was 
studied in tissues removed from sites of VT origin and sites 
distant from VT. These studies showed that abnormal electro-
grams are associated with viable bundles of muscle fibers embed-
ded in and separated by connective tissue.5-7 Studies using 
confocal microscopy and immunofluorescent staining of gap 
junctions showed alterations in the number, the distribution, and 
possibly the function of connexin43—a major cardiac gap junc-
tion in the ventricle.8-10 The amplitude of the electrograms seems 
to be closely related to the number of viable muscle fibers under 
the recording electrode. Detailed mapping studies with micro-
electrodes in human tissue and in canine infarct models of VT 
demonstrated that slow propagation of an impulse through areas 
from which abnormal fractionated electrograms are recorded is 
associated with relatively normal sodium-dependent action 
potentials, implicating poor intercellular coupling in slow propa-
gation of the cardiac impulse.5,11

The relationship between abnormal electrograms and the VT 
substrate was also validated in the surgical experience to treat 
ventricular arrhythmias. Miller et al. analyzed the mechanism by 
which subendocardial resection successfully treats postinfarct-
related VT. The origin of VT was mapped and showed extensive 
areas of abnormal electrograms (especially late and split  
potentials) that were completely eradicated following  
subendocardial resection (Figure 84-4). These data suggest that 
subendocardial resection removes the critical areas of slow con-
duction that are required from reentry. Whether or not it removes 
the whole reentrant circuit is unknown, but certainly absence of 
late potentials and normalization of electrograms suggest 
improved conduction. These findings are supported by more 
recent data demonstrating reduced recurrence of arrhythmia 
following catheter-based ablation of abnormal electrograms.12,13 
In addition, data have shown that scars of myocardial  
infarction patients with no clinical arrhythmias not only are 
smaller than those of matched patients with spontaneous VT but 
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Anatomy and Pathophysiology

The most common anatomical substrate for monomorphic ven-
tricular tachycardia (VT) is extensive healed myocardial infarc-
tion with resultant left ventricular (LV) dysfunction. The extent 
of myocardial scar and the degree of LV dysfunction are the most 
important determinants of arrhythmia risk after infarction.1,2 
Patients with tolerated VT have more extensive scar, more fre-
quent incidence of discrete LV aneurysm, and more pronounced 
LV dysfunction than patients with nonsustained VT or sudden 
cardiac death.

The electrophysiological substrate for monomorphic VT 
gradually develops over the first 2 weeks after myocardial infarc-
tion and once established appears to remain indefinitely.3 The 
incidence of sustained monomorphic VT after myocardial infarc-
tion had traditionally been 3%; however, contemporary therapy 
with an early revascularization strategy has led to smaller infarcts 
with less frequent aneurysm formation and thus has reduced the 
incidence of VT to less than 1%.4 Nonetheless, this lower inci-
dence of VT is balanced by increased prevalence owing to an 
aging population with a greater number of surviving patients at 
risk. It is unclear whether aggressive revascularization coupled 
with improved pharmacotherapies aimed at limiting cardiac 
remodeling has fundamentally changed the pathophysiology of 
ventricular arrhythmias. It is, however, perceivable that the resul-
tant smaller and often patchy infarcts are associated with more 
limited conduction abnormalities, and thus result in faster and 
less well tolerated ventricular arrhythmias.

The time interval from infarct to first episode of VT is highly 
variable, ranging from weeks to years. Approximately 30% of 
patients will experience the first episode of sustained monomor-
phic VT within the first year after myocardial infarction with a 
predictable incidence of 2% to 5% per year thereafter. Late 
occurring sustained monomorphic VTs are more commonly 
encountered after inferior myocardial infarction. It is interesting 
to note that clinical characteristics including infarct size, LV 
function, and presence of aneurysm do not distinguish those 
patients developing VT early from those who develop it late.

During the infarct healing process, necrotic myocardium  
is replaced with fibrous tissue that surrounds surviving  
myocytes. In addition, the reduced number of gap junctions 
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pole 2 mm proximally (filtered at 10 and 400 Hz), normal bipolar 
voltage is approximately 1.6 mV in the left ventricle and 1.3 mV 
in the right ventricle. These data were further validated in human 
and porcine models of infarction and in isolated human autopsy 
studies.16-18 Statistical analysis showed that 95% of endocardial 
recordings from individuals with normal, nonhypertrophied left 
ventricle had a bipolar voltage greater than 1.55 mV. A bipolar 
electrogram amplitude of 0.5 mV or less represented dense scar, 
and areas with bipolar amplitude between 0.5 and 1.0 mV repre-
sented the border zone (Figure 84-5). In addition, an increasing 
body of literature is validating these voltage definitions in humans. 
Bello and coworkers were able to image scar with both computed 
tomography and positron emission tomography.19 Fahmy and 
associates extended this approach to allow image integration with 
bipolar voltage maps.20 However, the highest-resolution imaging 
of scar geometry is currently obtained by examination of the zone 
of delayed gadolinium enhancement (DGE) on magnetic reso-
nance imaging. Codreanu and colleagues showed excellent  
correlation of DGE with a zone of bipolar voltage less than  
1.54 mV.21 The ability to “visualize” electroanatomical informa-
tion during both sinus rhythm and ventricular tachycardia rein-
forced several observations regarding the nature of the VT 
circuit. The “protected isthmus” of the reentrant VT circuits is 
contained within the dense scar (bipolar electrogram amplitude 
<0.5 mV), and the exit site of the arrhythmia to normal endocar-
dium is consistently located at the border zone (bipolar electro-
gram amplitude between 0.5 and 1.5 mV). Voltage mapping may 
also facilitate identification of “channels” within the infarct. 
Channels are corridors of preferential conduction through dense 
scar that can serve as an isthmus during VT. They are indicated 
by relatively preserved voltage within the dense scar, the presence 
of late potentials, or a long stimulus to QRS time with pacing 
during sinus rhythm. They may be visualized on the electroana-
tomical map by adjustment of the voltage representation on the 
color isopotential map (Figure 84-6).22,23 In addition, data suggest 
that the endocardial unipolar voltage map, with its larger field of 
view, may reveal epicardial abnormalities; however, this requires 
further investigation.24

A vast majority of catheter mapping investigations in patients 
with healed infarction had focused on endocardial characteriza-
tion of the VT circuit. However, on the basis of experience with 
surgical ablation, it is unlikely that the reentrant circuit is con-
fined to only two dimensions of the endocardium; it is likely to 
involve deeper layers of myocardium including the epicardium. 
This may be particularly relevant in patients with inferior 
infarction.

also have much lower prevalence of isolated and late potentials 
within the scar.14

In attempts to replicate the surgical experience with catheter 
mapping, the development of three-dimensional mapping systems 
has allowed characterization of the anatomical substrate with 
detailed spatial relationships between substrate and voltage. 
Initial work by Cassidy and coworkers validated this concept 
using bipolar electrogram characteristics (voltage and duration) 
to identify the underlying substrate at individual endocardial 
sites.15 With the use of a 4-mm-tip electrode attached to a second 

Figure 84-1.  Electrogram Abnormalities During Sinus Rhythm and Ventricular Tachycardia (VT) Three surface electrocardiogram (ECG) leads are shown 
with three intracardiac recordings from a catheter placed from the left ventricular (LV) anterior wall. During sinus rhythm, a fractionated, multicomponent signal is recorded; 
the final component of this electrogram is recorded after the end of the surface QRS complex. During VT (final two beats of the tracing), the electrogram at this site precedes 
the QRS complex by 90 milliseconds. 

(Adapted with permission from Josephson ME: Clinical Cardiac Electrophysiology: Techniques and Interpretations, 4th ed. Philadelphia, Lippincott Williams & Wilkins, 2008.)
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Figure 84-2.  Examples of Various Types of Electrograms Three surface 
recordings  accompanied  by  three  local  bipolar  electrograms  (normal,  abnormal, 
and fractionated and late) recorded from different left ventricular endocardial sites 
are shown. The dotted vertical line denotes the end of the surface QRS activity. The 
arrows show the onset and offset (characterized by the amplification signal decay 
artifact) of local electrical activity. One-millivolt calibrations are shown. 

(Adapted with permission from Josephson ME: Clinical Cardiac Electrophysiology: 
Techniques and Interpretations, 4th ed. Philadelphia, Lippincott Williams & Wilkins, 
2008.)
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protocol, and ablation strategy. Thus, one should specifically 
analyze the following: (1) mode of initiation, (2) reproducibility 
of initiation, (3) relationship between the stimulus coupling inter-
val and onset of the first tachycardia beat, (4) requirement for 
catecholamines or other pharmacologic agents that increase 
cyclic adenosine monophosphate (cAMP), and (5) site specificity 
of induction of VT.

In patients with postinfarct sustained monomorphic VTs, 
reproducible initiation by programmed stimulation is the rule. 
Reproducible initiation excludes both normal and abnormal 
automaticity; however, reentry should be differentiated from trig-
gered activity. Triggered activity tends to be induced by a critical 
decrease in sinus rate or pacing cycle length. This characteristic 
property can help distinguish triggered activity due to delayed 

Mechanism of Sustained  
Ventricular Tachycardia

Most postinfarction sustained monomorphic VTs are caused by 
reentry involving a region of ventricular scar. However, other 
potential mechanisms of VTs include normal and abnormal auto-
maticity and triggered activity that is due to early or delayed 
afterdepolarizations (discussed later). The study of the tachycar-
dia mechanism(s), in addition to the mere induction of a sustained 
uniform VT, has important therapeutic implications, in particu-
lar, distinguishing arrhythmias that are due to triggered  
activity from those due to reentry affects the selection of an 
appropriate antiarrhythmic drug, antitachycardia pacing 

Figure 84-3.  Sinus Rhythm Electrograms from Patients With and Without Coronary Artery Disease (CAD) Who Have Inducible or Nonin-
ducible VT All three tracings are arranged in the same manner, with three ECG leads (l, aVF, and V1) and 11 of 12 left ventricular mapping sites along with timelines. The 
patient with no CAD and no inducible arrhythmias has relatively rapid endocardial activation, and the electrograms are normal in amplitude and duration (left). Patients 
with CAD and prior infarction and no inducible arrhythmia have a normal activation pattern; however, the electrograms are broader, some with multiple components but 
without  late potentials  (middle).  In patients with prior  infarction and  inducible VT, many of  the electrograms are abnormal, and  the sequence of activation  is markedly 
distorted by areas of prior infarction. Many electrograms have multiple components, and several are recorded near the end of the QRS. 

(Adapted with permission from Josephson ME: Clinical Cardiac Electrophysiology: Techniques and Interpretations, 4th ed. Philadelphia, Lippincott Williams & Wilkins, 2008)
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afterdepolarizations. Triggered activity that is due to early after-
depolarizations is usually bradycardia dependent and often occurs 
after short-long-short sequences that can induce torsade de 
pointes and repetitive monomorphic right ventricular outflow 
tract tachycardias.

However, the mechanism for most postinfarct-related sus-
tained monomorphic VT is reentry in the settling of conduction 
abnormalities provided by the anatomical substrate of the infarct 
(Figure 84-8). Reentrant circuits typically have a consistent rela-
tionship to the anatomical substrate. They arise in areas of fibro-
sis that contain surviving myocardial strands with their inherent 
inhomogeneous anisotropy that leads to a zigzag course of activa-
tion. A discrete, protected zone of slow conduction is contained 
within the dense scar and serves as the critical isthmus, allowing 
reentry to occur. The critical isthmus is a narrow path, composed 
of a small mass of myocardial tissue with abnormal conduction 
properties. Depolarization of this tissue is not detectable on 
surface electrocardiogram and constitutes the electrical diastole 
(Figure 84-8, A). The isthmus is often narrow, measuring on 
average 31 ± 7 mm long by 16 ± 8 mm wide, and typically is 
bounded by two approximately parallel conduction barriers that 
consist of a line of double potentials, a scar area, or the mitral 
annulus. The axis of the critical isthmus typically is oriented 
parallel to the mitral annulus plane in perimitral circuits and is 
perpendicular to the mitral annulus in other circuits.25

The reentrant circuit has several components, including 
entrance, common pathway (critical isthmus), exit, outer loop(s), 
inner loop(s), and bystander sites (Figure 84-9). The wave front 
enters the reentrant circuit at the entrance site and then propa-
gates through the critical isthmus during electrical diastole. 
Because the critical isthmus usually is composed of a small 
amount of myocardial tissue with conduction abnormalities and 
is bounded by anatomical or functional barriers preventing spread 
of the electrical signal, except in the orthodromic direction, 
propagation of the wave front in the protected isthmus is elec-
trocardiographically silent. The wave front leaves the protected 
isthmus to depolarize the remainder of the ventricles, producing 
the QRS complex. The reentrant wave front can then return back 
to the entrance of the common pathway through an outer or an 
inner loop (see Figure 84-9). The outer loop is the path through 
which the reentrant wave front propagates while simultaneously 
activating the rest of the myocardium. An inner loop is contained 
within the scar and can serve as an integral part of the reentrant 
circuit or functions as a bystander pathway. If conduction through 
the inner loop is slower than conduction from exit to entrance 
sites via the outer loop, it is a bystander pathway. Alternatively, 
if the inner loop allows faster conduction back to the entrance 
site, is serves as an internal part of the reentrant circuit (mapping 
and ablation are discussed more completely in Chapter 126).

Nonetheless, as discussed earlier, patients with coronary 
artery disease may present with repetitive monomorphic or poly-
morphic tachycardias of other mechanisms. Reentry involving 
the fascicular system, as well as triggers from peri-infarct areas 
or the Purkinje system, has been identified in patients with coro-
nary disease; however, its role in the maintenance of arrhythmia 
has not been fully elucidated.26,27 Occasionally, patients with 
coronary disease may present with repetitive, sustained or non-
sustained monomorphic tachycardia that is exercise induced. 
Although the clinical characteristics are similar to those of 
patients with idiopathic VT, these tachycardias usually arise from 
areas of prior infarction. The mechanism for these arrhythmias 
in the presence of coronary disease may be reentrant rather than 
triggered. In support of the latter, these VTs are more easily 
induced by programmed stimulation or ventricular pacing than 
by atrial pacing. In addition, class I agents such as procainamide 
can change a nonsustained VT to sustained arrhythmia, probably 
through further slowing of conduction that supports a reentrant 
mechanism of arrhythmia.

afterdepolarization from reentry because the relationship for 
reentry impulses initiated by rapid stimulation is often the oppo-
site, that is, as the drive cycle length is reduced, the first reentrant 
impulse occurs later with respect to the last stimulus because of 
rate-dependent conduction slowing in the reentrant pathway 
(Figure 84-7). In addition, once triggered rhythm is initiated, a 
period of quiescence is necessary to reinitiate the triggered 
rhythm. Thus, the ability to initiate, terminate, and reinitiate in 
sequence is uncommon. Sustained triggered activity also often 
warms up, that is, it accelerates after initiation before reaching a 
stable cycle length. In addition, catecholamines are frequently 
required to initiate sustained rhythmic activity due to delayed 

Figure 84-4.  Effects of endocardial resection on electrograms. In each panel, ECG 
leads 1, 2, 3, and V5R; right and left ventricular (RV and LV) electrograms; and record-
ings from a 20-bipolar array are shown; a dotted vertical  line denotes the end of 
the QRS during sinus rhythm (A and B); 1-mV calibration signals for each recording 
are shown at the far  right. Split and  late electrograms  (dark arrows) are shown in 
sinus rhythm before resection (A). The same electrodes recorded no split electro-
grams after resection (B), as well as a general increase in amplitude of the remain-
ing  electrogram  component.  Note  the  similarities  in  morphology  of  the  first 
electrogram component before and after resection. 

(Modified from Miller JM, Tyson GS, Hargrove WC 3rd, et al: Effect of subendocardial 
resection on sinus rhythm endocardial electrogram abnormalities. Circulation 
91:2385-2391, 1995.)
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Figure 84-5.  Sinus Rhythm Map in a Patient With VT in the Setting of Extensive Healed Inferior Wall Infarction The map is color-coded to rep-
resent bipolar electrogram voltage: red represents dense scar (≤0.5 mV), purple represents normal voltage (≥1.5 mV), and the intervening colors represent voltage values 
in between. This patient had a large area of inferior wall scar extending from the mitral annulus to the mid wall. Three inducible VTs of varied morphology were localized 
to circuits within the scar. 

Figure 84-6.  Sinus Rhythm Bipolar Voltage Map in a Patient With Extensive Anteroseptal Infarction and Two Inducible Ventricular Tachy-
cardias (VTs) The VTs had similar cycle length; however, one had a superior axis and the second had an inferior axis. The left panel shows extensive and homogeneous 
dense scar  in red on the color isopotential map. Adjustment of the color isopotential map revealed corridors of relatively preserved voltage within the dense scar (right 
panel). Entrainment mapping showed a common isthmus to the two VTs with superior and inferior exit sites. 

(Courtesy of Mathew D. Hutchinson, Hospital of the University of Pennsylvania.)

Figure 84-7.  Initiation of Ventricular Tachycardia (VT) With an Inverse Relationship of Coupling Intervals to the Interval Preceding the 
Onset of Tachycardia A single ECG lead V1 and an electrogram from the right ventricular apex (RVA) are shown in three panels. A, At a coupling interval of 360 milli-
seconds, a single repetitive ventricular response is noted, with a coupling interval of 610 milliseconds. B, At a closer coupling interval of 300 milliseconds, VT begins after 
a pause of 620 milliseconds. C, Finally, at the even shorter coupling interval of 250 milliseconds, VT is again initiated, with an even longer pause of 650 milliseconds. This 
inverse relationship is compatible with a reentrant mechanism. 

(Adapted with permission from Josephson ME: Clinical Cardiac Electrophysiology: Techniques and Interpretations, 4th ed. Philadelphia, Lippincott Williams & Wilkins, 2008.)
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Figure 84-8.  Observations Supporting a Reentrant Mechanism for Ventricular Tachycardia (VT) in the Setting of Healed Infarction A, Continu-
ous electrical activity. Electrogram recording from the distal posteroinferior septal electrode (LV septum post-inf[d]) records continuous activity during VT. This is consistent 
with a reentrant mechanism with activation of some portion of the circuit throughout the entire cycle length, all within the field of view of a single recording site. During 
normal sinus rhythm (NSR, left), the same electrode records a multicomponent low-amplitude signal, 180 milliseconds in duration, which extends beyond the end of the 
QRS. CS, Coronary sinus; HBE, His bundle electrogram; RVA,  right ventricular apex. B, Resetting with  fusion. Surface electrocardiogram (ECG) and  intracardiac  recordings 
during VT. A single premature extrastimulus is delivered from the RVA after inscription of the LV electrogram at the site of origin and onset of the surface QRS. Nonetheless, 
surface fusion is observed and the tachycardia is reset (i.e., the return cycle occurs earlier than expected). This excludes the focal mechanism of arrhythmia and suggests 
reentry within a circuit with distinct entrance and exit sites. HRA, High right atrium; RVOT, right ventricular outflow tract; U, unipolar. 

Response to Programmed Stimulation

The response of VT to programmed stimulation provides the 
most convincing method by which the mechanism of arrhythmia 
can be studied (see Figure 84-8). In addition, ventricular stimula-
tion can be used to study response to antiarrhythmic drugs and 
pacing interventions and for mapping and characterization of the 
reentrant circuit. A significant limitation is that these techniques 
can be applied only to VTs that are uniform, have a stable cycle 
length, and are hemodynamically tolerated.

Resetting with fusion and entrainment are manifestations of 
the same physiological event: A premature paced stimuli can 
reach the entry site of the reentrant circuit, enter an excitable gap 
of the circuit to collide antidromically (retrograde) with the pre-
vious tachycardia wave front, and propagate orthodromically 
(anterograde) through the common pathway to exit earlier than 

expected and perpetuate the tachycardia. If the stimulus encoun-
ters a fully excitable tissue, the tachycardia is advanced according 
to the extent of prematurity of the stimuli. However, if the tissue 
is only partially excitable, which can occur in reentrant tachycar-
dias with small or partially excitable gaps, or even in circuits with 
large excitable gaps when the stimuli is very premature, the stim-
ulated wave front will encounter conduction delay in the ortho-
dromic direction of the circuit. Therefore, the degree of 
tachycardia advancement depends on both the temporal size of 
the excitable gap and the degree of prematurity of the paced 
stimuli giving rise to flat or mixed (flat and then increasing) 
response curves that characterize reentrant arrhythmias.

A flat curve can be demonstrated in about two-thirds of VTs, 
suggesting that most uniform tachycardias have a fully excitable 
gap. Entrainment is the continuous resetting of the reentrant 
circuit by a train of extrastimuli. Following the first paced stimu-
lus that resets the tachycardia, subsequent stimuli interact with 
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Figure 84-8, cont’d, C, Entrainment with progressive fusion. Surface ECG and intracardiac recordings during RVA pacing, VT and entrainment at three different cycle lengths. 
As the pacing cycle length decreases, the surface QRS progressively resembles the paced QRS morphology. 

(A, Adapted with permission from Josephson ME, Horowitz LN, Farshidi A: Continuous local electrical activity: A mechanism of recurrent ventricular tachycardia. Circulation 
57:659, 1978; B, Adapted with permission from Josephson ME: Clinical Cardiac Electrophysiology: Techniques and Interpretations, 4th ed. Philadelphia, Lippincott Williams & 
Wilkins, 2008; C, Adapted with permission from Almendral JM, Gottlieb CD, Rosenthal ME, et al: Entrainment of ventricular tachycardia: explanation for surface electrocardio-
graphic phenomena by analysis of electrograms recorded within the tachycardia circuit. Circulation 77:569, 1986.)

the reset circuit, which has an abbreviated excitable gap. Depend-
ing on the size of the excitable gap, subsequent stimuli fall on 
fully or partially excitable tissue. Entrainment is said to be present 
when two consecutive extrastimuli conduct orthodromically 
through the circuit with the same conduction time while colliding 
antidromically with the preceding paced wave front.2 The ability 
to reset a tachycardia with fusion (i.e., after it has begun to acti-
vate the myocardium) implies the presence of a relatively large 
circuit with separate entrance and exit and thus is diagnostic for 
reentry and excludes automatic or triggered mechanisms  
(see Figure 84-8, B). Resetting or entrainment with concealed 
fusion is defined as entrainment with orthodromic capture and a 
surface QRS complex identical to that of the tachycardia. Entrain-
ment with concealed fusion suggests that the pacing site is  
within the reentrant circuit. Although entrainment with con-
cealed fusion can occur with pacing from critical parts of the 
circuits, pacing from bystander pathways, such as blind alleys, 
alternate pathways, or inner loops can also result in concealed 
fusion. Hence, the positive predictive value of entrainment with 
concealed fusion in identifying effective ablation sites is only 
about 50% to 60%.28

Figure 84-9.  Schematic  representation  of  the  reentrant  circuit  is  illustrated  with 
separate entrance and exit sites. See text for details. Center = isthmus. 

(Illustration by Karina Centeio.)
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outcome events on the populations at highest risk; however, given 
the progressive nature of ischemic myopathy, patients who were 
less sick at enrollment may well begin to accumulate end point 
events at longer follow-up.30-32

In addition, secondary prevention trials have focused on 
patients with poorly tolerated VT and those with cardiac arrest; 
therefore the optimal therapy for patients with hemodynamically 
tolerated VT has not been well studied. Although classic studies 
demonstrated low risk associated with programmed ventricular 
stimulation–guided antiarrhythmic drug therapy, recent data 
suggest that even patients who originally presented with tolerated 
VT may be at risk for sudden cardiac death because of the pro-
gressive and unpredictable nature of the disease.31 Although abla-
tion therapy alone (without ICD therapy) is considered by some 
investigators as a reasonable alternative to ICD, this approach is 
largely untested. However, indirect data from studies comparing 
antiarrhythmic drug therapy with catheter ablation may be prom-
ising. An important randomized study in patients after myocar-
dial infarction who received ICD after the first arrhythmic event 
showed that catheter ablation, performed using primarily 
substrate-based strategies, reduced the incidence of future ICD 
shocks by 73% compared with antiarrhythmic drugs.33

Three main indications are known for the use of antiarrhyth-
mic drugs in long-term treatment of VT: (1) the need for adjunc-
tive therapy in patients with ICD and frequent ICD therapies; 
(2) the importance of slowing VT cycle length, so VT is better 
tolerated and is possibly amenable to pacing interventions; and 
(3) the need for an alternative to ICD in patients who choose not 
to have one, or who are not good candidates (e.g., because of 
marked comorbidities). When long-term antiarrhythmic therapy 
is required, amiodarone is the drug of choice. Sotalol and dofeti-
lide are alternatives for preventing VT, but only class I agents 
and amiodarone can slow VT cycle length.

Catheter ablation of post–myocardial infarction VT is indi-
cated in two situations: recurrent VTs causing frequent ICD 
shocks, and VT refractory to antiarrhythmic medications. Most 
patients with postinfarction VT have multiple VTs, and elimina-
tion of all VTs often is not a realistic goal. Several large multi-
center series have reported outcomes following combined 
entrainment and substrate mapping approaches. The Multicentre 
Thermocool Ventricular Tachycardia Ablation trial reported out-
comes in 231 patients who underwent VT ablation with an open 
irrigated catheter.34 In this population of postinfarction VT with 
a median LV ejection fraction of 25% and a median of 3 inducible 
VTs, the targeted VT was successfully ablated in 81% of patients. 
However at 6 months, only 49% of patients remained VT free 
(although the frequency of episodes was markedly reduced). 
Similar short-term results were reported in the Euro-VT study 
in 63 postinfarction patients.35 The procedural risk associated 
with VT ablation is higher than that seen with most other elec-
trophysiological procedures and is greatly related to operator 
experience as well as patient comorbidities. Recent multicenter 
trials have reported an incidence of 8% major complications with 
2.7% procedural mortality.36

Future Directions

The underlying pathophysiology and mechanisms of VT in the 
postinfarct state have been extensively elucidated over the past 
four decades. Electrophysiological studies performed to guide 
antiarrhythmic drug therapy or to treat ventricular tachycardia 
were developed. However, despite recent technological advance-
ments, therapies for VT have remained limited and are predomi-
nantly palliative. A number of frontiers merit exploration  
for continued progress. The high cost of ICD therapy and  
its increased use for primary prevention require better risk 

Other mapping criteria that are helpful for better character-
izing the reentrant circuit and increasing the probability of iden-
tifying effective ablation sites, in addition to concealed fusion, 
include identification of mid diastolic potential that cannot be 
dissociated from the VT and the ratio from electrogram to QRS 
and from stimulus to QRS (described in greater detail in Chapter 
126). The demonstration of a large excitable gap coupled with a 
long stimulus to QRS duration implies a fairly fixed circuit 
barrier imposed by the anatomically determined infarct. To this 
end, pacing during sinus rhythm at sites within the VT circuit 
that have isolated late potentials often produces a QRS morphol-
ogy that matches the VT morphology. This finding implies  
that the circuit is almost entirely anatomical because the  
conduction barriers are present also at a slow-paced rhythm. 
Termination of the tachycardia by program stimulation occurs 
when the extrastimuli collide with the preceding tachycardia 
impulse antidromically and encounter an absolutely refractory 
tissue orthodromically.

Clinical Presentation and Management

Patients with coronary artery disease and ventricular arrhythmias 
may present with a wide spectrum of clinical presentations, 
including palpitations, angina, exacerbation of heart failure, pre-
syncope, syncope, and sudden death. Key hemodynamic deter-
minants include cycle length and duration of the arrhythmia, 
underlying ventricular function, and development of ischemia, 
mitral regurgitation, and loss of atrioventricular synchrony. The 
degree of hemodynamic tolerance should dictate the initial thera-
peutic strategy. VTs causing severe symptoms of angina or hemo-
dynamic compromise should be treated with synchronous 
cardioversion. Despite the general belief in the common practice 
of using lidocaine as the antiarrhythmic drug of choice for treat-
ment of VT in the setting of remote myocardial infarction, intra-
venous procainamide, sotalol, and amiodarone have been 
demonstrated to be more effective. β-Blockers offer additional 
benefit for patients with ischemic heart disease, and treatment of 
underlying conditions, including decompensated heart failure, 
ischemia, and electrolyte abnormalities, is necessary. In patients 
who present with “VT storm,” increasing focus is placed on 
reducing sympathetic tone. Sedation, stellate ganglion block, and 
intrathecal administration of sympatholytic agents have been 
used with reasonable short-term results.29

Long-Term Management

Most patients with VT have infrequent episodes and do not 
require urgent therapy. In general, the three therapeutic options 
include implantable cardioverter-defibrillator (ICD), antiar-
rhythmic drugs, and ablation. In the United States, a vast major-
ity of patients with coronary disease and recurrent VTs are 
managed with ICD therapy. This approach stems from the 
limited efficacy of antiarrhythmic drugs and is based largely on 
the findings of secondary prevention ICD trials demonstrating 
benefit in patients with life-threatening ventricular arrhythmias. 
However, several controversies remain in the interpretation of 
these studies. In most studies, patients at highest risk have dem-
onstrated the greatest benefit of ICD therapy. However, this logic 
may be flawed in two ways. First, despite the benefit seen in the 
sickest group of patients, their overall residual risk may be too 
high to allow them to gain meaningful benefit. To this end, even 
appropriate ICD shocks greatly increase their short-term mortal-
ity, again suggesting the concept of competing models of deaths. 
Second, the short follow-up duration of randomized trials focused 
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technology, surgical approaches remain the most effective therapy 
for postinfarction VTs. Collaborative efforts to develop mini-
mally invasive surgical approaches to allow arrhythmia mapping 
and ablation may lead to a more definitive and safer approach for 
the treatment of infarct-related VT.

stratification models to identify the subset of patients likely to 
benefit the most. ICD technology will continue to advance, and 
stimulation protocols during VT aimed at establishing the mech-
anism of arrhythmia and tailoring an appropriate pacing protocol 
should be developed. Despite advancements in catheter 
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examined.4 It is difficult to estimate the survival in dilated car-
diomyopathy alone, because establishing the etiology of heart 
failure from population-based studies is difficult and varies widely 
depending on diagnostic criteria, case ascertainment, and geo-
graphic location. However, DCM accounts for a substantial pro-
portion of the population of patients with heart failure, with only 
24% of women and 32% of men having any documented coro-
nary disease among a cohort of patients with heart failure in 
Olmsted County, Minnesota.3 After accounting for other con-
tributors such as valvular, ischemic, and hypertensive heart 
disease, another large cohort estimated DCM to account for 32% 
of cases.5 After accounting for comorbidities, the prognosis of 
DCM compared with ischemic cardiomyopathy appears to be 
slightly improved.

Most commonly, DCM appears in patients between 18 and 
50 years of age, but children of all ages and older patients can be 
affected. It occurs more frequently in men than in women (with 
a ratio of 2.5 : 1.0) and in African Americans more than in whites 
(2.5 : 1), but the causes of these differences are not understood.

Genetics

Approximately 40% of patients with DCM have a familial con-
tribution to their disease, most of which appears to be inherited 
in an autosomal dominant fashion; however, X-linked, autosomal 
recessive, and mitochondrial inheritance are also seen. Advances 
have been made in the last 20 years in the identification of can-
didate genes responsible for DCM (Figure 85-2). Mutations in 
more than 40 candidate genes have been reported in patients with 
DCM, and it is reported that up to 40% of patients with DCM 
may have inherited this disorder.6 The more common autosomal 
dominant form of familial DCM also has two main forms: “pure” 
DCM and DCM associated with cardiac conduction system 
disease. Mitochondrial inheritance is seen most often in child-
hood forms of familial DCM, whereas X-linked and autosomal 
recessive forms seem to be distributed evenly between childhood 
and adult forms of disease. In the case of X-linked forms of DCM, 
two disorders have been well characterized: X-linked cardiomy-
opathy, which appears in adolescents and young adults, and Barth 
syndrome, which is most frequently identified in infancy.

In the case of pure DCM, linkage analysis has identified a 
number of candidate genes in which mutations have subsequently 
been found, including those that code for actin (chromosome 
15q14),7 desmin (2q35),8 β-sarcoglycan (4q12),9 δ-sarcoglycan 
(5q33),10 cardiac troponin T (1q32), β-myosin heavy chain (chro-
mosome 14q11),11 and α-tropomyosin (15q2).12 So far, DCM with 
conduction system disease candidate genes have included lamin 
A/C (1q21.2-3)13 and the sodium channel gene SCN5A (3p22–
25).14 Recent data have shown increased susceptibility to arrhyth-
mic events in patients with DCM and lamin A/C–related 
mutations.15 First described in 1987 as a form of DCM occurring 
in teenage boys and men in their early 20s, with rapid progression 
from CHF to death or transplantation, X-linked cardiomyopathy 
is distinguished by increased amounts of serum creatine kinase 
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Dilated cardiomyopathy (DCM) is a disorder characterized by 
left or biventricular dilatation and impaired systolic function 
(Figure 85-1), frequently resulting in congestive heart failure 
(CHF). Valvular heart disease, excess ethanol ingestion, hyper-
tension, pregnancy, and infections are common underlying etio-
logic factors. In idiopathic dilated cardiomyopathy, by definition 
an etiology has not been determined, although genetic, autoim-
mune, viral, and metabolic causes have been implicated. A 
common feature of DCM regardless of the underlying cause is a 
propensity to ventricular arrhythmias and sudden death. This 
chapter focuses on incidence and survival, mechanisms of ven-
tricular arrhythmogenesis, predictors of sudden death, and man-
agement of ventricular arrhythmias in DCM. For the purpose of 
this chapter, DCM refers to idiopathic dilated cardiomyopathy, 
particularly excluding cardiomyopathies related to coronary 
artery disease, unless otherwise stated.

Incidence and Survival

Congestive heart failure afflicts approximately 5.8 million indi-
viduals in the United States.1 The incidence rises steadily with 
age; there is a prevalence in men that increases from 8 per 1000 
at 50 to 59 years old, to 66 per 1000 at 80 to 89 years old. CHF 
is anticipated to be an even larger societal burden as the popula-
tion ages.2 Mortality rates after a diagnosis of CHF have steadily 
improved since the 1980s with the widespread use of neurohor-
monal medical therapy, such as angiotensin-converting enzyme 
(ACE) inhibitors and β-blockers, and with interventions such as 
implantable cardioverter defibrillators (ICDs) and biventricular 
(BiV) pacing. However, the overall mortality from CHF remains 
high in the face of the rising incidence of disease with an overall 
adjusted survival inclusive of both ischemic and nonischemic car-
diomyopathy of 48% at 5 years.3 Survival rates in DCM are 
principally determined by the severity of symptoms and the 
degree of left ventricular (LV) dysfunction in the cohort being 
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characteristic (Figure 85-4). It has been observed that 45% of all 
patients who had BBR-VT induced had underlying DCM. 
Bundle branch reentry produces VT through a macroreentrant 
circuit involving the His-Purkinje system, usually with antegrade 
conduction over the right bundle branch and retrograde conduc-
tion over the left bundle branch. In one series, it was the mecha-
nism responsible for VT in up to 6% of all patients and in up to 
41% of patients with DCM.19 BBR-VT is usually rapid, with a 
mean cycle length of 280 ms. Not surprisingly, syncope occurs 
in the majority of such patients. Degeneration to ventricular 
fibrillation can also occur. Baseline electrocardiography typically 
shows a nonspecific intraventricular conduction delay or left 
bundle branch block (LBBB) morphology. H-V intervals recorded 
during sinus rhythm are characteristically prolonged. Tachycar-
dias induced by right ventricular (RV) stimulation typically show 
a LBBB morphology. A short-to-long change in cycle length 
before the premature extrastimulus has been reported to be par-
ticularly successful at initiating BBR-VT. In patients with DCM 
coming for an electrophysiological study with a view to catheter 
ablation and who have an LBBB morphology VT induced, it is 
important to initially exclude bundle branch reentry as the under-
lying mechanism. Myocardial VT in this setting can be distin-
guished from bundle branch reentry by certain characteristics. 

muscle isoforms, a sign of underlying skeletal muscle disease.16 
Female carriers tend to develop mild to moderate DCM in their 
50s, and the disease is slowly progressive. Towbin et al.17 identified 
a disease-causing gene that codes for dystrophin, a cytoskeletal 
protein. The relationship between individual genotypes and 
arrhythmogenicity is poorly understood. As more putative genes 
have been identified, genotyping has become possible; however, 
this has not become an important tool in determining the risk for 
ventricular arrhythmias or in the management of affected indi-
viduals. As with all proposals for genetic testing, certain caveats 
apply, such as relating to the possibility of uncertain results (either 
a negative screening result in someone at risk for ventricular 
arrhythmias or a positive result in the identification of a mutation 
of unclear significance for that particular individual).

Pathophysiology

Arrhythmogenesis

No single mechanism is responsible for ventricular arrhythmias 
in DCM; rather, multiple factors clearly contribute (Box 85-1). 
At autopsy, extensive subendocardial scarring in the LV has been 
described in 33% of patients, and multiple patchy areas of 
replacement fibrosis have been described in 57% of patients with 
DCM.18 These autopsy data correspond well with findings 
observed during voltage mapping of the LV and can be observed 
on a cardiac magnetic resonance imaging (MRI) examination 
(Figure 85-3). It is apparent that these areas can act as sites for 
reentry, one of the commonest mechanisms for ventricular tachy-
cardia (VT) and sudden cardiac death (SCD) in patients with 
DCM. Ischemia, through smaller coronary artery thrombi or 
emboli and electrolyte imbalances (especially hypokalemia and 
hypomagnesemia), can also play a role in arrhythmogenesis in 
DCM and in other patients at risk for VT and SCD. Alterations 
in ventricular mechanics and geometry can predispose to reen-
trant arrhythmias through variable wall tension and stretch-
dependent shortening of ventricular refractoriness, or by resulting 
in abnormal automaticity or triggered activity. Increased circulat-
ing catecholamines can cause arrhythmias indirectly by driving 
potassium intracellularly or directly through triggered activity. 
Finally, antiarrhythmic drugs themselves can exert a proarrhyth-
mic effect in patients with DCM.

Mechanisms of Ventricular Tachycardia

Although other mechanisms of VT are common in patients with 
DCM, bundle branch reentry VT (BBR-VT) is perhaps the most 

Figure 85-1.  Dilated cardiomyopathy. IVC, Inferior vena cava; IVS, intraventricular septum; LA, left atria; LV, left ventricle; RA, right atria; RV, right ventricle; SVC, superior vena 
cava. 
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Box 85-1 Factors That Contribute to Arrhythmogenesis in 
Dilated Cardiomyopathy

1. Hypokalemia, hypomagnesemia (often related to diuretic 
use)

2. Sustained stretch-induced shortening of refractoriness 
and action potential duration predisposing to reentry

3. Short, pulsatile stretch-induced afterdepolarizations
4. Diastolic calcium overload caused by decreased 

sarcoplasmic reticulum Ca2+ adenosine triphosphatase 
pump

5. Afterdepolarizations induced by increased Na+-Ca2+ 
exchanger activity

6. Increased circulating catecholamines
7. Increased sympathetic tone
8. Myocardial fibrosis or scar
9. Purkinje system conduction delay

10. Increased endocardial surface area in dilated atrium or 
ventricle

11. Drugs (antiarrhythmics, digoxin, sympathomimetics, 
phosphodiesterase inhibitors)
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Insights from Electroanatomic Mapping

Electroanatomic mapping has continued to afford new insights 
into the basis of structural abnormalities in the genesis of ven-
tricular arrhythmias in DCM through the creation of activation 
and voltage maps of the ventricles using endocardial and epicar-
dial approaches. Mapping is typically performed during sinus 
rhythm or atrial fibrillation, such that ventricular activation is 
uniform during the mapping procedure. During mapping, atten-
tion is directed toward ensuring good catheter contact with the 
myocardium. Peak-to-peak electrogram voltages less than 0.5 mV 
are generally associated with the presence of myocardial “scar.” 

First, a LBBB-QRS morphology with the presence of a His signal 
before the ventricular signal with an H-V interval that is equal 
to or longer than that in sinus rhythm due to rate-related reduc-
tion in conduction velocity in the RBB. Second, the finding that 
preceding H-H intervals predict the following V-V intervals. 
BBR-VT is an important arrhythmia to diagnose because cath-
eter ablation of the right bundle branch is curative of this arrhyth-
mia. Some patients will require pacing after right bundle branch 
ablation, particularly those with a significant left bundle branch 
conduction delay or complete LBBB at baseline. Because of 
the severity of LV dysfunction, a dual-chamber or BiV ICD is 
usually indicated in such patients.

Figure 85-2.  Schematic of proteins implicated in the pathogenesis of dilated cardiomyopathy. Identified genes that result in dilated cardiomyopathy include the cytoskeletal 
protein-encoding genes b- and d-sarcoglycan in the sarcolemma, dystrophin, and the intermediate filament protein-encoding genes desmin and laminin A/C. Sarcomeric 
protein-encoding genes actin, b-myosin heavy chain, a-tropomyosin, and cardiac troponin T cause either dilated cardiomyopathy or hypertrophic cardiomyopathy, whereas 
cardiac  troponin  I,  titin,  and  the  myosin  light  chains  cause  hypertrophic  cardiomyopathy.  Mutations  in  dystrobrevin  cause  the  intermediate  phenotype,  left  ventricular 
noncompaction. MLP, Muscle LIM protein; nNOS, neuronal nitric oxide. 
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Figure 85-4.  Bundle branch reentry. 

Figure 85-3.  A magnetic resonance image for a patient with dilated cardiomyopa-
thy  (DCM). This delayed gadolinium enhancement  image  illustrates patchy areas 
of fibrosis at the base of the LV in the mid myocardium, with no coronary distribu-
tion typical of a DCM. Arrows indicate areas of delayed enhancement correspond-
ing to scar. 

located at the basal LV, particularly at the level of the mitral valve. 
During mapping of the substrate, other electrograms of interest 
that might be important in the genesis of arrhythmias may be 
tagged on the EAM. These include fractionated electrograms that 
could represent regions of slow conduction, late (>10 ms after the 
terminal deflection of the surface QRS) and double potentials 
(electrograms with a wide isoelectric interval between them), 
which can represent regions of slow conduction or electrical 
block. This approach facilitates the definition of the myocardial 
substrate and putative regions of interest. Soejima et al.20 charac-
terized VT in DCM using electroanatomic mapping and found 
macroreentrant VT to be the dominant mechanism. A critical 
isthmus was found in 12 patients during endocardial mapping and 
in 7 patients during epicardial mapping. All patients who had 
endocardial mapping had at least one area of scar, with an average 
of two scars per patient. More than half of the 32 scars extended 
to a valve annulus, most commonly the mitral annulus. The total 
area of endocardial scar per patient was approximately 16 cm2 (see 
Figure 85-5).

Mechanisms of Sudden Death

With the advent of telemetry and Holter monitoring, VT, previ-
ously thought to be a relatively rare condition, was noted in 50% 
to 60% of patients with DCM and was estimated to be respon-
sible for 8% to 50% of deaths.4 Of patients with all-cause CHF, 
approximately 50% have been reported to die suddenly. An 
approximately equal number succumb to progressive ventricular 
dysfunction with subsequent mortality being related to progres-
sive pump failure. Although the likelihood of death from progres-
sive pump failure rather than sudden arrhythmic death increases 
with the severity of heart failure symptoms, the absolute likeli-
hood of sudden death (presumed arrhythmic death) increases 
with New York Heart Association (NYHA) class. In the absence 
of an implanted device or telemetry, distinguishing sudden death 
from death caused by pump failure can be difficult.

Despite their common occurrence, ventricular arrhythmias 
are not the only cause of sudden death in patients with DCM. 
Luu et al.21 reviewed 21 episodes of cardiac arrest in 20 hospital-
ized, monitored patients with end-stage heart failure caused by 
ischemic or nonischemic cardiomyopathy. Primary ventricular 
tachyarrhythmias occurred in 38% of arrests. Bradycardia or 
electromechanical dissociation was the initial event in 62% of the 
patients. First- and second-degree atrioventricular (AV) block 
have been identified as markers of poor prognosis in patients with 

Voltages less than 1.5mV are generally associated with the pres-
ence of diseased myocardium and are typically found at regions 
near scarred myocardium. However, unlike in patients with car-
diomyopathies resulting from prior myocardial infarcts, such as of 
low and intermediate voltages, are typically distributed in a non-
regional manner. As a result, the areas of interest in patients with 
DCM may be found in a more diffuse and patchy distribution. 
Therefore, when creating voltage maps in patients with DCM, 
care must be taken to interrogate the entire ventricular surface. In 
addition, a high-density map leads to a better definition of regions, 
which can create a substrate for reentrant arrhythmias. While 
being generated, these voltage maps are displayed in a color-
coded manner on the electroanatomic map (EAM), so that all 
areas of viable myocardium are given the same color code and the 
scar can be differentiated further into different zones according to 
the local voltage at multiple points within the scar. In patients with 
DCM, there is a propensity for regions of low voltage to be 
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of cardiomyopathies. As discussed previously, the location of the 
scar, as defined by late gadolinium enhancement (LGE), has a 
propensity for the basal regions. Transmurality is less commonly 
observed than in patients with ischemia as an underlying cause 
for their cardiomyopathy and subepicardial and midmyocardial 
scar is frequently observed in patients with DCM. Initially 
described by McCrohon et al.23 who found longitudinal striae of 
midwall enhancement consistent with fibrosis in 28% of patients 
with DCM, MRI can be used to quantitate the extent of scar and 
define its location. Nazarian et al.24 demonstrated a propensity 
for scar in the basal midmyocardial layers of the LV in patients 
with DCM and found that the amount of nontransmural scar 
(26% to 75% wall thickness), as defined by LGE, was an inde-
pendent predictor of the presence of inducible VT during pro-
grammed ventricular stimulation. In several cases, the location of 
scar could be correlated with the origin of the clinical VT (see 
Figure 85-5). In a series of 141 patients studied by Hombach 
et al.25 predictors of poor clinical outcomes (cardiac death) 
included a longer QRS duration (>110 ms), comorbid diabetes 
mellitus, and the presence of LGE on MRI .

Some centers routinely perform imaging with MRI in patients 
with underlying VT and DCM who are considered for catheter 
ablation, in an attempt to identify preprocedurally the regions 
within the LV that are most likely responsible for VT. This 
approach is limited by the fact that the majority of such patients 
will already have an ICD implanted, limiting the ability to 
perform MRI examinations. Advances in cardiac computed 
tomography (CT) show promise in the ability to identify areas of 
myocardial scar, even in patients with ICDs. In any case, if such 
data are available, knowledge of the location and extent of myo-
cardial scar and integration of these images with electroanatomic 
mapping systems can help to guide catheter ablation of VT in 
DCM.

DCM. Others have also noted that ischemia, secondary to acute 
coronary artery thrombi or emboli, can lead to sudden death in 
a small number of patients. Pulmonary emboli and electrolyte 
imbalances are other significant precipitants of sudden death in 
patients with heart failure.21,22

Imaging

Echocardiography is the preferred initial imaging modality in 
patients with DCM; it aids in the diagnosis and provides a simple, 
noninvasive method for longitudinal follow-up of ventricular 
function in these patients. Echocardiography provides important 
information on the degree of overall left ventricular dysfunction 
and dilatation, regional wall motion, the presence of scar, and the 
severity of associated mitral regurgitation. These factors are 
important in determining prognosis, optimizing pharmacologic 
therapy, determining the need for BiV pacing or an ICD, and in 
the planning of an ablation procedure for patients with drug-
refractory VT. Cardiac CT or, more commonly, coronary angi-
ography are required to establish the absence of significant 
coronary artery disease and aid in confirming the diagnosis of 
nonischemic DCM. Because of the benefit of revascularization in 
selected patients with cardiomyopathy related to coronary artery 
disease (CAD), underlying CAD should always be excluded in 
patients with LV dysfunction and before a diagnosis of nonisch-
emic DCM is made.

A more detailed examination of the presence, extent, and 
transmurality of myocardial scar is possible with cardiac magnetic 
resonance imaging (Figure 85-5). As previously observed on 
autopsy findings, it has been observed with MRI that the regions 
and depth of scar in patients with DCM differ from other forms 

Figure 85-5.  A, Voltage map of the endocardial surface of the left ventricle (LV). An extensive low-voltage area is present in the LV outflow area. B, Two morphologies of 
ventricular  tachycardia  (VT). C, Pace mapping at sites 1, 2, and 3  labeled  in  (A)  is  shown. A good pace match  for VT1  is observed at sites 2 and 3. A  long S-QRS delay 
(200 ms), consistent with slow conduction away from the pacing site, is observed during pace mapping at site 1. A series of radiofrequency lesions (red circles) across this 
region from the aortic annulus to the dense scar above the mitral annulus abolished both VTs. 

(From Soejima K, Stevenson WG, Sapp JL, et al: Endocardial and epicardial radiofrequency ablation of ventricular tachycardia associated with dilated cardiomyopathy: the 
importance of low-voltage scars. J Am Coll Cardiol 43:1834–1842, 2004.)
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actuarial survival of patients with atrial fibrillation compared with 
patients in sinus rhythm was 52% versus 71% ( P = .001); however, 
this association did not remain significant when corrected for an 
increased pulmonary wedge pressure. Atrial fibrillation can also 
reduce survival by increasing thromboembolic events or ven-
tricular arrhythmias, the latter through long-short cycle lengths 
increasing the dispersion of refractoriness in the His-Purkinje 
system and ventricles.

Spontaneous Ventricular Arrhythmias
Multiform premature ventricular complexes, ventricular cou-
plets, and nonsustained VT (NSVT) are nearly ubiquitous in 
patients with dilated cardiomyopathy and in some cases can rep-
resent a cause of the left ventricular dysfunction.31 The signifi-
cance of NSVT is difficult to assess given its high prevalence 
among patients with DCM. There have been conflicting reports 
of the significance of NSVT on overall mortality and sudden 
death in well-treated patients with DCM after efforts to control 
for other variables.32

Programmed Electrical Stimulation
Although programmed electrical stimulation is used routinely 
during catheter ablation procedures in patients with drug-
resistant, sustained ventricular arrhythmias, programmed electri-
cal stimulation has not been shown to be an accurate predictor 
of sudden death in patients with nonischemic DCM. It is impor-
tant to note that in most patients with nonischemic DCM, elec-
trophysiological studies are unreliable in the induction of 
sustained monomorphic VT, making the historical approach of 
serial drug testing and drug-tailored therapy problematic. Sus-
tained monomorphic VT is uncommonly induced in patients 
with DCM. Polymorphic ventricular arrhythmias can be induced 
in up to 86% of patients with DCM, but this is a nonspecific 
endpoint that is not useful in predicting risk for SCD.

In patients with a clinical history of sustained monomorphic 
VT, the clinically observed VT can be induced in patients at the 
time of the electrophysiological study. As in patients with coro-
nary artery disease, sustained monomorphic VT is induced less 
frequently in patients with cardiac arrest or nonsustained VT 
than in those with a clinical history of sustained monomorphic 
VT. Sustained monomorphic VT is rarely induced in patients 
with no or low-grade ectopy.

The inducibility of VT is much less predictive of arrhythmia 
recurrence and sudden death in patients with DCM than in 

Predictors of Mortality and  
Ventricular Arrhythmias

Perhaps the greatest challenge facing the clinician managing the 
patient with DCM and ventricular arrhythmias is the assessment 
of the risk for sudden arrhythmic death compared with the risk 
of death from other causes in individual patients. The determina-
tion of probable life expectancy and risk for sudden death can be 
made only with the relatively imprecise predictive tools currently 
available.

Clinical Predictors of Mortality

The severity of LV dysfunction is a powerful predictor of mortal-
ity in patients with DCM and CHF. A reduced LV ejection frac-
tion (LVEF) has been shown to correlate strongly with poor 
survival. In one study including patients with both ischemic and 
nonischemic cardiomyopathy, with a mean follow-up of 37 
months, mortality was substantial in all LVEF groups (range, 
LVEF ≤ 15%, 51.7%; LVEF > 55%, 23.5%). Among patients 
with LVEF ≤ 45%, mortality decreased in a near linear fashion 
across successively higher LVEF groups (LVEF < 15%, 51.7%; 
LVEF 36% to 45%, 25.6%; P < .0001).26 Other studies have also 
shown LVEF to be a powerful predictor of mortality in a popula-
tion, excluding ischemic cardiomyopathy.27 Information on 
LVEF, as well as other data on cardiac function and structure, can 
be obtained noninvasively from an echocardiogram. Other inva-
sively obtained indices of LV and RV function including pulmo-
nary capillary wedge pressure, cardiac index, stroke work index, 
stroke volume, and right atrial pressure also predict mortality in 
patients with DCM.4

Given the subjective nature of the data, clinical observations 
and heart failure classification are not as robust predictors of 
mortality as the more objective indices of LV function. Neverthe-
less, both higher NYHA classification and the presence of a third 
heart sound correlate with mortality in DCM and other causes 
of CHF.28 In DCM, the incidence of sudden death is significantly 
greater in patients with a history of syncope.29 Laboratory values 
found to be predictive of mortality include low serum sodium and 
increased plasma norepinephrine, renin, and both atrial and brain 
natriuretic peptide levels. Most studies that have included patients 
with ischemic and nonischemic cardiomyopathy have demon-
strated a marginally worse prognosis in patients with coronary 
artery disease; however, this has not been universally observed.

Electrophysiological Predictors of  
Arrhythmias and Death

Electrocardiogram
The presence of LBBB and first- and second-degree AV block 
have been associated with poorer outcomes in DCM. Data from 
the Vesnarinone Study Trial (VEST) have confirmed a significant 
association between the degree of QRS prolongation and mortal-
ity (Figure 85-6). It has also been observed that the development 
of atrial fibrillation appears to portend a poorer prognosis, 
although the reason for this remains controversial. The emer-
gence of atrial fibrillation can contribute to worsening cardiac 
performance and precipitate acute heart failure, particularly if 
ventricular rates are poorly controlled. Some patients can have 
ventricular arrhythmias precipitated by uncontrolled supraven-
tricular arrhythmias. In others, atrial fibrillation may simply be a 
marker of progressive cardiac dysfunction and not the primary 
cause of this progression. In one large study, 19% of 390 patients 
with advanced heart failure,30 including 191 patients with DCM, 
developed paroxysmal or persistent atrial fibrillation. One-year 

Figure 85-6.  Cumulative survival as a function of QRS duration on 12-lead electro-
cardiogram at trial entry in the VEST study. 

(Adapted from Venkateshwar K, Gottipaty SP, Krelis FL, et al: The resting electrocar-
diogram provides an inexpensive marker of prognosis in patients with chronic con-
gestive heart failure. JACC 33[2]:145A [abstract 847-4], 1999.)
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Table 85-1. Programmed Stimulation in Patients with Dilated Cardiomyopathy and No History of Sustained Ventricular Arrhythmias

References
No. of 
Patients

Inducible Arrhythmia
Follow-Up

Arrhythmic Events During 
Follow-Up

NSVT VES SMVT PMVT/VF (mo)
MMVT 
Inducible

PMVT/VF 
Inducible Noninducible

Meinertz et al., 1985 42 35% 1-2 0 (0%) 1 (2%) 16 0 (0%) 0 (0%) 2 (5%)

Stamato et al., 1986 15 93% 1-2 0 (0%) 0 (0%) 19 + 4 0 (0%) 0 (0%) 2 (13%)

Poll et al., 1986 20 100% 1-3 2 (10%) 4 (20%) 17 + 14 0 (0%) 2 (50%) 5 (36%)

Das et al., 1986 24 NA 1-3 1 (4%) 4 (17%) 12 + 6 — 1 (100%) 1 (25%)

Gossinger et al., 1990 32 100% 1-3 4 (13%) 0 (0%) 21 1 (25%) 0 (0%) 2 (7%)

Brembilla-Perrot, 199129 92 46% 1-3 3 (3%) 5 (5%) 24 + 8 2 (67%) 2 (40%) 3 (4%)

Kadish et al., 1993 43 100% 1-3 6 (14%) NA 20 + 14 1 (17%) NA 6 (16%)

Turrito et al., 1994 80 100% 1-3 10 (13%) 7 (9%) 22 + 26 3 (30%) 0 (0%) 6 (10%)

Grimm et al., 1997 34 100% 1-3 3 (9%) 10 (29%) 24 + 13 1 (33%) 3 (30%) 5 (24%)

NSVT, nonsustained ventricular tachycardia at baseline; VES, number of ventricular extrastimuli used; SMVT, sustained monomorphic VT; PMVT/VF, polymorphic ventricular 
tachycardia or ventricular tachycardia; MMVT, monomorphic ventricular tachycardia; NA, not available; Noninducible, no sustained ventricular arrhythmia inducible.
(From Grimm W, Hoffmann J, Menz V, et al.: Programmed ventricular stimulation for arrhythmia risk prediction in patients with idiopathic dilated cardiomyopathy and 
nonsustained ventricular tachycardia. J Am Coll Cardiol 32:739–745, 1998.)

patients with coronary artery disease (Table 85-1). Analysis of 
pooled data shows that, of patients with inducible VT suppressed 
by drug therapy, 28% who initially had VT experienced recur-
rence, whereas 43% with cardiac arrest later died suddenly.33 
Failure to induce sustained monomorphic VT during pro-
grammed electrical stimulation is associated with high rates of 
arrhythmia recurrence and sudden death, although at lower inci-
dence rates than in patients with inducible VT. Therefore, pro-
grammed ventricular stimulation should not be used for risk 
stratification in patients with DCM.

Noninvasive Electrocardiograph Predictors
A number of noninvasive electrocardiograph (ECG) predictors 
have been studied in small series as predictors of clinical and 
inducible VT as well as sudden death in patients with DCM. In 
a large trial, Grimm et al.34 examined the predictive value of 
echocardiography, 24-hour Holter monitoring, signal averaged 
ECG (SAECG), heart rate variability, QT dispersion, microvolt 
T wave alternans, and baroreflex sensitivity in 343 patients with 
DCM. After an average follow-up of 52 months, 13% of patients 
had a sustained ventricular arrhythmia or died suddenly. The 
relative risk of VT and SCD was increased 2.3-fold for each 10% 
reduction in EF and 1.7-fold when VT was present on a Holter 
monitor. The relative risk of VT and SCD was reduced by 40% 
when patients were treated with β-blockers. However, none of 
the other five noninvasive predictors proved useful in predicting 
VT or SCD. In the asymptomatic patient with DCM, LVEF and 
the presence of VT on a Holter monitor remain the most power-
ful and clinically useful predictors of risk for sudden cardiac 
death. Data on the presence and extent of myocardial fibrosis on 
cardiac MRI and subsequent fatal or nonfatal ventricular arrhyth-
mias in DCM have also been reported.25

Drug Therapy

Vasodilator Therapy

Vasodilators improve survival in patients with CHF by lessening 
the progression of LV dysfunction. Neurohormonal blockade 

with ACE inhibitors and angiotensin receptor blockers, in con-
trast to other vasodilators, could be unique in reducing risk for 
sudden death in such patients. In the Veterans Heart Failure Trial 
II,35 the reduction in all-cause mortality rates (18% vs. 25%) with 
enalapril compared with hydralazine-isosorbide dinitrate was 
attributed to a reduction in the incidence of sudden death (37% 
vs. 46% of the total mortality) in the enalapril group. Ventricular 
tachycardia was less frequent at 3 months, and less new VT 
developed at 1 and 2 years in the enalapril group. In the Evalu-
ation of Losartan in the Elderly (ELITE) Trial,36 an angiotensin 
II receptor antagonist (losartan) was shown to reduce overall 
mortality rates by 46% and, from within total mortality, sudden 
death by 64% compared with captopril in an older group of 
patients with symptomatic heart failure, and LV systolic dysfunc-
tion. These results were not confirmed in the subsequent ELITE 
II trial,37 which showed no difference in mortality rates, total or 
sudden, between an ACE inhibitor and angiotensin II receptor 
blocker.

Adrenergic Receptor Blocking Agents

In 1975, Waagstein et al.38 first reported an improvement in 
ventricular function and exercise tolerance in seven patients with 
DCM treated with β-receptor blocking agents. Since then, 
several studies have shown symptomatic improvement in patients 
with nonischemic dilated cardiomyopathies treated with 
β-blockers. Since that time, β-blockers have clearly shown 
mortality benefit in patients with both ischemic and nonischemic 
cardiomyopathy. A metaanalysis of more than 10,000 patients, 
more than 4000 of which had nonischemic cardiomyopathy 
pooled from 22 studies, revealed substantially reduced mortality 
at 1 and 2 years (odds ratios, 0.65 and 0.72).39 The rationale for 
β-blocker therapy in patients with dilated cardiomyopathies is to 
counteract the deleterious effects of heightened sympathetic tone 
and circulating catecholamines, including cytosolic calcium over-
load mediated through ryanodine receptor hyperphosphorylation 
and decreased synthesis of contractile proteins (Figure 85-7).

The largest trials of β-blockers in CHF included 
mainly patients with ischemic cardiomyopathy. Carvedilol, a 
nonselective β-blocker that is also an α-receptor antagonist and 
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sudden cardiac deaths.41 In the Cardiac Insufficiency Bisoprolol 
Study II (CIBIS II) trial, 2647 patients with NYHA III or IV 
symptoms and an ejection fraction less than 0.35 were random-
ized to bisoprolol or placebo in addition to an ACE inhibitor and 
diuretic. There was a highly significant 34% reduction in total 
mortality rate at 1.3 years mainly because of a 44% reduction in 
the rate of sudden cardiac death, which led to the trial being 
halted prematurely.42 The striking similarities in the outcomes of 
these three trials indicate that the large reductions in mortality 
rates observed with β-adrenergic blockade argue strongly for a 
class effect and add to the weight of evidence supporting the role 
of ACE inhibition and β-receptor blockade in all patients with 
CHF unless a specific contraindication exists.

antioxidant was associated with a remarkable 65% reduction in 
mortality rates among 1094 patients with class III or IV heart 
failure and an ejection fraction of less than 0.35 who could toler-
ate the drug and were randomized to carvedilol or placebo in 
addition to conventional therapy.40 The Metoprolol CR/XL Ran-
domized Intervention Trial in Congestive Heart Failure random-
ized 3991 patients with an ejection fraction of 0.40 or less and 
NYHA class II-IV heart failure to metoprolol or placebo in addi-
tion to conventional therapy. Overall mortality rate was reduced 
34% at 21 months among the patients treated with metoprolol, 
with significant reductions noted in patients with and without 
coronary disease (40% and 30%, respectively). There was a 49% 
reduction in heart failure–related deaths and a 41% reduction in 

Figure 85-7.  Catecholamine-induced polymorphic ventricular tachycardia (PMVT). Constant adrenergic stimulation through β-adrenergic receptors (β-AR) causes a positive 
shift in ryanodine receptor 2 (RyR2) kinetics and Ca2+ leaks back into the cytosol in diastole causing early afterdepolarizations (EADs) and premature ventricular contractions 
(PVCs). These Ca2+ leaks can be reduced by β-blockade through inhibition of adenylate cyclase (AC)–mediated cyclic adenosine monophosphate (cAMP) production and 
less RyR2 activation. Identified mutations include: P2328S, Q4201R, and V4653F in the calsequestrin 2 gene (Calsq2). Gprot, G proteins; PLB, phospholamban; SR, sarcoplasmic 
reticulum; VGCC, voltage-gated Ca2+ channel. 
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In the Amiodarone versus Implantable Cardiovert-Defibrillator 

Trial, Strickberger et al.46 randomized 103 patients with DCM, 
NSVT, and an LVEF less than 35% to receive either amiodarone 
or an ICD. Mortality at 1 and 2 years was similar (10% vs. 4% 
and 12% vs. 13%, respectively; P = not significant). There was 
no difference in quality of life between groups.48

In the SCD-HeFT, Bardy et al.45 randomized 2521 patients 
with both coronary disease and DCM with class II or III CHF 
and LVEF less than 35% to receive placebo, weight-adjusted 
amiodarone, or an ICD. The ICD implanted in this trial was a 
single chamber device with “shock only” therapies programmed. 
The device was not programmed to deliver antitachycardia 
pacing. At 5 years of follow-up, absolute and relative mortality 
reductions in the ICD group compared with placebo were 7.2% 
and 23%, respectively (P = .007; Figure 85-8). An interesting 
subgroup analysis, which must be interpreted with caution, sug-
gested that the mortality benefit was limited to those with class 
II rather than class III heart failure. Although the overall result 
in favoring ICD implantation was positive, the P value was .06 
for the relative risk reduction in mortality in patients with 
nonischemic cardiomyopathy. Nonetheless, these trials show 
similar significant reductions in total mortality among patients 
with DCM who receive an ICD rather than standard medical 
therapy or the addition of amiodarone, and support the use of 
prophylactic ICD therapy in patients with DCM and severely 
reduced LV function in the absence of NYHA class IV CHF. This 
recommendation is supported by current guidelines on the use 
of ICDs for primary prevention of sudden death in DCM.46

Biventricular Pacing

Between 30% and 50% of patients with DCM have intraven-
tricular conduction delays resulting in a QRS duration greater 
than 120 ms, most commonly with an LBBB pattern. Delayed 
activation of the LV free wall can result in dyssynchronous free 
wall contraction relative to the septum with resulting reduction 
in LV stroke volume and cardiac output and increased functional 
mitral regurgitation. In addition, delayed activation can result in 
subsequent delayed relaxation with the consequence that passive 
filling of the LV can be nearly simultaneous with atrial contrac-
tion, particularly at faster heart rates. It has been shown that 
earlier activation of the LV free wall by pacing (1) improves 
systolic function by shortening the duration of mechanical systole 
and increasing dP/dt, (2) improves diastolic function by prolong-
ing diastolic filling time, and (3) reduces presystolic mitral regur-
gitation by earlier activation of the lateral papillary muscle, 
without the potential adverse effects associated with inotropic 
drugs. The results of prospective randomized controlled trials 
published to date have consistently demonstrated an improve-
ment in acute hemodynamics, LV dP/dt, LV ejection fraction, 
NYHA class, and 6-minute walk duration, as well as a reduction 
in hospitalization for heart failure and cost effectiveness, even in 
minimally symptomatic patients,49 after implantation of BiV 
pacemakers. In addition, among those patients randomized to 
BiV ICDs, there was a reduction in the frequency of ICD shocks, 
number of therapies required, and number of episodes of non-
sustained VT.

Large trials assessing the effects of BiV pacing on mortality 
have included patients with DCM. The CARE-HF study50 fol-
lowed 813 patients (46% with DCM) who had NYHA class III 
or IV heart failure despite receiving standard pharmacologic 
therapy, a left ventricular ejection fraction of 35% or less, and a 
QRS interval duration of at least 120 ms on the resting electro-
cardiogram. Patients with a QRS interval of 120 to 149 ms were 
required to meet two of three additional criteria for dyssyn-
chrony: an aortic preejection delay of more than 140 ms, an 
interventricular mechanical delay of more than 40 ms, or delayed 

Antiarrhythmic Drug Therapy

Antiarrhythmic drugs can be used for the treatment of VT or 
atrial arrhythmias in DCM. They have also been used in an 
attempt to reduce mortality in DCM in those without clinically 
evident arrhythmias. Unfortunately, most conventional antiar-
rhythmic agents can exacerbate LV dysfunction, particularly class 
IA and IC agents (e.g., disopyramide and flecainide). Life-
threatening complications, including CHF and proarrhythmia, 
occur far more frequently in patients with impaired ventricular 
function. Amiodarone, which is also a vasodilator with antiadren-
ergic effects, is the most frequently used antiarrhythmic drug in 
DCM. Neri et al.43 found that amiodarone significantly reduced 
the incidence of complex ventricular arrhythmias and sudden 
death among 65 patients with DCM and VT. Side effects devel-
oped in slightly more than half of the patients, making it neces-
sary to terminate therapy in 9.8%. In another study, among 232 
patients with DCM being evaluated for cardiac transplantation, 
treatment with amiodarone was not found to prolong survival, 
although patients were not randomized.44 Similar to conventional 
antiarrhythmic agents, the efficacy and tolerance of amiodarone 
decreases with deteriorating ventricular function. In the largest 
trial to date, Sudden Cardiac Death Heart Failure Trial (SCD-
HeFT),45 2521 patients with an LVEF less than 0.35 with CAD 
(52%) and nonischemic DCM (48%) with NYHA II-III CHF, 
but no arrhythmia requiring amiodarone therapy, were random-
ized to placebo, amiodarone, or an ICD. In this large primary 
prevention trial, there was no mortality difference between 
amiodarone-treated and placebo-treated patients with nonisch-
emic cardiomyopathy. Based on this trial and other observations, 
it has been recommended that amiodarone not be used routinely 
in patients with DCM unless a specific, well-defined arrhythmia 
indication exists. When used to treat VT in the setting of DCM, 
antiarrhythmic drug therapy is most commonly used as an adjunct 
to ICD therapy.

Device Therapy

Implantable Cardioverter-Defibrillators

For patients with DCM who have survived a cardiac arrest or 
who have had spontaneous sustained VT, implantation of an ICD 
is indicated. Currently, guidelines also recommend ICD implan-
tation for DCM patients with an LVEF less than or equal to 35% 
with NYHA class II or III heart failure (class I indication); for 
those with DCM and a history of syncope with documented 
significant LV dysfunction, implantation of an ICD is deemed 
reasonable (class IIA indication).46 For primary prevention, a 
number of trials have examined the role of prophylactic ICDs in 
the treatment of DCM.

In the Defibrillators in Non-Ischemic Cardiomyopathy Eval-
uation Trial, Kadish et al.47 randomized 458 subjects with DCM 
and an LVEF less than 36% to standard medical therapy or ICD 
therapy. More than 90% were already on best medical therapy 
with a β-blocker and an ACE inhibitor or ARB. Mean LVEF was 
21%, and 90% of patients had nonsustained VT. Symptom class 
was NYHA class I in 22%, class II in 57%, and class III in 21%. 
The primary endpoint was total mortality. After 2 years, 14.1% 
of the standard therapy group had died and 7.9% of the ICD 
therapy group had died, resulting in a 6.2% absolute and 35% 
relative risk reduction. This difference did not reach statistical 
significance (P = .08) likely because of insufficient sample size and 
a lower than expected death rate in the standard therapy group. 
Arrhythmic mortality, a secondary endpoint, was reduced by 80% 
(P = .006) in the ICD therapy group. Mortality reduction was 
greater in NYHA class III than in class II patients.
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resynchronization reduced the interventricular mechanical delay, 
the end-systolic volume index, and the area of the mitral regur-
gitant jet; it also increased the left ventricular ejection fraction  
and improved symptoms and quality of life ( P < .01 for all 
comparisons).

In the Comparison of Medical Therapy, Pacing, and Defibril-
lation in Heart Failure Trial,51 1520 patients with NYHA class 
III-IV heart failure, QRS duration longer than 120 ms, PR inter-
val longer than 150 ms, and LV ejection fraction less than 0.35 
were randomized in a 1 : 2 : 2 manner to optimal medical therapy, 
BiV pacing alone, or BiV-ICD therapy. Of note, 44% of the 
patients had nonischemic cardiomyopathy. BiV pacing and 
BiV-ICD therapy reduced the combined end-point of mortality 
and hospitalization by 34% and 40%, respectively, compared 
with optimal medical therapy alone; mortality was reduced by 
24% and 36%, respectively, with the larger reduction in the 
BiV-ICD group reaching statistical significance. Recently, the 
benefit of cardiac resynchonization therapy (CRT) has been dem-
onstrated among asymptomatic and minimally symptomatic 
patients with LBBB and decreased ejection fraction,52 resulting 
in an expansion of the guidelines in the recommendation for 
CRT implant to include a class I indication for NYHA class II 
with LBBB with QRS duration of 150 ms or longer and the addi-
tion of a class IIb recommendation for patients who have LVEF 
of 30% or less, ischemic etiology of HF, sinus rhythm, LBBB 
with a QRS duration of 150 ms or longer, and NYHA class I 
symptoms. NYHA class IV heart failure has been considered a 
contraindication to ICD implantation (except in those patients 
awaiting cardiac transplant) because of the high likelihood of 
death caused by pump failure 1 year. Therefore, BiV pacemakers 
would seem to be the most appropriate therapy in patients with 
severe (NYHA class IV) heart failure who have fixed contraindi-
cations for cardiac transplant, whereas BiV ICDs might be more 
appropriate for patients with DCM, NYHA class II-III CHF, and 
advanced LV dysfunction; however, this approach might need to 
be revised in cases in which BiV pacing results in marked improve-
ment in heart failure symptoms to NYHA class II-III such that 
an ICD would also be indicated. Although it has been reported 
that up to 30% of patients fail to respond BiV pacing, a more 
aggressive and multiple-specialty follow-up and echo-guided 
device programming approach has shown to lead to better out-
comes in patients undergoing BiV device outcome compared 
with a non-multidisciplinary approach.53

Because of the increasing volume of patients with implanted 
BiV-ICDs and availability of close prospective follow-up in some 
centers, further information regarding predictors of ventricular 
arrhythmias can be gleaned. In a recent study of 269 patients 
(46% with nonischemic cardiomyopathy) who had undergone 
BiV-ICD implantation for standard indications, the 4-year inci-
dence of appropriate device therapy was 36%. An observation 
was made that those with an LV end-systolic diameter greater 
than 61 mm had an incidence of ventricular arrhythmias of 51% 
at 3 years; for those with a less dilated LV, the corresponding 
figure was 26% ( P = .001). In patients with a less dilated LV 
(<61 mm), multivariate predictors of appropriate therapy were 
absence of β-blocker therapy, severely impaired left ventricular 
ejection fraction (LVEF < 20%), and a history of sustained ven-
tricular arrhythmia.54

Ventricular Assist Devices

Ventricular assist devices constitute an important advance in the 
management of patients with end-stage heart failure. Previously 
used solely as an in-hospital bridge to transplant, many patients 
have now been discharged from hospital while awaiting heart 
transplantation. Such home-bridging to transplantation has been 
studied as part of clinical trials of the HeartMate (Thoratec, 

activation of the posterolateral left ventricular wall. After 2.5 
years of follow-up, the investigators found a 36% reduction in 
mortality from 30% to 20% and a 37% reduction in death or 
hospitalization from 55% to 39% among those randomized  
to BiV pacing. Compared with medical therapy, cardiac 

Figure 85-8.  Kaplan-Meier  analysis  of  freedom  from  death  among  patients  with 
ischemic  and  nonischemic  dilated  cardiomyopathy  randomized  to  placebo, 
implantable  cardiac  defibrillators  (ICDs),  or  amiodarone  in  the  Sudden  Cardiac 
Death  Heart  Failure  Trial.  Mortality  reduction  with  ICD  therapy  compared  with 
placebo was similar  in the  ischemic and nonischemic groups. Amiodarone failed 
to reduce mortality in either group. 

(From Bardy GH, Lee KL, Mark DB et al: Amiodarone or an implantable cardioverter-
defibrillator for congestive heart failure. N Engl J Med 2005;352:225–337.)
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Preprocedural imaging should be undertaken to assess the degree 
of LV dysfunction and associated valvular abnormalities, and to 
exclude the presence of an LV thrombus, which would be a con-
traindication to endocardial mapping. Baseline ECGs and any 
available ECGs of the ventricular tachycardia should be reviewed, 
as well as device-based electrograms. Endocardial mapping can 
be performed via a retrograde aortic approach or an antegrade 
approach following atrial transseptal puncture. Mapping of the 
epicardial surface is generally straightforward after gaining access 
to the epicardium following an epicardial puncture as described 
by Sosa et al.57 The ablation of VT in DCM is usually performed 
with one or more of a number of mapping modalities, including 
entrainment mapping, pace-mapping, and electroanatomically 
guided voltage, and in some cases activation sequence mapping 
(i.e., EAM).58 The use of integrated mapping systems that permit 
merging of three-dimensional CT or MRI images with real-time 
electroanatomic mapping has proved helpful to some operators 
(Figure 85-9). Similarly, integration of the EAM with a real-time 
acquisition of intracardiac echocardiographic images can be 
helpful in mapping larger LV cavities. Mapping of both the endo-
cardial and, if necessary, epicardial surfaces of the ventricle 
permits the creation of a representation of the ventricular myo-
cardium that can be merged in real time with a previously 
obtained CT or MRI or with ultrasound images obtained using 
intracardiac echocardiography. Activation and voltage maps can 
be simultaneously created to guide localization of a VT circuit 
(see Figure 85-4). The resolution of these EAMs is sufficient to 
permit mapping of the chamber and guide targeted ablation, with 
minimization of fluoroscopy times. Voltage mapping using elec-
troanatomic mapping systems allows rapid identification of the 
presence of scar, particularly on the endocardium. The presence 
of low voltage on the epicardium can represent either local scar 
or epicardial fat. As discussed previously, these mapping systems 
can be extremely useful in identifying reentrant circuits that 
might be responsible for a patient’s clinically observed VT. EAMs 
thus enable mapping and guidance for the selection of ablation 
targets, linear lesion sets, or both. It has been demonstrated using 
entrainment mapping that myocardial reentry is the dominant 
mechanism responsible for VT in patients with DCM in whom 
BBR-VT has been ruled out. In hemodynamically stable patients 
in whom entrainment mapping can be performed, a critical 

Pleasanton, CA) and AbioCor (AbioMed, Danvers, MA)55 and 
other vented electrical implantable devices. There are many 
reports of patients with assist devices who tolerate ventricular 
arrhythmias, including a prolonged period of ventricular fibrilla-
tion, remarkably well because cardiac output is maintained by the 
assist device rather than the left ventricle. However, patients with 
poor RV function and others with ventricular fibrillation can 
develop significant hemodynamic compromise with a solely left 
ventricular assist device. Currently, the use of these devices is 
limited by their cost, the risk for infection related to the percu-
taneous power or drive cable, and the risk for systemic thrombo-
embolism. However, their increasing use as destination therapy 
or a bridge to recovery rather than as a bridge to transplant is an 
indication of their success in the treatment of end-stage DCM.

Catheter Ablation

Although ICDs have reduced the likelihood of arrhythmic death, 
they do not prevent the recurrence of symptomatic VT. Pharma-
cologic control of VT is successful in approximately 40% of 
cases, leaving a significant proportion of patients with symptom-
atic VT or ICD shocks. Previous experience with catheter abla-
tion of VT in DCM had been limited and was associated with 
lower success rates than VT ablation in the setting of coronary 
disease and post–myocardial infarction. However, the advent of 
electroanatomic mapping systems, irrigated tip ablation catheters 
and epicardial mapping and ablation has been associated with 
significant improvement in success rates. With the wider accep-
tance and performance of ablation for patients with DCM and 
VT, more of these procedures are performed annually. Guide-
lines for patient selection have been published.56 Of importance 
for patients with DCM, catheter ablation is recommended for 
symptomatic sustained monomorphic VT that has been unre-
sponsive to antiarrhythmic medications (or when these are 
believed to be contraindicated), for the treatment of incessant 
sustained monomorphic VT or VT storm that is not due to 
reversible cause, and for bundle branch reentrant VT.

Preprocedural planning is extremely important when a cath-
eter ablation procedure is planned in a patient with DCM. 

Figure 85-9.  CARTO (Biosense-Webster, Diamond Bar, CA) electroanatomical voltage maps of the left ventricle in a patient with DCM. Epicardial map on left showing more 
low voltages and “scar” than an endocardial map on the right (voltages set at 0.5 to 1.5 mV.) The VT was successfully ablated; the region of exit was at the basal level at the 
mitral valve. Such propensity of epicardial low voltages (“scar”) and perimitral mechanism of VT is not uncommon in patients with DCM. 
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patients with DCM, challenges of epicardial catheter ablation 
include the need to avoid the epicardial coronary vasculature to 
prevent arterial injury during ablation and the presence of epi-
cardial fat, which can prevent access to target sites.

Conclusion

The goals in treating patients with nonischemic DCM and ven-
tricular arrhythmias are to reduce the risk for sudden death and 
to minimize symptomatic VT. As LV function deteriorates in 
DCM, the incidence of both sudden and heart failure–related 
death increases. It has proved difficult to discriminate precisely 
from this population a subgroup of patients who, despite being 
at an increased risk for terminal pump failure, die an arrhythmic 
death. Nonetheless, the use of β-blockers, ACE inhibitors, BiV 
pacing, and ICDs has led to an improvement in overall survival 
and therefore an increasing prevalence of DCM and associated 
ventricular arrhythmias. Recent advances in mapping and cath-
eter ablation technology have led to improved success rates and 
an increase in the use of this therapeutic technique in this growing 
patient population.

reentry isthmus can usually be identified. As many scar-related 
VT circuits in patients with DCM extend to the level of the 
mitral valve, many operators design lesion sets involving not only 
a defined critical isthmus but also continuing the lesion set to the 
mitral valve annulus, a site of fixed anatomical block. The avail-
ability of hemodynamic support devices can now facilitate the 
mapping of rapid VTs that previously would not have been map-
pable because of hemodynamic instability. Failure to ablate VT 
from the epicardium or endocardium can be due to a midmyo-
cardial source or critical isthmus, or inability to reach an epicar-
dial source because of the presence of epicardial fat. The use of 
cryoablation on the epicardial surface has been reported to be 
successful in such circumstances.59 Novel catheter designs includ-
ing needle-tipped catheters are under development to help 
address the problem of intramural targets. Irrigated tip catheters 
have also proved useful in both increasing lesion depth toward 
the midmyocardial layers where myocardial fibrosis has been 
frequently identified in DCM patients, as well as reducing the 
likelihood of endocardial charring and thrombus formation. The 
increasing use of percutaneous epicardial catheter ablation is a 
result of the moderate success rates observed with endocardial 
approaches alone. In patients with DCM, approximately one 
third of VTs are ablated epicardially rather than endocardially. In 
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substantial ectopy, including (in combination) ≥200 premature 
ventricular depolarizations, ≥5 couplets, and ≥1 run of NSVT in 
a single 24-hour monitoring period (see Figure 86-1). Notably, 
this frequency of ventricular ectopy in HCM is disproportionate 
to the relatively low incidence of SCD in the overall patient 
population, representing a limitation to the reliability of ambula-
tory arrhythmias alone in predicting these events.1,2,5

Ventricular Tachyarrhythmias

Sustained monomorphic ventricular tachycardia (VT) is regarded 
as a high-risk marker in HCM,1,2,5,7,8 sometimes associated with 
left ventricular (LV) apical aneurysm.10 Furthermore, in an his-
torical context, short and infrequent bursts of NSVT (usually 3 
to 6 beats) were identified as markers of SCD in the early 1980s 
in two studies from tertiary HCM centers.1 Short bursts of 
NSVT identified on Holter ECG were linked to an eightfold 
enhanced risk for SCD (i.e., 8%/yr compared with <1%/yr in the 
absence of NSVT). Taken together, these initial clinical observa-
tions focused attention on the importance of ventricular tachyar-
rhythmias in HCM and stimulated considerable interest more 
than 30 years ago in ambulatory Holter monitoring as a means 
of stratifying the risk for SCD in such patients.1,2,5

Ventricular tachyarrhythmias identified on ambulatory ECG 
monitoring in HCM generally are clinically occult and are incon-
sistently associated with palpitations, light-headedness, or other 
cardiac events. However, greater clinical weight is instinctively 
given to NSVT when associated with such symptoms. Similar to 
other risk markers in HCM, NSVT is associated with high nega-
tive predictive value (i.e., 95%) and relatively low positive predic-
tive value (i.e., about 20%),6 largely as a result of the low event 
rate and the clinical heterogeneity characteristic of HCM.5 
Although specific evidence is lacking, prolonged isolated episodes 
of NSVT on ambulatory ECG (i.e., ≥10 beats) have been 
regarded, as a matter of clinical practice, to be markers of high 
risk in selected HCM patients.

Despite its acknowledged limitations, screening by ambula-
tory (Holter) monitoring for NSVT has proved to be a useful 
and widely practiced noninvasive risk stratification strategy for 
determining SCD risk in adult HCM patients.1,2,5,6 For example, 
the absence of NSVT on 24- to 28-hour Holter (or longer-term) 
monitoring in HCM patients can support a low-risk clinical 
profile in conjunction with the absence of other risk factors, 
allowing patients a large measure of reassurance. However, the 
presence of NSVT on ambulatory monitoring may place patients 
in a potentially high-risk subgroup, for which further risk evalu-
ation is justified with 21- to 30-day ECG monitoring to enable 
the clinician to better judge the arrhythmia profile over more 
extended periods.

For individual patients, arrhythmia patterns of multiple and 
repetitive NSVT can be considered evidence of increased  
risk and a manifestation of the primary arrhythmogenic  
substrate in HCM, as well as a possible SCD trigger mechanism, 
particularly when extensive high-signal-intensity late gadolinium 
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Hypertrophic cardiomyopathy (HCM) is a genetic cardiac disease 
with a heterogeneous clinical presentation.1-4 Although the clini-
cal course is diverse and is compatible with normal longevity, 
unexpected sudden cardiac death (SCD) has been recognized as 
a devastating consequence of HCM5 since the initial description 
of this disease more than 50 years ago.1,2 Ventricular tachyar-
rhythmias have always been regarded as a prominent feature and 
a source of concern in this disease, primarily because of the per-
ceived causal relationship between such arrhythmias and SCD.1-6 
The present review represents a contemporary accounting of the 
profile of ventricular tachyarrhythmias, the current risk stratifica-
tion algorithm and linkage with SCD, and, most important, the 
role the implantable cardioverter-defibrillator (ICD) in SCD pre-
vention in HCM.7-9

Historical Context

Since the initial pathologic report of HCM in 1958,1 recognition 
that a small but critically important subgroup of patients with this 
complex disease are at increased risk for SCD has generated 
considerable attention and investigative work on the process of 
risk stratification, as well as evolving strategies for effective pre-
vention of these largely unpredictable events.2,5,7,8 Although 
HCM is a complex and heterogeneous disease entity with diverse 
disease pathways, risk of SCD remains perhaps the most feared 
and devastating of its consequences, particularly in young patients 
(<30 years)1 (Figure 86-1).

Because of the observed association with SCD risk, identifica-
tion of ventricular tachyarrhythmias has been regarded as a prior-
ity in HCM. However, on routine 24-hour ambulatory (Holter) 
electrocardiographic (ECG) monitoring,6 90% of HCM patients 
demonstrate ventricular arrhythmias (which are often frequent 
and complex), including premature ventricular depolarizations 
(≥200 in 24 hours in >20% of patients), ventricular couplets 
(>40% of patients), and, most important, bursts of nonsustained 
ventricular tachycardia (NSVT in 20% to 30% of patients).6 
Furthermore, about 10% of HCM patients show particularly 
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In a large, multicenter, and international ICD registry of 
high-risk HCM patients,7 appropriate device activations 
were triggered in each case by rapid VT or ventricular fibrillation 
(VF), thereby supporting the hypothesis that these primary 
arrhythmias are responsible for SCD events (see Figure 86-2). 
Bradyarrhythmias do not appear to play a major role in  
the pathogenesis of SCD in HCM, although bradycardia-
mediated events cannot be absolutely excluded because of  
the backup pacing capability of the ICD. In one study, atrial 
fibrillation or sinus tachycardia was the initiating rhythm  
for sustained monomorphic VT in 56% of patients and in 84% 
of individual events, the latter suggesting that high sympathetic 
drive can be proarrhythmic in the presence of a susceptible 
substrate.11

enhancement (probably representative of myocardial scarring) is 
evident on contrast-enhanced magnetic resonance imaging.

Mechanisms of Sudden Death

The pathogenesis of SCD in HCM is likely a complex and mul-
tifactorial process. Nevertheless, arrhythmia sequences docu-
mented by interrogation of stored ECG recordings from ICDs 
in high-risk HCM patients experiencing device interventions 
(Figure 86-2) offer a window to the mechanisms responsible for 
SCD, showing that the final common pathway for events is pri-
marily ventricular tachyarrhythmias.2,4,8

Normal
Longevity

Sudden
Death

Progressive
Heart
Failure

End
Stage

AF &
Stroke

ICD Drugs Myectomy
(alcohol ablation)

Transplant Drugs Warfarin
RFA

Figure 86-1.  Top, Adverse clinical pathways in HCM. Each of these disease complications is associated with one or more potentially effective treatment options. AF, Atrial 
fibrillation; ICD, implantable cardioverter-defibrillator; RFA, radiofrequency ablation.
Bottom, Arrhythmogenic myocardial substrate in HCM. Left panel, Disorganized LV architecture with myocytes arranged at perpendicular and oblique angles. Center panel, 
Small-vessel  disease;  remodeled  intramural  coronary  arteriole  with  thickened  media  and  narrowed  lumen.  Right panel,  Repair  process  with  replacement  fibrosis—the 
consequence of silent myocardial ischemia and myocyte death. 

(From Maron BJ, Braunwald E: Evolution of hypertrophic cardiomyopathy to a contemporary treatable disease. Circulation 126:1640-1644, 2012; reproduced with permission of 
the American Heart Association.)
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In HCM, ventricular tachyarrhythmias probably emanate 
from the substrate of electrical instability and distorted electro-
physiological transmission created by the disorganized left ven-
tricular myocardial architecture1 and/or by bursts of myocardial 
ischemia (probably due to structurally abnormal and narrowed 
intramural arterioles), thereby leading to myocyte necrosis and 
repair in the form of replacement fibrosis and scarring1,5 (see 
Figure 86-1). This myocardial substrate may be vulnerable to a 
variety of internal triggers (related to the HCM disease process, 
such as abrupt increase in outflow obstruction) or to various 
extrinsic environmental factors such as intense physical exertion 
(i.e., in trained athletes). However, a component of individual 
susceptibility undoubtedly also plays a role in determining which 
HCM patients will experience life-threatening events at 

Device activations in patients with HCM are not uncom-
monly triggered by rapid VT. Some investigators have suggested 
that when the ICD automatically intervenes for bursts of VT 
(within about 10 seconds after sensing a potentially lethal arrhyth-
mia), the device is in effect only aborting arrhythmias that would 
have resolved spontaneously had the device not been present. 
However, such long runs of VT far exceed those evident on 
Holter recordings in this disease (in which runs of even 10 to 15 
beats are regarded as highly unusual) and therefore are suggestive 
of increased risk.6 Consequently, it is generally regarded that 
episodes of VT that trigger the ICD in HCM are unlikely to be 
innocent in this disease, which is characterized by greatly 
increased LV mass and wall thickening, impaired LV compliance, 
and often outflow obstruction.1,2,5

Figure 86-2.  Stored intracardiac ventricular electrogram from an asymptomatic 16-year-old boy implanted at age 15 for primary prevention of sudden death. This event 
occurred 10 months after  implantation during a physical altercation. (A) After a period of sinus rhythm, ventricular fibrillation (VF)  intervenes abruptly, (B) VF continues, 
and (C) defibrillator discharges appropriately with a 31-J shock, restoring sinus rhythm. Continuous recording is shown in three panels, with the tracing recorded from left 
to right. 

*

A

B

C
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example, in studies in which the ICD is used in high-risk HCM 
patients,7,8 about 50% of patients experiencing an appropriate 
device discharge for VT/VF had been taking amiodarone con-
comitantly. Also, in a high-risk cohort in which only medications 
were used for arrhythmia protection, an important proportion 
had SCD (including >25% of those taking amiodarone).14 The 
possibility of severe pulmonary and other potentially toxic side 
effects associated with long-term administration of amiodarone 
also severely limits its application to SCD prevention in young 
HCM patients, who characteristically harbor long periods of risk 
over many decades.1,2,7 Prophylactic administration of β-blockers 
to young asymptomatic patients (sometimes in high doses) to 
reduce SCD risk is an obsolete strategy unsupported by evidence 
and is a remnant of the pre-ICD era.1,2

Implantable Defibrillator

Since its introduction into clinical practice by Michel Mirowski 
more than 25 years ago, the ICD has achieved widespread  
acceptance as treatment for SCD prevention by automatically 
terminating life-threatening ventricular tachyarrhythmias and 
prolonging life, principally in high-risk patients with advanced 
coronary heart disease.15,16 In such patient populations, the supe-
riority of the ICD over antiarrhythmic drug treatment has been 
documented in prospective, randomized trials of the ICD for 
secondary and primary prevention.15,16 However, not until 2000 
was there an impetus for the systematic application of prophy-
lactic device therapy to HCM patients.8 On reflection, Drs. 
Mirowski and Mower, when initially designing and promoting 
the ICD, did not consider or envision such device effectiveness 
in the context of the extraordinary pathology often encountered 
in HCM, with marked increases in LV mass1 and dynamic 
obstruction to LV outflow,1 microvascular ischemia,17 or diastolic 
dysfunction.1,2

Most data concerning the efficacy of the ICD in HCM18-22 
were derived from a large multicenter international registry of 

particular moments in the natural history of their disease. This 
is evident by the largely random circadian periodicity of appro-
priate ICD shocks from ventricular tachyarrhythmias throughout 
the day, triggered by a largely unpredictable electrophysiological 
substrate (Figure 86-3). These observations also suggest that 
home-based automatic external defibrillation (AED) strategies 
for SCD prevention are unlikely to be effective in HCM.12

Furthermore, particularly long-term survival (up to 30 years) 
following cardiac arrest, with or without ICD interventions, has 
been reported in HCM.13 In such patients, neither recurrent 
sudden death events nor progressive heart failure was inevitable 
or common, even after substantial periods of follow-up. Such 
observations underscore the unpredictability of the arrhythmo-
genic substrate in HCM, which may remain dormant over 
extended periods, thereby serving as a source of some reassurance 
concerning prognosis for HCM patients surviving profound 
arrhythmic events.

Prevention of Sudden Death

Pharmacologic Treatment

Historically, in the pre-ICD era, management of high-risk HCM 
patients was limited to now obsolete prophylactic pharmacologic 
treatment strategies with β-blockers, verapamil, antiarrhythmic 
agents such as procainamide and quinidine, and later with amio-
darone.1,2,5,14 However, to date, no studies support the efficacy of 
prophylactic drug treatment for SCD in HCM.2,14

One report, received 25 years ago from the UK but never 
updated, proposed that amiodarone was protective against the 
risk of SCD in symptomatic or mildly symptomatic HCM 
patients with NSVT on Holter ECG monitoring using a retro-
spective study design with only historical controls.2,14 Claims that 
amiodarone is absolutely protective against SCD in HCM no 
longer seem credible in light of more recent observations. For 

Figure 86-3.  Circadian distribution of appropriate ICD interventions provided over the 24-hour day for 126 VT/VF episodes in 63 HCM patients. 

(From Maron BJ, Semsarian C, Shen W-K, et al: Circadian patterns in the occurrence of malignant ventricular tachyarrhythmias triggering defibrillator interventions in patients 
with hypertrophic cardiomyopathy. Heart Rhythm 6:599-602, 2009.)
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Not unexpectedly, life-saving defibrillator interventions are 

most frequent among patients implanted specifically for second-
ary prevention (i.e., following fortuitous resuscitation from 
cardiac arrest with documented VF), or after an overt episode of 
spontaneous and sustained VT. More than 40% of such patients 
received appropriate shocks during a relatively short follow-up 
period (11%/yr).

Notably, patients treated with ICDs for primary prevention 
(i.e., implants based solely on risk factors) show a substantial 
appropriate intervention rate of 4% per year (Figures 86-4 and 
86-5). By extrapolating the reported appropriate primary 

patients considered to be at high risk for SCD based on the clini-
cal judgment of their cardiologists and electrophysiologists.7,8 
This prospectively and retrospectively studied cohort of 506 
HCM patients was followed for an average period of 3.7 years 
after an ICD was implanted for primary or secondary prevention 
of sudden death. Appropriate device discharges (i.e., defibrilla-
tion shocks or antitachycardia pacing), triggered by VT/VF, 
occurred in 20% of patients, with an average discharge rate of 
5.5%/yr. Furthermore, 45% of patients who received effective 
defibrillator therapy also experienced multiple appropriate 
interventions.

Figure 86-4.  LAMP2 Cardiomyopathy, a Phenocopy of HCM  A,  From  a  14-year-old  boy  with  SCD  and  septal  thickness  of  65 mm  (heart  weight,  1425 g). 
B, Clusters of myocytes with vacuolated sarcoplasm (stained red) embedded in an area of scar (stained blue; Masson trichrome). C, Disorganized arrangement of myocytes 
most typical of sarcomeric HCM. D, Intracardiac electrogram. ICD elicited five defibrillation shocks that failed to interrupt VF (280 bpm). 

(From Maron BJ, Roberts WC, Arad M, et al: Clinical outcome and phenotypic expression in LAMP2 cardiomyopathy. JAMA 301:1253-1259, 2009; reproduced with permission of 
the American Medical Association.)
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hypertrophy alone or in combination with other clinical markers 
was the most reliable risk marker in predicting primary preven-
tion interventions. The translation of the ICD to HCM for 
prevention of SCD at a wide range of ages over the past 12 years 
has been the most important therapeutic advance in this disease, 
and ICD is the only treatment proven to change its natural 
history and prolong life. In the process, the ICD has made HCM 
into a contemporary and treatable cardiac disease.4

Selection of Patients for Prophylactic ICDs
Primary prevention implant strategies in high-risk patients are 
based on clinical profiles in which one or more of the acknowl-
edged noninvasive SCD risk markers were present (most appli-
cable to patients younger than 50 years of age)1,2: (1) family 
history of premature HCM-related death, particularly if sudden, 
in a close relative, or multiple in occurrence; (2) unexplained 
syncope, particularly in young patients, or if demonstrated to be 
arrhythmia-based; (3) frequent, multiple, or prolonged episodes 
of NSVT on ambulatory ECG monitoring; (4) hypotensive or 
attenuated blood pressure response to exercise; and (5) extreme 
LV hypertrophy with maximum wall thickness of 30 mm or 
greater, particularly in young patients (Box 86-1; Figures 86-6 
and 86-7).

However, in clinical practice it is rare for an HCM patient to 
be regarded as being at increased risk solely on the basis of an 
abnormal blood pressure response to exercise. The presence or 
magnitude of LV outflow tract obstruction has not proved to be 
a consistently strong independent risk factor for SCD in HCM; 
therefore it is not a primary justification for prophylactic ICD 
implantation,19 although it is potentially an arbitrator that can be 
used to selectively resolve ICD decisions in ambiguous clinical 
scenarios. Other features of HCM can also arbitrate on a 

prevention shock rates for HCM over time, it can be estimated 
that within 10 years, more than one-third of the defibrillators 
implanted prophylactically in young patients could intervene to 
abort an SCD event. Indeed, the 4% to 5% annual appropriate 
discharge rate reported in high-risk HCM patients implanted 
prophylactically with an ICD is remarkably similar to the rate of 
SCD previously reported in the highly selected at-risk HCM 
patient cohorts evaluated at tertiary referral centers between 
1960 and 1990.2 The rates of appropriate device interventions 
reported from the large multicenter ICD in the HCM registry 
have been confirmed by independent reports from Spain, Poland, 
Canada, Portugal, the UK, Germany, Australia, Italy, and the 
USA, showing similar effectiveness for the ICD in HCM.18

One exception to the efficacy of ICDs is the patients with the 
LAMP2 phenotype and massive LV hypertrophy (mimicking sar-
comeric HCM), which usually proves refractory to defibrillation21 
(see Figure 86-4). Successful radiofrequency ablation for sustained 
monomorphic VT has been reported in an occasional HCM 
patient with LV apical aneurysm, in which the VT focus at the neck 
of the aneurysm is mapped and effectively abolished.23 This 
method, however, is rarely used in other patients with HCM.1

Implantable Defibrillators in Pediatrics
ICD interventions terminating life-threatening ventricular 
tachyarrhythmias are also frequent in high-risk children and ado-
lescents with HCM. In a multicenter international registry of 224 
patients implanted at younger than 20 years of age, ICDs acti-
vated appropriately to terminate VT/VF in almost 20% of 
patients over an average follow-up of 4.3 years9 (see Figures 86-2 
and 86-5). ICD intervention rates were 4.5%/yr overall, 14%/yr 
for secondary prevention after cardiac arrest, and 3.1%/yr for 
primary prevention (5-year probability, 17%). Implant to first 
appropriate discharge was 2.9 ± 2.7 years and ranged up to 8.6 
years. As in adults, the likelihood of primary prevention dis-
charges terminating VT/VF was the same in patients implanted 
for one, two, or three or more risk factors. Notably, massive LV 

Figure 86-5.  Flow  diagram  showing  outcome  of  224  high-risk  pediatric  HCM 
patients implanted for primary or secondary prevention before 20 years of age. 

224

Follow-up =
4.3 ± 3.3 yr

No. Patients

Appropriate ICD
Discharge (19%)43

13% / yr 3% / yr

2° prevention 1° prevention

4.4% / yr

Box 86-1 Risk Factors for Sudden Death in HCM

Secondary prevention
• Cardiac arrest or sustained ventricular tachycardia

Conventional primary prevention risk markers
• Family history of SD due to HCM
• Unexplained recent syncope
• Multiple repetitive nonsustained ventricular tachycardia 

(on ambulatory ECG)
• Hypotensive or attenuated blood pressure response to 

exercise
• Massive LV hypertrophy (thickness ≥30 mm*)

Potential high-risk subsets for primary prevention
• End-stage phase (ejection fraction <50%)
• LV apical aneurysm and scarring
• Extensive LGE

Potential arbitrators for primary prevention†

• Substantial LV outflow gradient at rest
• Alcohol septal ablation
• Multiple sarcomere mutations
• Modifiable factors

• Intense competitive sports
• Coronary artery disease

ECG, Electrocardiogram; HCM, hypertrophic cardiomyopathy; ICD, implantable 
cardioverter-defibrillator; LGE, late gadolinium enhancement (contrast-CMR); LV, 
left ventricular; SD, sudden death.
Reproduced from Maron BJ, Maron MS: Hypertrophic cardiomyopathy. Lancet 
2012 Aug 3 [Epub ahead of print]; with permission of The Lancet.

†To arbitrate decision making about ICDs in patients for whom risk level remains 
ambiguous after assessment by the conventional risk factor algorithm.

*or the equivalent in children according to body size.
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including SCD. Engagement in intense competitive sports is 
judged as a modifiable risk factor for SCD in HCM, even in the 
absence of other disease-related markers related to the disease in 
HCM, given that this disease is the single most common cause 
of sudden death in young athletes.1,5

SCD risk extends into mid-life for HCM patients but at a 
lower rate and is significantly less common in patients 60 years 
of age or older (even in the presence of risk markers)—only 
0.2%/yr—suggesting that aging itself mitigates the potential for 
lethal ventricular tachyarrhythmias in this disease.20 These data 
do not support aggressive prophylactic ICD implantation at 
advanced ages in HCM. In older HCM patients, morbidity and 
mortality in fact are largely unrelated to HCM20 and more fre-
quently are due to other cardiac or noncardiac co-morbidities. 
Of note, preliminary data suggest that double, triple, or com-
pound sarcomere mutations (evident in 5% of patients with 
HCM) could be associated with greater disease severity, including 
sudden death, even in the absence of conventional risk factors.22

A measure of controversy has surrounded precise selection of 
HCM patients for primary prevention ICD strategies.1,2,5,7,8 Much 
of the European cardiovascular community subscribes to a 
minimum of two risk factors before recommending a prophylactic 
defibrillator.1,2 Certainly, the presence of multiple risk factors 
creates a clinical environment in which ICD decision-making 
becomes more intuitive. Nevertheless, in the large multicenter 
ICD in HCM registry (n = 506 patients),7,8 35% of primary pre-
vention patients who received appropriate device interventions 
for potentially lethal ventricular arrhythmias had in fact been 
implanted based on the presence of only one risk factor. In addi-
tion, no significant difference was observed among patients with 
one, two, or three or more markers of high risk with respect to the 
likelihood of an appropriate ICD discharge (see Figure 86-6).

Nevertheless, it is imprudent to promote universal ICD 
implantation for all HCM patients with one risk factor. Indeed, 
although one risk factor can often be sufficient for consideration 
of an ICD, not all one risk factor patients deserve consideration 
for a primary prevention device. Inevitably, in a heterogeneous 
genetic disease such as HCM, numerous complex clinical sce-
narios involve ambiguous gray areas with respect to the presence, 
strength, or number of risk factors and ultimately affect decisions 
regarding prophylactic ICDs. One specific example of this is 
patients of advanced age with one episode of syncope as a single 
risk factor. Such patients may not be candidates for primary 
prevention ICDs, given that HCM-related sudden death is 
uncommon in this age group, that survival to advanced age itself 
declares lower risk status in this disease, and that syncope is 
common in the elderly as a result of a variety of causes. Also, it 
should be underscored that primary SCD prevention, as prac-
ticed with the ICD in HCM, represents a novel strategy, given 
that it is based solely on noninvasive risk factors identified in 
asymptomatic (or only mildly symptomatic) patients, typically in 
the absence of prior major cardiovascular or arrhythmic events 
and often without overt evidence of spontaneous ventricular 
tachyarrhythmias.24

Although effective, the risk factor algorithm used for pediatric 
and adult HCM patients is nevertheless incomplete, as shown by 
infrequent deaths among patients judged clinically to not be at 
high risk (≈0.5%/yr).1,22 Recognition that low-risk individuals 
might nevertheless die suddenly underscores the aspiration to 
identify additional markers of risk (Figure 86-8). In this regard, 
extensive distribution of late gadolinium enhancement on con-
trast magnetic resonance imaging can identify HCM patients in 
whom SD risk is increased (even in the absence of traditional risk 
markers) and for whom prophylactic defibrillators should be  
considered25 (see Figure 86-8). Furthermore, late gadolinium 
enhancement can act as a potential arbitrator for decisions 
regarding prophylactic defibrillators in patients for whom risk 
level is otherwise incompletely resolved.

case-by-case basis such as coexistent atherosclerotic coronary 
artery disease (CAD), end-stage HCM with systolic dysfunction, 
post-alcohol septal ablation procedure (which may increase SCD 
risk in some patients), and LV apical aneurysm with regional 
scarring and dyskinesia/akinesia1,10,19-23 (see Figure 86-7). Aneu-
rysms can serve as the substrate for monomorphic VT and have 
been associated with a substantial rate of cardiovascular events, 

Figure 86-6.  Numbers  of  risk  factors  and  appropriate  ICD  interventions  in  HCM. 
Top panel, ICD intervention rates (per 100 person-years) are not significantly differ-
ent with respect to the presence of one, two, or three or more risk factors. Center 
panel,  Cumulative  rates  for  first  appropriate  device  intervention  in  patients  with 
one,  two,  or  three  or  more  risk  factors.  Bottom panel,  ICD  intervention  rates  in 
patients with only one risk factor. LVH, Left ventricular hypertrophy; NSVT, nonsus-
tained ventricular tachycardia.

(From Maron BJ: Contemporary insights and strategies for risk stratification and pre-
vention of sudden death in hypertrophic cardiomyopathy. Circulation 121:445-456, 
2010; reproduced with permission of the American Heart Association.) 
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or no symptoms; mean age at implant (and also at appropriate 
device intervention) is only about 40 years.7,8 Therefore, although 
annual appropriate intervention rates for HCM are lower  
than those reported in CAD, they are nevertheless significant, 
given the much younger patient population, which is usually  
free of progressive heart failure and noncardiac disease. Protected 
by the ICD, these patients could potentially survive to have  
many decades of productive life with few or no symptoms,  
achieving near-normal or even normal longevity if not encum-
bered by other major HCM- or non–HCM-related disease 
complications.4

Of particular note in this regard is that the time interval from 
recognition of high-risk status and implant to the first appropri-
ate ICD intervention may be highly variable (see Figure 86-8) 
and in fact can be considerable, with particularly long delays of 
up to 10 years documented for the first life-saving intervention5,7,8 
or as long as 30 years’ survival following cardiac arrest with or 
without the aid of defibrillator intervention13 (see Figure 86-8). 
These observations underscore the unpredictable timing of lethal 
tachyarrhythmias and SCD in HCM, for which the ICD may 
remain dormant for substantial periods of time before it is ulti-
mately required to intervene and interrupt the arrhythmia.

Lack of predictable timing of potentially lethal events in 
HCM is evident in the occurrence of appropriate shocks for VT/
VF relatively early after implant (often in the first 12 months); 
this observation has suggested a proarrhythmia effect from the 

Indeed, electrophysiological testing with programmed ven-
tricular stimulation to identify the substrate for SCD, while 
directly probing myocardial electrical properties has been largely 
abandoned as a strategy irrelevant to the clinical arrhythmia envi-
ronment.2,5 Given the inherent risks and inconvenience of elec-
trophysiological procedures (as well as their time-consuming 
nature), the considerable uncertainty that surrounds the clinical 
significance of arrhythmias induced in the laboratory, and the fact 
that most high-risk patients can be identified with the use of 
noninvasive clinical markers4,5,7,8 independent of such testing, the 
routine use of such laboratory-based testing to replicate clinical 
arrhythmias now has little or no practical role in stratifying SCD 
risk for HCM patients.

The Risk Period in HCM

Useful for understanding the role of the ICD within the broad 
HCM disease spectrum is appreciation of the distinctions from 
device therapy in CAD.15,16 The latter patients are of more 
advanced age at the time of implant (average, ≈65 years) and often 
have severe and progressive heart failure, which is a consequence 
of prior myocardial infarction and LV dysfunction.15,16 In sharp 
contrast, ICDs are usually implanted in high-risk HCM patients 
at a much younger age, and this approach is associated with few 

Figure 86-7.  Morphology of HCM Patient Subgroups Associated With Risk for Sustained Ventricular Tachyarrhythmias A, Massive hypertrophy 
with ventricular septal (VS) thickness of 55 mm. B, Akinetic thin-walled LV apical aneurysm with midcavity muscular apposition. D, Distal (cavity); LA, left atrium; P, proximal 
(cavity).  B′,  Contrast  CMR  imaging  shows  high-intensity  late  gadolinium  enhancement  (i.e.,  scar)  involving  the  thin  aneurysm  rim  (arrowheads)  and  the  contiguous  LV 
myocardium  (large arrow);  a  small apical  thrombus  is evident  (small arrow). C, Typical  large  transmural ventricular  septal  scar  (arrow)  resulting  from therapeutic alcohol 
septal ablation. D, “End-stage” HCM heart showing extensive transmural septal scarring extending into the anterior wall (arrowheads).

 (From Maron BJ: Contemporary insights and strategies for risk stratification and prevention of sudden death in hypertrophic cardiomyopathy. Circulation 121:445-456, 2010; 
reproduced with permission of the American Heart Association.)
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Decisions to prophylactically implant ICDs in HCM patients 
are often dictated fortuitously by the precise time at which risk 
stratification is undertaken and evidence of high risk is recog-
nized.8 For example, a patient identified as at high risk at age 15 
(and implanted at that time) will still be young and presumably 
will continue to be at increased risk 20 years later, at the age of 
only 35 years, even if the ICD has not yet discharged appropri-
ately. Consequently, once the decision is made to implant an ICD 
in a high-risk HCM patient, it is likely to represent a lifelong 
preventive measure and should be presented to patients in this 
context.

lead systems.7-9 However, a substudy of the ICD in HCM regis-
try26 largely explains the disproportionate occurrence of early 
defibrillation shocks after implant for VT/VF in particularly 
high-risk patient subgroups prone to subsequent arrhythmia epi-
sodes throughout follow-up (i.e., those implanted for secondary 
prevention7 or in the end stage with systolic dysfunction27). These 
data argue against proarrhythmia triggered at the lead-ventricular 
myocardium interface to explain early ICD shocks. Also, at 
present, no evidence indicates that therapy from an ICD in HCM 
patients merely shifts the mode of demise from SCD to refractory 
heart failure, as has been suggested for patients with CAD.13
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Figure 86-8.  Top panel, A 21-year-old man with HCM and septal scarring without conventional risk factors who survived an episode of VF because of ICD interventions. 
A, CMR imaging shows transmural late gadolinium enhancement of high signal intensity occupying a substantial proportion of the septum (arrows). B, Without contrast, 
asymmetric hypertrophy of the ventricular septum (thickness, 21 mm). C,  Intracardiac electrogram showing VF  interrupted by defibrillation shock  (arrow). AML, Anterior 
mitral leaflet; FW, free wall. Bottom panel, Time intervals between ICD implant and first appropriate intervention in 506 HCM patients. Time delay after implantation is vari-
able, with some device discharges occurring relatively early and others after 5 to 10 years (darker bars). 

(Reproduced from Maron BJ, Spirito P, Shen W-K, et al: Implantable cardioverter-defibrillators and prevention of sudden cardiac death in hypertrophic cardiomyopathy. JAMA 
298:405-412, 2007; reproduced with permission of the American Medical Association.)

(From Maron BJ: Contemporary insights and strategies for risk stratification and prevention of sudden death in hypertrophic cardiomyopathy. Circulation 121:445-456, 2010; 
reproduced with permission of the American Heart Association.)
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Implantation of the defibrillator is considered a safe procedure 
in both children and adults with HCM.9 However, in a few 
selected patients with unique clinical findings such as massive LV 
hypertrophy and/or prior administration of amiodarone, transve-
nous defibrillation has proved problematic, necessitating epicar-
dial lead placement and high-energy ICDs.

Whether the subcutaneous defibrillator, which is largely 
untested in HCM, will ultimately prove as efficacious as (and 
more durable than) the current transvenous ICD is unknown.31 
However, caution is presently warranted when the subcutaneous 
defibrillator is considered for members of this young HCM 
patient population.

Industry-Related Issues

Based on a reasonably large published experience, ICDs have 
proved remarkably effective in preventing SCD in patients incur-
ring potentially lethal ventricular tachyarrhythmia associated 
with the typical clinical and phenotypic expression of HCM (i.e., 
with intact systolic function).1,5,7-9 However, industry-related 
problems with ICD systems have perhaps disproportionately 
affected HCM patients with recalls of defective generators and 
small-diameter high voltage leads prone to fracture, both of 
which have led to substantial morbidity and even death.32-37 A 
notable example is the “Guidant Affair” (Boston Scientific, 
Natick, MA) triggered by the sudden death of a 21-year-old 
college student with nonobstructive HCM, extreme left ventricu-
lar hypertrophy, preserved systolic function, and a history of 
syncope.34,35 His mechanically defective ICD (Guidant, 
Prizm2DR, 1861; now Boston Scientific) failed to deliver an 
appropriate shock because of massive electrical overstress result-
ing from short-circuiting—a potential problem known only to 
the manufacturer. This event resulted from inadequate insulation 
between the back-fill tube and the feed-through wire in the pulse 
generator.

Conclusions and Implications

Primary ventricular tachyarrhythmias arising from an electrically 
unstable myocardial substrate serve as the basis for sudden and 
unexpected death in susceptible patients with HCM, most of 
whom can be identified in large measure by the noninvasive risk 
stratification profiles currently in use. The ICD represents an 
important treatment advance in HCM and has proved effective 
in preventing SCD and altering the natural history of this disease 
for many patients, now with an established role for both second-
ary and primary prevention of SCD. Prevention of SCD may well 
provide high-risk children and young adults with HCM the 
opportunity to achieve normal or near-normal longevity, which 
is now a reasonable aspiration, given the substantial experience 
with the ICD in this complex genetic heart disease. Introduction 
of the ICD to this patient population has in large measure made 
HCM a contemporary, treatable disease.

Finally, physician and patient attitudes toward ICDs can vary 
considerably among countries and cultures (as can access to ICDs 
within respective health care systems),28 thereby impacting clini-
cal decision making and specifically the threshold for prophylac-
tic implants in HCM patients. For example, ICD use relative to 
population size is significantly greater in the USA than in Euro-
pean countries, particularly the UK. Such disparities in implant 
rates suggest that HCM patients with equivalent risk levels are 
subject to different thresholds for primary prevention of SCD, 
depending on their country of residence.

Complications

Potential complications of ICD therapy are well documented and 
are an important consideration in any implant decision. About 
25% of HCM patients may experience one or more inappropriate 
shocks as the result of sinus tachycardia, atrial fibrillation, lead 
malfunction, or over-sensing,7,8 with highest rates of up to 40% 
reported in children and adolescents.9 Major complications 
reported in a small number of patients include infection, 
hemorrhage/thrombosis, and lead fracture or dislodgment.  
These events have been reported with similar frequency among 
patients with or without appropriate shocks and in those 
implanted for primary versus secondary prevention. However, 
ICD-related problems do not arise with equal frequency at all 
electrophysiology centers, and careful attention to technique and 
device maintenance can minimize the likelihood of many adverse 
events.

The importance of potential device-related complications 
cannot be underestimated, particularly in young high-risk HCM 
patients. Therefore, ICD decisions in children inevitably require 
weighing the anticipated benefit for SCD prevention and pres-
ervation of life against the effects of possible device complica-
tions, as well as the psychological burden imposed by the ICD 
and by quality-of-life restrictions (e.g., disqualification from 
some physical activities).29 These considerations can create 
unique management dilemmas in pediatric cardiology, particu-
larly when justification of a prophylactic implant involves a 
measure of ambiguity based on the risk factor assessment. Indeed, 
a paradox can emerge in which healthy appearing children/
adolescents in the age range of greatest SCD predilection are also 
most likely to experience device complications, given their youth 
and level of physical activity.

The possibility of inappropriate shocks and other device-
related complications, as well as lost employment opportunities 
and some limitations to quality of life, underscore the importance 
of balancing these concerns against potential ICD benefit (i.e., 
protection from sudden death and the psychological reassurance 
offered by the presence of the ICD for many adult patients).7,8 
Also of note is the fact that ICD therapy in young high-risk 
HCM patients has been shown to be a cost-effective (and even 
cost-saving) strategy because of the additional years of productive 
life made possible by appropriate device interventions. This 
advantage calculates to an estimated $20,000 gained per quality-
adjusted life-year saved.30
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ventricle (LV) is not uncommon, particularly when magnetic 
resonance imaging (MRI) is used to detect subtle abnormalities 
in LV function in patients with advanced disease. Left-dominant 
arrhythmogenic cardiomyopathy also occurs in and is defined by 
early disease of the LV, often affecting the posterolateral wall, in 
the absence of significant right ventricle (RV) systolic dysfunc-
tion.5 Left-dominant disease is more commonly seen in patients 
with desmoplakin mutations.5,7

Histopathology

Postmortem examination of patients with ARVD/C often shows 
RV myocardial atrophy with wall thinning, aneurysms, and global 
dilatation of the RV. Initial studies evaluating the histology of 
ARVD/C in autopsy cases described two possible pathologic pat-
terns: fatty and fibrofatty replacement of the myocardium.2 
However, it has been shown that the clinical profile of patients 
with purely fatty replacement of the myocardium did not fit the 
diagnosis of ARVD/C. In fact, fatty infiltration of the heart 
occurs physiologically and increases with age and body weight. 
Thus, revised task force criteria include fibrofatty replacement 
with less than 60% residual myocytes as a major diagnostic  
criterion and with 60% to 75% residual myocytes as a minor 
diagnostic criterion.8 The presence of fat alone and/or fatty 
replacement in the absence of fibrosis is insufficient to be con-
sidered a diagnostic criterion for ARVD/C.8 Another common 
histologic finding includes patchy lymphocytic inflammatory 
infiltrates surrounding areas of myocyte necrosis.2

Etiology

In most cases, ARVD/C is inherited in an autosomal dominant 
pattern with significantly variable penetrance and expressivity. 
Among probands diagnosed with this disease, screening of first-
degree relatives identifies other affected individuals in approxi-
mately 50% of cases.7,9 In a minority of cases, ARVD/C is 
inherited in an autosomal recessive pattern as part of a cardiocu-
taneous syndrome such as Naxos disease or Carvajal syndrome, 
the latter of which is also characterized by woolly hair and pal-
moplantar keratodermia.

Linkage mapping and candidate gene evaluation studies per-
formed on patients with the autosomal dominant form of 
ARVD/C at first were not productive because of the significant 
variability in penetrance and expressivity of the disease. It was the 
evaluation of patients with Naxos syndrome—a disease with 
100% penetrance by the time of adolescence—that revealed a 
disease-causing mutation: a homozygous deletion of two base 
pairs found in the plakoglobin gene located in the 17q21 locus.10 
The gene encodes a key component of desmosomes, which are 
complex intercellular adhesion structures found in stratified epi-
thelial cells of the skin, as well as in myocytes. Desmosomes are 
composed of three major groups of proteins: Cadherins are 
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Arrhythmogenic right ventricular dysplasia/cardiomyopathy 
(ARVD/C) is an inherited cardiomyopathy that is characterized 
by ventricular arrhythmias, increased risk of sudden death, and 
abnormalities of right ventricular structure and function.1-4 
Although structural involvement of the right ventricle predomi-
nates, a left dominant form of ARVD/C has been described.5 In 
most patients in the United States, structural abnormalities of  
the right ventricle predominate.6 The pathologic hallmark of 
ARVD/C is right ventricular myocyte loss with fibrofatty replace-
ment. Since the first detailed clinical description of the disorder 
in 1982,1 significant advances have been made in our understand-
ing of all aspects of this disease. Over the past decade, mutations 
in most desmosomal proteins and in some nondesmosomal  
proteins have been identified as the genetic basis of ARVD/C. 
Because a pathogenic mutation can be identified in approximately 
50% of affected individuals, genetic testing has emerged as an 
important diagnostic tool.7,8 The purpose of this chapter is to 
provide a concise and up-to-date review of the current state of 
knowledge regarding the natural history, clinical presentation, 
pathogenesis, diagnosis, and treatment of patients with ARVD/C. 
Specific emphasis is placed on discussing the characteristics of 
and therapeutic approaches to ventricular arrhythmias that occur 
in patients with ARVD/C.

Clinical Presentation and Natural History

ARVD/C is an unusual condition with an estimated prevalence 
in the general population of 1 per 5000. This is roughly tenfold 
less common than hypertrophic cardiomyopathy, which occurs in 
about 1 per 500 of the general population.

Patients usually present during the second to fifth decades of 
life with palpitations, light-headedness, syncope, or sudden 
death.1-4,9 In our experience, it is extremely rare for clinical signs 
or symptoms of ARVD/C to manifest before the age of 12 years 
or after the age of 60 years.

Although ARVD/C is predominantly a disease of the right 
ventricle,1-4 it is well established that involvement of the left 
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transmembrane proteins that provide actual mechanical coupling 
between individual cells and include desmoglein and desmocol-
lin. Desmoplakin is a plakin family protein that serves to anchor 
the desmosomal structure to the intermediate filaments of the 
cell. Finally, Armadillo proteins including plakoglobin and pla-
kophilin link desmoplakin and the cadherin tails.

Identification of defective desmosomal proteins in Naxos  
syndrome led to studies investigating their role in other arrhyth-
mogenic cardiomyopathies. Carvajal syndrome, another  
cardio-cutaneous syndrome characterized by left-dominant 
arrhythmogenic cardiomyopathy, was shown to be associated 
with a recessive mutation in desmoplakin.11 Other genetic muta-
tions were subsequently identified in the autosomal dominant 
form of ARVD/C and include desmoplakin, desmoglein-2, 
desmocollin-2, and plakophilin-2 genes.7 Mutations in several 
extra-desmosomal genes such as those encoding transforming 
growth factor-β3 (TGF-β3), cardiac ryanodine receptor (RyR2), 
Titin, and transmembrane protein 43 (TMEM43) have also been 
implicated in specific types of atypical forms of ARVD/C. In the 
United States, a desmosomal protein mutation can be identified 
in approximately 50% of ARVD/C patients.7 The most com-
monly mutated genes are plakophilin-2 (45%) and desmoglein-2 
(9%). Although 86% of patients in this series had a single het-
erozygous gene mutation, 7% showed compound heterozygosity 
and another 7% showed digenic heterozygosity. This is impor-
tant to note because clinicians need to be aware that some indi-
viduals with ARVD/C may have more than one mutation in one 
or more of the many desmosomal proteins. Other candidate 
genes are likely to be identified in the future. Thus it is possible 
for the affected individual (the proband) to have more than one 
defective gene. All of the genetic abnormalities have not yet been 
identified; therefore, first-degree relatives may not have the 
known gene but could have inherited the unknown gene muta-
tion. Finding a pathogenic gender mutation in the proband but 
not in the first-degree relative does not completely exclude the 
possibility of desmosomal mutation in the first-degree relative.

It is also important to recognize that not all variants identified 
in a desmosomal protein are causal mutations. A recent study 
compared the results of genetic testing in 93 ARVD/C probands, 
82 ARVD/C probands from published reports, and 427 healthy 
controls.12 Mutations were found in 58% of ARVD/C cases 
versus 16% of controls. Radical mutations were observed in 43% 
of ARVD/C cases versus 0.5% of controls. In contrast, 21% of 
ARVD/C cases demonstrated missense mutations versus 16% of 
controls. The authors concluded that radical mutations are high-
probability ARVD/C-associated mutations, whereas rare mis-
sense mutations need to be interpreted with caution.

Pathogenesis

Initial attempts to explain the pathogenesis of ARVD/C pro-
duced several hypotheses, including the dysplastic theory, which 
held that atrophy with fibrofatty replacement of the RV myocar-
dium in ARVD/C was a congenital, developmental defect.  
This led to the original description of the syndrome as arrhyth-
mogenic right ventricular dysplasia. It is now clear, however,  
that the structural defects in ARVD/C are not present at birth 
but actually develop progressively throughout childhood and 
early adulthood.

The genetics of ARVD/C has provided support for the 
hypothesis that the disease may be caused by desmosomal dys-
function. The pathogenic mechanisms are not fully clear, but 
several theories have been advanced.9 Defective desmosomal pro-
teins may lead to impaired mechanical coupling between indi-
vidual cells, resulting in myocyte uncoupling, especially under 
conditions that increase myocardial strain. The resulting inflam-
mation, fibrosis, and adipocytosis may be a nonspecific response 

to injury, similar to that seen in other forms of myocardial 
damage. This pathogenic model can explain the observation that 
prolonged strenuous exertion, which increases myocardial strain, 
significantly increases the risk of earlier clinical onset of the 
disease and augments the risk of sudden death.13 It also explains 
why the RV, which is more distensible than the LV because of its 
thinner wall and asymmetric shape, is more often involved in 
ARVD/C, especially in its early stages. Furthermore, defects in 
mechanical coupling of myocytes may also lead to impairment  
in electrical coupling.14,15 Ultrastructural evaluation of the myo-
cardium of patients with ARVD/C has revealed reduced expres-
sion of several intercalated disc proteins, including connexin43, 
a key component of gap junctions.15 This finding may account 
for the development of conduction delay and arrhythmias even 
in the absence of significant structural defects in the early “con-
cealed” phase of the disease. Recent studies have shown that 
PKP2 haploinsufficiency leads to INa deficit in murine hearts. 
The results of this study suggest that there cross-talk occurs 
between the desmosome and the sodium channel complex. The 
sodium channel dysfunction that follows may contribute to the 
development of ventricular arrhythmias in patients with 
ARVD/C.16

The mechanisms that lead to variability in penetrance and 
expressivity of the disease still are not fully understood. Family 
members with identical genotypes and even monozygotic twins 
show significant differences in symptoms, in the presence and 
distribution of structural changes, and in the rate of disease pro-
gression. This observation has led to the “second hit” hypothesis, 
which suggests that modifier genes and/or environmental factors 
are likely responsible for phenotypic heterogeneity.

Diagnostic Approach

Because of significant heterogeneity in manifestations of the 
disease, no single gold-standard diagnostic test for ARVD/C is 
available. Instead, diagnosis relies on a scoring system with major 
and minor criteria based on demonstration of a combination of 
defects in RV morphology and function, characteristic depolar-
ization/repolarization abnormalities on electrocardiogram 
(ECG), characteristic tissue pathology, typical arrhythmias, 
family history, and results of genetic testing. Thus the initial 
evaluation of all patients suspected of having ARVD/C should 
consist of physical examination and clinical history (including 
family history of arrhythmias or sudden death), ECG, signal-
averaged ECG (SAECG) (if available), 24-hour Holter monitor-
ing, and comprehensive noninvasive imaging of both ventricles. 
If this noninvasive work-up is suggestive but not diagnostic of 
ARVD/C, further testing should be considered to establish the 
diagnosis, including electrophysiological testing with or without 
electroanatomical mapping and endomyocardial biopsy. Although 
right ventriculography was commonly used in the past, in our 
experience ventriculography is rarely needed because of the avail-
ability of high-quality echocardiography and MRI.

The standard 12-lead ECG is abnormal in most patients with 
ARVD/C.3,17,18 Because of this observation, the finding of a 
normal ECG in a patient with ARVD/C renders the diagnosis of 
ARVD/C extremely unlikely but does not completely exclude the 
diagnosis. T wave inversion (TWI) in the right precordial leads 
(V1 to V3) is the most common ECG manifestation of ARVD/C 
and is considered a major diagnostic criterion8 (Box 87-1). TWI 
in leads V1 and V2 is a minor criterion. A complete or incomplete 
right bundle branch block (RBBB) pattern is a common finding 
in patients with ARVD/C, especially those with severe structural 
disease, and its presence obscures the interpretation of known 
depolarization abnormalities.18 In patients with incomplete 
RBBB, TWIs through V3 still appear to be the feature with 
optimal sensitivity and specificity. However, in patients with 
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Box 87-1 2012 Task Force Criteria for ARVD/C

1. Global or regional dysfunction and structural alterations
Major

2D Echo Criteria
Regional RV akinesia, dyskinesia, or aneurysm AND 1 of 

the following measured at end diastole
PLAX RVoT ≥ 32 mm or
PSAX RVoT ≥ 36,
Fractional area change ≤ 33%

MRI criteria
Regional RV akinesia or dyskinesia or dyssynchronous 

RV contraction AND 1 of the following
Ratio of RV end-diastolic volume to BSA ≥ 100, 
< 110 mL/m2 (male) or ≥ 100 mL/m2

RV ejection fraction > 40% ≤ 45%
RV angiography criteria

Regional RV akinesia, dyskinesia, or aneurysm
Minor

2D Echo Criteria
Regional RV akinesia or dyskinesia or dyssynchronous 

RV contraction AND 1 of the following measured at 
end diastole
PLAX RVoT ≥ 29 < 32 mm or
PSAX RVoT ≥ 32 < 36
Fractional area change > 33% ≤ 40%

MRI criteria
Regional RV akinesia or dyskinesia or dyssynchronous 

RV contraction AND 1 of the following
Ratio of RV end-diastolic volume to BSA ≥ 110 mL/

msquared (male) or ≥ 100 mL/m2

RV ejection fraction ≤ 40%
2. Tissue characterization of wall

Major
Residual myocytes < 60% by morphometric analysis (or 
< 50% if estimated), with fibrous replacement of the RV 
free wall myocardium in ≥ 1 sample, with or without 
fatty replacement of tissue on endomyocardial biopsy

Minor
Residual myocytes 60% to 75% by morphometric analysis 

(or 50% to 65% if estimated), with fibrous replacement 
of the RV free wall myocardium in > 1 sample with or 
without fatty replacement of tissue on endomyocardial 
biopsy

3. Repolarization abnormalities
Major

Inverted T waves in right precordial leads (V1, V2, and V3) 
or beyond in indivuals > 14 yrs of age (in the absence 
of complete RBBB QRS ≥ 120 ms)

Minor
Inverted T waves in V1 and V2 in indivuals > 14 yrs of age 

(in the absence of complete RBBB) or in V4, V5, and V6
Inverted T waves in leads V1, V2, V3, and V4 in indivduals 
> 14 years of age in the presence of a complete RBBB

4. Depolarization/conduction abnormalities
Major

Epsilon wave (reproducible low-amplitude signals 
between end of QRS complex to onset of T wave) in the 
right precordial leads (V1-V3)

Minor
Late potentials by SAECG in ≥ 1 of 3 parameters in the 

absence of a QRSd of ≥ 110 ms on standard ECG
Filtered QRS duration (fQRS) ≥ 114 ms
Duration of terminal QRS < 40 μV ≥ 38 ms
Root-mean-square voltage of terminal 40 ms ≤ μV
Terminal activation duration ≥ 55 ms measured from the 

nadir of the end of the QRS, including R’, in V1, V2, or V3 
in absence of complete RBBB

5. Arrhythmias
Major

Nonsustained or sustained VT of LBBB morph with 
superior axis

Minor
Nonsustained or sustained VT of RVoT configuration, 

LBBB morph with inferior axis or of unknown axis
> 500 PVCs per 24 hours (Holter)

6. Family History
Major

ARVD/C in first degree relative who meets Task Force 
Criteria

ARVD/C confirmed pathologically at autopsy or surgery in 
first-degree relative

Identification of pathogenic mutation categorized as 
associated or probably associated with ARVD/C in the 
patient under evaluation

Minor
History of ARVD/C in first degree relative in whom it is not 

possible to determine whether the family member 
meets Task Force Criteria

Premature sudden death (<35 years of age) due to 
suspected ARVD/C in a first-degree relative

ARVD/C confirmed pathologically or by current Task Force 
Criteria in second-degree relative

Adapted from Marcus FI, McKenna WJ, Sherrill D, et al: Diagnosis of arrhythmogenic right ventricular cardiomyopathy/dysplasia: Proposed modification of the task force 
criteria. Circulation 121:1533–1541, 2010.

complete RBBB, an R/S ratio <1 in V1 seems to provide optimal 
sensitivity and specificity (88% and 86%, respectively) in diag-
nosing ARVD/C.18 T wave inversion beyond V3 in patients with 
complete RBBB is another feature of ARVD/C. Epsilon waves, 
which are distinct low-frequency deflections in the ECG that 
occur after the QRS and before the T wave, are far less common 
and are a marker of advanced ARVD/C. In stating this, we should 
note that the frequency with which an epsilon wave is identified 
varies greatly according to the specific definition used. In our 

experience, many in the field refer to any delayed potential as an 
epsilon wave. When this liberal criterion is applied, epsilon waves 
are common. On the other hand, if a stricter definition is used, 
requiring that the potential be distinct from the QRS complex, 
the prevalence of epsilon potentials is rare. New diagnostic cri-
teria for ARVD/C include terminal activation delay, which is 
defined as a prolonged duration of time (>55 milliseconds) from 
the S wave to the termination of the QRS complex, as a minor 
criterion for ARVD/C.8
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showed that immunohistochemical analysis of desmosomal 
protein distribution in endomyocardial biopsy specimens can 
provide high sensitivity and specificity (91% and 82%, respec-
tively) for the diagnosis of ARVD/C.20 Although it was first hoped 
that this test would prove invaluable in the evaluation of patients 
with suspected ARVD/C, enthusiasm fell rapidly when it was 
later recognized that sarcoidosis and giant cell myocarditis can 
cause patterns similar to those observed in ARVD/C.21 Box 87-1 
contains the pathologic parameters that have been incorporated 
into the revised task force criteria.8 Despite the potential value 
of endomyocardial biopsy, it is our impression that it is rarely 
performed in the United States. This is a reflection of the fact 
that invasive cardiologists are wary of performing a biopsy of the 
RV free wall, and the septum is usually unaffected in ARVD/C. 
Furthermore, functional and structure abnormalities of the RV 
can usually be ascertained through noninvasive imaging tech-
niques such as MRI, which usually obviates the need for a biopsy. 
It is important to note, however, that sarcoidosis can often mimic 
ARVD/C. If noninvasive imaging does not distinguish between 
these two conditions, it may be necessary to perform a biopsy for 
select patients.

The role of genetic testing in the diagnosis of ARVD/C is 
increasing in importance. Identification of a known or suspected 
disease-causing mutation in patients undergoing evaluation for 
ARVD/C is now considered a major diagnostic criterion.8 
However, only approximately 50% of ARVD/C probands are 
currently believed to have a pathogenic mutation,7 possibly 
because of the high incidence of rare mutations in many patients. 
Thus, although genetic testing can be used to confirm ARVD/C 
in index cases, lack of an identifiable mutation does not exclude 
the disease. The sensitivity of mutation analysis may improve as 
other new candidate genes are discovered. However at present, 
the most important use of this test involves screening asymptom-
atic family members of probands who have a pathologic genetic 
abnormality. Theoretically these family members have a 50% 
chance of inheriting the disease-causing mutation. Asymptomatic 
gene carriers are likely to require life-long monitoring as the 
result of age-dependent penetrance, and noncarriers are unlikely 
to have the disease. However, as was already mentioned, a non-
carrier of the known genetic defect may be a carrier of an as yet 
undiscovered gene, and serial evaluation is still required.

Pearls and Pitfalls in the Use  
of MRI for Evaluation of Patients  
with Suspected ARVD/C

Over the past two decades, MRI has evolved as the imaging 
modality of choice for evaluating the right ventricle in 
ARVD/C.22,23 The ability of MRI to provide multiplanar images 
of the RV allows accurate quantitative assessment of RV global 
and regional function. The noninvasive nature of MRI makes it 
ideal for evaluation and follow-up of asymptomatic first-degree 
relatives. Although it is not currently included in the modified 
task force criteria, MRI provides tissue characterization of the 
RV and the LV by depicting fat and fibrosis. This is often valuable 
in differentiating ARVD/C from myocarditis and sarcoidosis, 
which can mimic ARVD/C.

Functional Abnormalities in ARVD/C

Right ventricular function is often abnormal in overt stages of 
the disease, manifesting as RV dilatation and dysfunction. Right 
ventricular regional dysfunction precedes global changes and 
characteristically involves the basal subdiaphragmatic region of 
the right ventricle and the anterior RVOT. In our experience, RV 

A signal-averaged ECG (SAECG) provides increased sensitiv-
ity in the detection of activation delay. This technique involves 
obtaining an arithmetic mean of sequential ECG complexes over 
time, which increases the signal-to-noise ratio, thereby allowing 
detection of very low-amplitude “late potentials.” These micro-
volt potentials may manifest as epsilon waves on a 12-lead ECG. 
The standard protocol involves recording an SAECG using three 
bandpass filters (25 to 250 Hz, 40 to 250 Hz, and 80 to 250 Hz). 
The SAECG is defined as abnormal if one or more of the fol-
lowing criteria are present: (1) filtered QRS duration (fQRS) 
>114 milliseconds; (2) terminal low-amplitude (<40 μV) signal 
duration ≥38 milliseconds; and (3) root mean square voltage of 
the terminal 40 milliseconds of the filtered QRS complex 
(RMS40) <20 μV.8 The likelihood of an abnormal result seems 
to be correlated with the degree of structural abnormalities.  
A positive SAECG is now considered a minor criterion for 
ARVD/C.8 In our experience, the extent of abnormality in the 
SAECG correlates with severity of the disease and impacts the 
sensitivity and specificity of this test. It is not uncommon to have 
borderline positive SAECGs in patients being screened for 
ARVD/C who ultimately are determined to be not affected.

Ambulatory Holter monitoring is a valuable test in the evalu-
ation of patients with suspected ARVD/C. The presence of  
frequent ventricular ectopic beats or sustained/nonsustained ven-
tricular tachycardias (VTs), particularly of left bundle branch 
block (LBBB) morphology, is consistent with the diagnosis of 
ARVD/C. If a 24-hour Holter monitor captures no arrhythmias, 
additional options include extending the duration of Holter mon-
itoring, implanting a loop recorder, and performing exercise 
testing to induce VTs. It is generally accepted that fewer than 
200 premature ventricular contractions (PVCs) per 24 hours is 
within normal limits. The presence of 500 or more PVCs per 24 
hours is commonly observed in patients with ARVD/C and is 
considered a minor criterion for the diagnosis.8 We have reported 
that the number of PVCs on a 24-hour Holter is directly pro-
portional to a patient’s chance of receiving appropriate implant-
able cardioverter-defibrillator (ICD) therapy for VT or ventricular 
fibrillation (VF) when an ICD is implanted for primary preven-
tion.19 This observation is important because Holter monitoring 
is widely available, and the results can be clearly interpreted. 
Holter monitoring can be done on a yearly basis to facilitate 
evaluation of a patient’s risk of arrhythmia.

Assessment of ventricular structure and function is critical for 
the diagnosis of ARVD/C. Echocardiography is the least expen-
sive and most widely available noninvasive method of imaging 
the RV. Findings on a transthoracic echocardiogram (TTE) that 
are suggestive of ARVD/C include global or segmental wall 
motion abnormalities (akinesis/dyskinesis) with cavity dilatation, 
hypertrophic RV trabeculation, and systolic dysfunction. Right 
ventricular outflow tract (RVOT) dilatation (diameter >30 mm) 
has been reported to have the highest sensitivity and specificity 
(89% and 86%, respectively) of echocardiographic parameters in 
diagnosing ARVD/C.8 Box 87-1 lists the echo parameters that 
have been incorporated into the revised task force criteria.8

Cardiac magnetic resonance (CMR) is an imaging modality 
that offers the benefit of providing tissue characterization and 
identification of intramyocardial fat and fibrosis, in addition to 
assessment of ventricular structure and function. Because of the 
importance of this topic, we will discuss MRI in the diagnosis of 
ARVD/C in a separate section later in this chapter.

Endomyocardial biopsy may be performed to demonstrate the 
characteristic histopathology if the diagnosis is unclear or to rule 
out a competing diagnosis. However, this test appears to have low 
diagnostic sensitivity for several reasons, including patchy distri-
bution of disease and high rates of sampling error. The thin, 
dyskinetic areas of the RV free wall are the most likely sites to 
provide an optimal specimen, but targeting these areas may carry 
higher risk of perforation and tamponade. One small study 
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RV global and regional dysfunction be present to fulfill MRI 
criteria for diagnosis of ARVD/C.8

Qualitative RV Abnormalities on MRI
MRI has the ability to demonstrate fat infiltration and fibrosis of 
the right and left ventricles. Fat infiltration often localizes to 
areas of hypokinesis and dyskinesis and is best seen on axial black 
blood MRI as strands of epicardial fat replacing the RV free wall 
(Figure 87-3). Fat-suppressed images show signal voids in the 
same region. Interpretation of abnormal RV fat requires consid-
erable experience as abundant epicardial fat overlays the right 

apical involvement is uncommon, at least in early ARVD/C. 
Regional dysfunction is usually seen in the form of hypokinesis 
or dyskinesis of a segment of the right ventricle, which eventually 
leads to aneurysm formation. The acute angle of the right ven-
tricle (antero-basal RV) is a common site for aneurysm formation 
and is usually seen as a dyskinetic region on cine MRI (Video 
87-1). LV involvement is not uncommon and is seen in up to 25% 
of patients at presentation, often in association with RV abnor-
malities.24 Typically in patients with plakophilin mutations, this 
is noted as LV epicardial fat infiltration with preserved global 
function (Video 87-2). As the disease progresses, global RV dila-
tation ensues. At this stage, RV end-diastolic volumes are often 
enlarged and RV function reduced. Clinical right heart failure is 
uncommon until very late stages of the disease, when the RV is 
severely dilated and dysfunctional and MRI often reveals a dilated 
RV with a thin and fibrotic RV wall. Diagnosis of subtle regional 
functional abnormalities is challenging as the RV has a complex 
three-dimensional (3D) geometry, and the contraction pattern of 
the RV is influenced in part by the geometry of the chest wall 
and the contraction of the moderator band of the RV. Overinter-
pretation of these subtle abnormalities often leads to misdiagno-
sis of ARVD/C.25 For instance, RV morphology is distorted in 
the presence of pectus deformity, with apical ballooning of the 
RV giving the appearance of an aneurysm (Figure 87-1). Strands 
of fascia that tether the anterior pericardium to the sternum can 
appear similar to a dysmorphic RVOT (Figure 87-2). Contrac-
tion of the moderator band can result in asymmetrical wall 
motion of the basal and apical RV free wall, which can be misin-
terpreted as a wall motion abnormality. It is for this reason that 
regional wall motion interpretation has very poor interobserver 
reproducibility and often is unreliable as a sole diagnostic finding 
in ARVD/C. Therefore, modified task force criteria mandate that 

Figure 87-1.  Shown in this figure  is  the abnormal elongated right ventricle with 
dilatation of the RV apex (arrow) in association with pectus deformity. 

Figure 87-2.  A, Diastolic (left) and systolic (right) images from axial cine images of the right ventricle are shown. Note the bulging of the RV anterior wall in systole. B, Axial 
black blood images reveal that tethering of the RV anterior wall to the sternum (arrow) causes distortion of the RV wall in systole. 

A

B
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Video 87-1.  Four-chamber  cine  image  from  a  PKP2  mutation–positive  ARVD/C 
proband  showing  mild  RV  enlargement  and  dyskinesis  of  the  RV  antero-basal 
region. Also shown is epicardial fat infiltration of the left ventricular lateral wall and 
the interventricular septum. 

Video 87-2.  Short-axis cine  images  from an ARVD/C proband showing a dilated 
right ventricle with dyskinesis of the RV anterior and infero-basal walls with discrete 
aneurysmal outpouching of the RV angle in systole. 
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ventricle, especially close to the atrioventricular (AV) groove.25 
Moreover, varying degrees of epicardial fat replacement have 
been described in association with obesity, old age, and steroid 
use (Figure 87-4). Because of poor reproducibility of this finding 
and significant room for misdiagnosis, fat infiltration on MRI 
currently is not included as a criterion for ARVD/C8 (see Box 
87-1). However, it should direct the observer to closely evaluate 
regional and global function in such cases. Detection of RV 
fibrosis is equally challenging as epicardial fat often gives a hyper-
intense signal on delayed enhanced images, making differentia-
tion between fat and fibrosis impossible. In advanced cases, 
fibrosis is obvious on delayed images but loses its diagnostic value 
as RV dysfunction dominates MRI at this stage. MRI for delayed 
enhancement can help to differentiate ARVD/C from sarcoidosis 
and myocarditis, both of which may demonstrate patchy mid 
myocardial/epicardial enhancement in the left ventricle without 
major wall motion abnormalities.

Figure 87-3.  Axial black blood images from an ARVD/C patient showing epicardial 
fat  infiltration  seen  as  finger-like  projections  of  fat  (arrow)  that  extend  from  the 
epicardium into the right ventricular myocardium. 

Figure 87-4.  Axial  black  blood  image  in  an  obese  individual  showing  extensive 
intramyocardial fat infiltration in the right ventricle (arrows). 

Differential Diagnosis
The diagnosis of ARVD/C should be considered in any patient 
who does not have known heart disease and who presents with 
frequent PVCs or symptomatic ventricular tachycardia, espe-
cially if LBBB morphology is noted in the superior axis; the 
LBBB VT ECG pattern is not typical of idiopathic RVOT VT 
or in cases of VT with T wave inversion in the right precordial 
leads. The most common conditions that must be considered in 
the differential diagnosis include idiopathic right ventricular 
outflow tract ventricular tachycardia (RVOT-VT) and cardiac 
sarcoidosis. Of note, ARVD/C can be very difficult to distinguish 
from RVOT-VT in the absence of structural changes during 
early disease. Both can present with LBBB-type VT with an 
inferior axis. The differential diagnosis is based on the fact that 
RVOT-VT is nonfamilial, patients do not have the characteristic 
ECG/SAECG abnormalities of ARVD/C, and patients usually 
do not have inducible arrhythmias on programmed electrical 
stimulation. This diagnostic distinction is important to make 
because RVOT-VT carries a benign prognosis and generally can 
be cured or effectively treated with antiarrhythmic drugs or cath-
eter ablation. Several studies have compared the morphology of 
VT or PVCs with an LBBB inferior axis morphology in patients 
with idiopathic RVOT-VT versus patients with ARVD/D.26,27 
The first study reported that an algorithm that combines lead I 
QRS duration for sensitivity and axis for specificity is useful in 
differentiating the two tachycardia substrates.26 A lead I QRS 
duration ≥120 milliseconds had a sensitivity of 100%, a specificity 
of 46%, a positive predictive value of 61%, and a negative predic-
tive value of 100% for ARVD/C. The addition of a mean QRS 
axis of <30 degrees (R<S in lead III) to the above criterion 
increased specificity for ARVD/C to 100%.26 A more recent study 
examining patients with PVCs or VT with an LBBB inferior axis 
morphology confirmed that a QRS duration >120 milliseconds 
in lead V1 during VT or with PVCs favors the diagnosis of 
ARVD/C as compared with idiopathic RVOT-VT.27 Although it 
is important to consider the diagnosis of ARVD/C in a patient 
with left bundle branch block inferior axis (LBI) axis premature 
ventricular contractions (PVCs) or VT, we do not recommend 
that each of these patients should undergo a complete evaluation 
to exclude a possible diagnosis of ARVD/C. If the ECG and the 
echocardiogram are normal and no family history of premature 
sudden death is reported, we do not advise an exhaustive evalu-
ation for ARVD/C. If the patient prefers a curative ablative strat-
egy, an electrophysiological (EP) study and possible ablation 
would be the next steps. Only if multiple forms of VT are induced 
at the time of EP testing would the potential diagnosis of 
ARVD/C be reconsidered.

Cardiac sarcoidosis should be suspected in patients who 
present with evidence of conduction system abnormalities, espe-
cially in the presence of other extracardiac symptoms. In rare 
situations, an endomyocardial biopsy may become necessary to 
differentiate between the two disorders. The infrequency with 
which endomyocardial biopsy is required reflects the fact that 
cardiac sarcoidosis can usually be suspected on the basis of con-
duction system abnormalities, mediastinal lymphadenopathy, 
tissue diagnosis of extracardiac sarcoidosis, or septal scar.28

A minority of ARVD/C patients first present with symptoms 
of RV systolic heart failure. The differential diagnosis in such 
patients includes RV infarction or pulmonary hypertension. 
Dilated cardiomyopathy must be considered if evidence of biven-
tricular failure is noted. Patients with dilated cardiomyopathy 
who have early significant ventricular ectopy should be evaluated 
for possible biventricular arrhythmogenic cardiomyopathy.

Diagnostic Criteria
In 1994, an international group of experts created the Task Force 
(TF) criteria for the diagnosis of ARVD/C based on early experi-
ence with symptomatic probands at major referral centers. They 
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testing and improved cardiac imaging, these individuals are now 
being identified at a much earlier stage in their disease than was 
possible before. With exercise restriction and use of a β-blocker, 
their risk of sudden death appears to be reduced to a level below 
which placement of an ICD is justified by risk assessment. If a 
decision is made to not implant an ICD, we emphasize close 
monitoring and serial follow-up to promptly identify those indi-
viduals who become symptomatic and would clearly benefit from 
an ICD. It is worth noting that the threshold for implanting an 
ICD for primary prevention of sudden death in ARVD/C patients 
is considerably higher in Europe than in the United States.

Catheter Ablation of VT

Catheter ablation is another option for treatment of patients with 
ARVD/C who have ventricular tachycardia. It is important to 
recognize that unlike patients with idiopathic VT, in which cath-
eter ablation is curative, the role of catheter ablation in patients 
with ARVD/C is to improve quality of life by decreasing the 
frequency of episodes of sustained VT and symptomatic NSVT 
and ventricular ectopy. Our standard approach is to consider 
catheter ablation after a trial of antiarrhythmic therapy (often 
sotalol). In selected patients, particularly those with a high density 
of PVCs on Holter monitoring, we may consider catheter abla-
tion as first-line therapy. Many patients elect to pursue catheter 
ablation before beginning a trial of amiodarone.

We have written two articles that have evaluated the outcomes 
of catheter ablation of VT in patients with ARVD/C. Each of 
these studies was based on data collected as part of the Johns 
Hopkins ARVD registry, which tracks the outcomes of hundreds 
of patients with ARVD/C across the United States. Our first 
study reported on a cohort of 24 patients who underwent 
ARVD/C for ventricular tachycardia.29 These 24 patients under-
went 48 ablation procedures at 29 different electrophysiology 
centers in the United States. The cumulative VT-free survival 
was 75% at 1.5 months, 50% at 5 months, and 25% at 14 months. 
The immediate success of the procedure had no bearing on 
recurrence, nor did the use of assisted mapping techniques or 
repetition of the procedure.29 Our more recent study reported on 
an expanded series of 87 patients who underwent a total of 175 
VT ablation procedures.30 Over a mean follow-up of 88 + 66 
months, the overall freedom from VT was 47%, 21%, and 15% 
at 1, 5, and 10 years, respectively. The cumulative freedom from 
VT following epicardial VT ablation was 64% and 45% at 1 and 
5 years. It is important to note that the burden of VT decreased 
after ablation from a median of 0.16 VT episodes per month 
before ablation to 0.08 episodes per month after ablation. It is 
now well established that outcomes of VT ablation in patients 
with ARVD/C are improved with a combined endocardial/
epicardial approach incorporating a substrate-based strategy.

Ventricular tachycardia in ARVD/C is often exercise related, 
and the presence of nonsustained VT or a high PVC count on 
Holter recordings is associated with appropriate ICD therapies. 
Based on these findings, our current approach involves perform-
ing a diagnostic EP study at baseline both before and after a very 
high-dose (30 μg/kg/min) infusion of isoproterenol (Figure 
87-5). We record 12-lead morphologies of all baseline PVCs 
preferably before sedation is administered and after this EP study 
is performed under sedation along with administration of high-
dose isoproterenol. In a series of 16 ARVD/C patients, sustained 
VT could be induced in 11 of 16 patients (68%) during isopro-
terenol infusion either spontaneously or by burst pacing; further, 
the morphology of the induced VT was similar to that of the 
baseline PVCs in 59% of induced VTs. Based on the PVC/ VT 
morphology, we prepared a detailed map to identify regions of 
scarred myocardium demonstrating low voltage and multiple 
fragmented and delayed electrograms. The ablation strategy  

established major and minor criteria in six categories, including 
structural changes/systolic dysfunction, tissue pathology, repolar-
ization and depolarization abnormalities, arrhythmias, and family 
history. In that publication, the diagnosis of ARVD/C was based 
on the presence of two major, one major and two minor, or four 
minor criteria. Although they were quite specific, these TF cri-
teria lacked sensitivity for diagnosis, especially in presymptomatic 
patients. The TF criteria were later revised to improve upon the 
subjectivity of some of the original criteria and to increase sen-
sitivity by integrating new knowledge and technology8 (see Box 
87-1). These new criteria were rapidly adopted and should now 
be relied on to make a diagnosis of ARVD/C. Patients are diag-
nosed as having definitive ARVD/C if they have “4 points” with 
a major criterion equal to 2 points and a minor criterion equal 
to 3 points. Patients whose scores total “3 points” can be classified 
as having probable ARVD/C.

Management

Implantable Cardioverter-Defibrillators

Prevention of sudden cardiac death is the primary goal of man-
agement. Several studies of ARVD/C probands who received an 
ICD showed appropriate interventions during follow-up in more 
than 50% of patients.3,19 Of these, approximately 40% were con-
sidered life-saving based on the presence of rapid VT/VF with a 
rate of ≥240 bpm. Predictors of appropriate therapy included 
prior VF arrest, syncope, severe RV dilatation, LV dysfunction, 
young age, and definitive disease by TF criteria.

We reported the results of a study that investigated the inci-
dence of appropriate ICD therapy among 84 patients who had 
an ICD implanted for primary prevention of VT or VF.19 Over 
a mean follow-up of 4.7 ± 3.4 years, appropriate ICD therapy was 
seen in 40 (48%) patients, 16 of whom (19%) had received inter-
ventions for rapid VT/VF. Inducibility of proband status (P < 
.001), inducibility on EP study (P = .005), the presence of non-
sustained ventricular tachycardia (NSVT) (P < .001), and Holter 
PVC count >1000/24 hr (P = .024) were identified as significant 
predictors of appropriate ICD therapy. Five-year survival with 
appropriate ICD therapy for patients with one, two, three, and 
four risk factors was 100%, 83%, 21%, and 15%, respectively. 
Inducibility on EP study (hazard ratio [HR], 4.5; 95% confidence 
interval [CI], 1.4-15; P = .013) and NSVT (HR, 10.5; 95% CI, 
2.4-46.2; P = .002) remained significant predictors on multivari-
able analysis. These findings are important because they demon-
strate that nearly half of ARVD/C patients treated with an ICD 
for primary prevention experienced appropriate ICD interven-
tions. Inducibility on EP study and NSVT are independent 
strong predictors of appropriate ICD therapy. More frequent 
ventricular ectopy is associated with progressively more common 
ICD therapy. Incremental risk of ventricular arrhythmias and 
ICD therapy were observed in the presence of multiple risk 
factors. In considering these results, it is important to recognize 
that the use of rapid VT/VF as a surrogate for sudden death 
results in an overestimation of this endpoint.

The issue of which patients with ICD require ICD implanta-
tion remains an area of uncertainty. At present we generally 
recommend ICD placement in all probands who meet TF crite-
ria, especially if they have a history of sudden death, sustained 
VT, or arrhythmogenic syncope, or if they have a high degree of 
ventricular ectopy and/or nonsustained VT on Holter monitor-
ing. With each patient evaluation, the risks and benefits of ICD 
implantation are reviewed in detail, so an informed decision can 
be made. We are more circumspect about recommending implan-
tation of an ICD in a family member of a proband who has been 
diagnosed with ARVD/C. Because of the availability of genetic 
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in the perivalvular region, especially in the antero-basal and 
infero-basal RV. Both of these regions are affected in most 
ARVD/C patients. We perform pace mapping to identify the exit 
sites of the induced VT, which often localizes to the region of 
late potentials (Figure 87-7). Systematic ablation of all late poten-
tials eliminates the PVCs and renders the VT noninducible.

Pharmacologic Therapy

Pharmacologic treatments such as β-blockers and class III antiar-
rhythmic agents (e.g., sotalol, amiodarone) are commonly used 
to reduce the burden of arrhythmias. Sotalol appears to be the 
most effective antiarrhythmic drug for preventing inducible VT 
in patients with ARVD/C. Amiodarone alone or in combination 
with β-blocking drugs may be an alternative in nonresponders, 
especially if they are reluctant to consider catheter ablation  
of VT.

we use involves ablating all of these areas. The endpoint of the 
procedure is noninducibility of VT and/or PVCs, and the iso-
proterenol challenge is repeated at the end of the ablation.

The epicardial ablation strategy, although associated with 
better outcomes, is not without complications. Epicardial access 
technique requires considerable understanding of the cardiac and 
thoracic anatomy, and in our experience, preprocedural imaging 
performed to plan the access is crucial in avoiding complications. 
Structures at risk for injury include the liver, the stomach, the 
left internal mammary artery, the left lung, the right ventricle, 
and the blood vessels in the interventricular groove. Laceration 
of vascular structures and perforation of the right ventricle  
often result in the need for urgent thoracotomy to achieve 
hemostasis.

We perform a contrast computed tomography (CT) scan, 
which is used for visualization of pericardial fluid and for image 
integration to facilitate electroanatomical mapping. In the supine 
position, the pericardial fluid accumulates anteriorly, and the 
heart sinks to the bottom of the pericardial sac. As such, a shallow 
anterior approach targeting the mid anterior right ventricular 
wall is optimal for RV mapping and ablation. Axial and sagittal 
CT images outline the pericardial space to be accessed, revealing 
the extent of the fluid and serving as a visual guide to depth and 
distance from the midline. We perform epicardial access under 
biplane fluoroscopy using anteroposterior (AP) and lateral views 
to emulate axial and sagittal CT views (Figure 87-6). Using this 
technique, we have successfully performed epicardial access in 20 
ARVD/C patients with no major complications, except for mild 
pericarditis that resolved within 24 hours of ablation. After aspi-
rating all of the pericardial fluid, we routinely administer 125 mg 
of methylprednisolone into the pericardial cavity before with-
drawing the pericardial sheath.

We use a deflectable epicardial sheath to aid mapping of the 
RV and LV epicardial surface. With a 4-mm irrigated catheter, 
detailed mapping of the RV is performed while the irrigating 
fluid is frequently aspirated to ensure proper contact of the 
mapping catheter. Interpretation of low voltage in the epicardium 
can be challenging, especially close to the AV groove and the 
apex, as the epicardial fat significantly attenuates the myocardial 
signal. Cutoff values for abnormal RV voltage have been pub-
lished but have not been extensively validated. It is for this reason 
that we rely on fractionated potentials that are distinctly later 
than the surface QRS rather than low voltage with early activated 
regions. Fractionated late potentials are frequently observed  

Figure 87-5.  Complex ventricular ectopy during high-dose isoproterenol infusion (A) that organizes into sustained monomorphic ventricular tachycardia (B) in a patient 
with ARVD/C. 
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Figure 87-6.  Fluoroscopic  lateral  view  of  pericardial  access.  The  pericardium  is 
stained with the contrast injection, and the access needle is in the pericardial space 
anterior to the right ventricular wall. 
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underwent cardiac transplantation for ARVD/C. The average age 
of first ARVD/C symptoms was 24 ± 13 years (median age, 18 
years), and the average age at cardiac transplant was 40 ± 14 years 
(median age, 44 years). Thirteen patients were transplanted pre-
dominantly because of heart failure symptoms, and five were 
transplanted predominantly for VT. Results of this study pro-
vided new insight into the population of patients that will ulti-
mately require cardiac transplantation for ARVD/C. These 
patients often had clinical onset of the disease at a relatively 
young age. One year after transplantation, survival was 94%, and 
88% were alive at an average posttransplant follow-up of 6.2 ± 
4.8 years (median, 4.5 years).

Summary

Arrhythmogenic right ventricular dysplasia/cardiomyopathy/ 
(ARVD/C) is an inherited cardiomyopathy characterized clini-
cally by ventricular arrhythmias, sudden death, and structural 
abnormalities of the right ventricle. Because of significant het-
erogeneity in its manifestation, the diagnosis of ARVD/C is chal-
lenging and requires a multifaceted approach to patient evaluation. 
Management of ARVD/C is aimed primarily at reducing the 
burden of symptomatic arrhythmias and decreasing the incidence 
of sudden cardiac death. Automatic implantable cardioverter-
defibrillators (ICDs) significantly reduce mortality in patients 
with ARVD/C. Antiarrhythmic drug therapy and catheter abla-
tion of ventricular tachycardia are used primarily to decrease the 
frequency of episodes of sustained and symptomatic nonsustained 
ventricular tachycardia.

Exercise Restriction

An important recommendation for patients with ARVD/C is 
exercise restriction. Evidence to support the value of exercise 
restriction includes the well-established observation that most 
patients who develop ARVD/C are competitive or high-level 
athletes. Furthermore, ventricular arrhythmias commonly occur 
during exercise. Furthermore, based on our experience over the 
past 15 years in caring for hundreds of patients with ARVD/C, 
we have concluded that exercise increases the rate of progression 
of ARVD/C. In contrast, patients who dramatically reduce their 
exercise levels appear to have a much quieter course. Our clinical 
experience is consistent with the results of a recent study in a 
mouse model of ARVD/C.31 These investigators subjected mice 
that were heterozygous for plakoglobin mutation to various levels 
of endurance training (swimming). The mice subjected to high 
levels of exercise developed ventricular arrhythmias, whereas the 
sedentary mice did not. Until more is known about a “safe” 
threshold for exercise in ARVD/C, we recommend that patients 
with ARVD/C restrict their exercise levels as much as possible. 
Competitive and high-level athletics are strongly discouraged. 
Ideally we succeed in convincing patients to limit their activities 
to walking and golf. These recommendations need to be balanced 
with quality-of-life considerations.

Cardiac Transplantation

It is rare that patients with ARVD/C require cardiac transplanta-
tion.32 We recently reported the details of 18 patients who 

Figure 87-7.  Electroanatomical maps (left) of the epicardium and the endocardium are shown in a patient with ARVD/C. Note the extensive scarring of the epicardium 
close to the anterior and inferior base of the right ventricle. The endocardium shows normal voltage. The spontaneous PVC, pace mapping from the site of ablation, and 
local electrograms are shown on the right. 
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tachycardia, characterized by a beat-to-beat 180-degree alternat-
ing QRS axis, but this is observed in only a minority of patients.

Patients with a possible clinical diagnosis of CPVT are those 
with physical or emotional stress-related polymorphic ventricular 
ectopy but with no or no reproducible polymorphic ventricular 
arrhythmias. In these cases genetic testing is critical for a defini-
tive diagnosis of CPVT. In genotype-negative cases with a pos-
sible CPVT phenotype, it may be challenging to distinguish 
CPVT from other, similar conditions (see Differential Diagno-
sis), and it may not be possible to make a definitive diagnosis.

Clinical Presentation

The typical clinical presentation of CPVT consists of syncope, 
aborted cardiac arrest, or sudden cardiac death in circumstances 
of physical or emotional stress, including swimming, in normally 
developed children or young adolescents. Some patients would 
initially be diagnosed with epilepsy, in part because CPVT-
related syncope may include convulsive movements and urinary 
or fecal incontinence. If symptomatic patients would receive anti-
epileptic treatment or no treatment, additional cardiac events 
would occur and eventually would prove fatal in some cases. 
Classically, the family history of these young patients includes 
relatives with syncope, aborted cardiac arrest, sudden cardiac 
death, or “epilepsy” under similar conditions.

Today, however, numerous patients and families with a differ-
ent clinical presentation and a more benign course have been 
recognized.8 On the contrary, RYR2 mutations have been identi-
fied in victims of SIDS, suggesting a wide range of phenotype 
severity among RYR2 mutation carriers.

Cardiologic Examination

Most CPVT patients have an unremarkable 12-lead resting elec-
trocardiogram, including a normal QTc interval. However, sinus 
bradycardia and prominent U waves on the resting electrocardio-
gram have been associated with CPVT (see Supraventricular 
Disease Manifestations).

The golden standard for the diagnosis of CPVT is provocative 
testing, preferably performed through exercise. Typically, a 
gradual increase in ventricular arrhythmia burden and complexity 
is observed, starting with isolated ventricular premature beats 
(VPBs) at a heart rate of approximately 110 to 130 beats per 
minute. In the absence of important therapeutic modifications, 
the ventricular arrhythmia threshold heart rate is accurately 
reproducible in an individual patient. VPBs are late-coupled with 
a coupling interval of approximately 400 milliseconds. Left 
bundle branch block inferior axis and right bundle branch block 
superior axis morphologies have consistently been shown to be 
predominant in CPVT, and VPB morphologies are usually repro-
ducible in an individual patient. Further exercise causes the 
number of isolated VPBs to increase to match the number of 
bigeminal VPBs, and eventually, polymorphic couplets or non-
sustained ventricular tachycardia, including bidirectional 
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Catecholaminergic polymorphic ventricular tachycardia (CPVT) 
is an inherited arrhythmia syndrome that is characterized by 
adrenergically mediated polymorphic ventricular tachyarrhyth-
mias in patients with no structural heart disease. The prevalence 
of CPVT in the general population is unknown but is estimated 
to be 1 in 10,000. Although the clinical course is diverse, mortal-
ity in severely affected untreated CPVT patients is up to 50% 
before the age of 20.1 Accordingly, CPVT is a significant cause 
of sudden infant death syndrome (SIDS; see Chapter 98) and 
autopsy-negative sudden unexplained death in the young.2

Historical Background

The first patients with the clinical characteristics of CPVT were 
described in 1960 by Berg, who reported three young sisters with 
cardiac events and polymorphic ventricular arrhythmias without 
structural heart disease, of whom one died suddenly.3 In 1975, 
Reid et al. described another typical CPVT patient: a 6-year-old 
girl with bidirectional ventricular tachycardia precipitated by 
exercise or emotional stress.4 Thereafter, the Paris group (Lari-
boisière Hospital) of Philippe Coumel published two important 
clinical articles in 19785 and 1995,1 including 4 and 21 patients 
respectively, resulting in the definitive recognition of CPVT as a 
distinct primary arrhythmia syndrome (instead of a subtype of 
the long QT syndrome). The genetic background of CPVT was 
first discovered in 2001: Mutations in the cardiac ryanodine 
receptor gene (RYR2) were found to underlie most cases of 
CPVT,6 while mutations in cardiac calsequestrin (CASQ2) were 
identified in rare, autosomal recessively inherited CPVT cases.7

Clinical Manifestations

Definition

A definitive clinical diagnosis of CPVT requires the presence of 
reproducible exercise-induced or emotion-induced polymorphic 
ventricular tachycardia in the absence of structural heart disease 
and resting electrocardiographic (ECG) abnormalities, particu-
larly a normal heart rate–corrected QT (QTc) interval. The hall-
mark of CPVT is the presence of bidirectional ventricular 
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Figure 88-1.  Electrocardiographic strip showing the typical bidirectional ventricular tachycardia in a patient with catecholaminergic polymorphic ventricular tachycardia 
during exercise testing. 
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ventricular tachycardia, may be induced (Figure 88-1). In very 
rare cases, this may further escalate to polymorphic sustained 
ventricular tachycardia or ventricular fibrillation. When exercise 
testing is terminated, the ventricular arrhythmias rapidly recede 
in most patients.

Holter monitoring, during which a patient should be encour-
aged to perform exercise, can be used as an alternative test in 
selected cases, although its sensitivity is thought to be low. For 
example, it may be useful in young children or in other patients 
who are unable to perform an adequate exercise test, in patients 
suspected of having emotion-related rather than exercise-related 
ventricular arrhythmias, and in patients who report possible 
CPVT-related symptoms but have an unremarkable exercise test 
(Figure 88-2).

In recent years the use of adrenaline infusion (initiated at a 
dose of 0.05 µg/kg/min and then titrated at 5-minute intervals to 
a maximum dose of 0.2 µg/kg/min) in CPVT has been advocated. 
It is interesting to note that adrenaline infusion–provoked ven-
tricular arrhythmias consistent with CPVT have been reported 
in patients who did not have any ventricular arrhythmia during 
exercise testing or Holter monitoring. Whether these patients 
represent “true” CPVT based on a similar pathophysiological 
mechanism as that seen in classic CPVT patients remains to be 
determined. A recent study comparing the diagnostic value of 
adrenaline infusion and exercise testing in 36 CPVT patients 
(including 25 RYR2 mutation carriers and 11 genotype-negative 
patients) and in 45 unaffected relatives showed low sensitivity of 
adrenaline infusion, probably because the maximum heart rate 
achieved upon adrenaline challenge was markedly lower as com-
pared with that seen during exercise testing.9 Among 25 CPVT 
patients with a positive exercise test, only 7 had a positive adrena-
line test (sensitivity of 28%). The specificity of adrenaline infu-
sion in the entire study population was 98%.9

Electrophysiological studies generally have no role in diag-
nosing CPVT because ventricular arrhythmias cannot be trig-
gered other than by adrenergic stimulation. However, in selected 
cases, they may be useful: A recent article reported on prominent 
postpacing changes in the QT interval among mutation carriers 
from a family with the M4109R RYR2 mutation.10

In an index patient who presents with a possible CPVT phe-
notype, cardiac imaging is mandatory to exclude other causes of 
exercise-induced polymorphic tachyarrhythmias (see Differential 
Diagnosis). Cardiac imaging is, by definition, unremarkable in 
CPVT patients. However, some exceptions have been reported. 
Mutations in RYR2 have been identified in patients with fibro-
fatty myocardial replacement in the right ventricle, mimicking 
arrhythmogenic cardiomyopathy, and intracellular calcium 
deposits.11 Moreover, members of two separate families with a 
large genomic deletion in RYR2, involving exon 3, showed sino-
atrial node and atrioventricular node dysfunction, atrial fibrilla-
tion, atrial standstill, and left ventricular dysfunction and 
dilatation, in addition to the classic CPVT phenotype.12

Supraventricular Disease Manifestations

The most common supraventricular manifestation of CPVT is 
sinus bradycardia and/or sinus node dysfunction. In one study, 
RYR2 mutation carriers had a lower average resting heart rate as 
compared with their non–mutation-carrying relatives.13 Heart 
rates tended to be lowest in males and in RYR2 mutation carriers 
with a CPVT phenotype. The latest data on RYR2 mutation–
carrying relatives, including 116 relatives from 15 families who 
were identified by cascade screening of the RYR2 mutation causing 
CPVT in the proband, show that sinus bradycardia was observed 
in 19%.14 Other supraventricular dysrhythmias were present in 
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Figure 88-2.  Holter monitoring summary of a patient with catecholaminergic polymorphic ventricular tachycardia showing the occurrence of ventricular premature beats 
(middle panel) and ventricular tachycardia (lower panel) when heart rate is increased (upper panel). 
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16% and mainly included intermittent ectopic atrial rhythm iden-
tified by Holter monitoring. In one study, in which an electro-
physiological study was performed in eight CPVT patients, 
evidence of sinus node dysfunction was demonstrated in four.15

Exercise-induced supraventricular tachyarrhythmias have 
been reported in CPVT patients but are not commonly 
observed.14

Genetic Basis

Although the familial nature of CPVT was noted in the first 
reports, critical steps in revealing the genetic basis of CPVT have 
been taken in the past decade (Table 88-1). The pathophysiologi-
cal mechanisms through which these genetic determinants of 
CPVT lead to the clinical phenotype are discussed in Chapter 53.

Cardiac Ryanodine Receptor Gene (CPVT 1)

In 1999 the CPVT phenotype was linked to a disease locus on 
chromosome 1q42-q43, and an autosomal dominant inheritance 
pattern of this CPVT form was suggested. The disease-causing 
gene residing on this locus—the cardiac ryanodine receptor gene 
(RYR2)—was identified in 2001. RYR2 governs the release of 
calcium from the sarcoplasmic reticulum, which initiates cardiac 
muscle contraction. More than 130 unique and mostly missense 
mutations in RYR2 have been identified.16 Approximately 20% of 
RYR2 mutations are de novo in origin. Mutations in the RYR2 
cluster have been reported in three hotspots: the N-terminal 
domain (codons 44 to 466; ≈16% of mutations), the central 
domain (codons 2246 to 2534; ≈20% of mutations), and the 

C-terminal channel–forming domain (codons 3778 to 4959; 
≈50% of mutations) (Figure 88-3). Nowadays, but probably not 
for long because of advanced technological possibilities enabling 
more extensive molecular genetic screening, most laboratories 
use this information by applying a tiered targeting strategy for 
RYR2 mutational analyses, starting with the exons in which most 
mutations have been identified.16

Mutations in RYR2 are identified in approximately 60% of 
patients with a strong CPVT phenotype.16,17 The yield of RYR2 
genetic testing drops to 5% to 38% in patients with a possible 
clinical diagnosis in CPVT, 31% in patients with exertional 
syncope, and 15% in relatives of victims of exercise- or emotion-
related aborted cardiac arrest or sudden cardiac death with no 
signs of other inherited cardiac disease.16,17

Rare missense mutations in RYR2 among controls are identi-
fied in approximately 3%, indicating a high estimated probability 
for pathogenicity of new variants identified in patients with a 
strong CPVT phenotype.16

Cardiac Calsequestrin Gene (CPVT 2)

In 2001 mutations in the gene encoding cardiac calsequestrin 
(CASQ2) were found to underlie a malignant autosomal recessive 
inherited form of CPVT in seven related Bedouin families.7 
CASQ2 is located within the sarcoplasmic reticulum and plays a 
pivotal role in calcium homeostasis. Mutations in CASQ2 are 
identified in less than 5% of CPVT index cases. At present, 12 
(putative) pathogenic mutations and three single nucleotide poly-
morphisms in CASQ2 have been identified. Although CASQ2 
mutations are typically identified in consanguineous families, 
compound heterozygosity has been observed in nonconsanguine-
ous families. It is unclear whether some CASQ2 mutations, such 
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Table 88-1. Genetics of Catecholaminergic Polymorphic Ventricular Tachycardia

Gene Locus Inheritance
Number of 
Mutations Identified Phenotype Frequency

RYR2 1q42-43 Autosomal dominant >130 CPVT (exon 3 deletion: sinoatrial node, 
atrioventricular node dysfunction, atrial fibrillation, 
atrial standstill, dilated cardiomyopathy)

≈60%

CASQ2 1p13.3-p11 Autosomal recessive 12 CPVT <5%

TRDN 6q22-23 Autosomal recessive 3 CPVT <5%

Unknown 7p14-22 Autosomal recessive Not applicable CPVT, mild QTc interval prolongation Unknown

KCNJ2 17q24.3 Autosomal dominant CPVT phenocopy <5%

CPVT, Catecholaminergic polymorphic ventricular tachycardia.

Figure 88-3.  A, RYR2 channel topology and localization of mutations and single-nucleotide polymorphisms (based on Medeiros-Domingo et al.16). SNP, Single-nucleotide 
polymorphism; SR, sarcoplasmic reticulum. B, Proportion of RyR2 mutations identified per domain (indicated by the amino acid number estimated for each domain) (based 
on Medeiros-Domingo et al.16). AA, Amino acid. 

(Modified from Nederend I, van der Werf C, Wilde AA: Catecholaminergic polymorphic ventricular tachycardia in 2012. Cardiogenetics 1[Suppl 1]:14-20, 2011. With permission 
from PAGEPress.)
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be considered de novo, and siblings (who have a 50% chance of 
being a mutation carrier) might not be tested.21

Differential Diagnosis

The differential diagnosis of CPVT will often include long QT 
syndrome, Andersen-Tawil syndrome, and concealed structural 
heart disease.

When both long QT syndrome and CPVT are considered 
likely in a patient with a nondiagnostic resting ECG, exercise 
testing is usually helpful. The QTc interval in the recovery phase 
of the exercise test is accurate in identifying long QT syndrome 
patients with a normal or borderline QTc interval at rest.22 The 
presence of exercise-induced ventricular ectopy beyond isolated 
VPBs favors a diagnosis of CPVT.23

The classic phenotypic triad of Andersen-Tawil syndrome, 
which is caused by loss-of-function mutations in KCNJ2 in 
approximately 60% of cases, consists of ventricular arrhythmias, 
periodic paralysis, and facial and limb dysmorphism (see Chapter 
94). Common cardiac manifestations include mild QTc prolonga-
tion, prominent U waves, and ventricular arrhythmias, which may 
range from frequent VPBs to bidirectional or polymorphic ven-
tricular tachycardia. In patients lacking the classic triad of 
Andersen-Tawil syndrome, the phenotype may very much mimic 
CPVT. Genetic testing may guide distinction from other forms of 
CPVT, which is important, because patients with Andersen-Tawil 
syndrome show a much more benign course. In a recent series of 
KCNJ2 mutation carriers, 2 of 24 mutation carriers (8.3%) dis-
played a CPVT phenotype.24 These 2 patients had their first 
syncope after the age of 30 and had ventricular arrhythmias at rest.

In patients with exercise-induced ventricular arrhythmias, ini-
tially concealed structural heart disease, such as arrhythmogenic 
or hypertrophic cardiomyopathy, mitral valve prolapse, and myo-
cardial ischemia may be alternate diagnoses. Cardiac imaging 
techniques and genetic testing may help the clinician in making 
a specific diagnosis. However in some cases, the underlying con-
dition may be revealed only after close follow-up.

Clinical Management

The clinical management of CPVT probands and their relatives 
is summarized in Figure 88-4.

Risk Stratification

At present, very little is known about risk stratification for the 
occurrence of arrhythmic events in CPVT, particularly in com-
parison with other inherited arrhythmia syndromes such as long 
QT syndrome and Brugada syndrome. In general, most CASQ2 
mutation–related CPVT patients seem to display a more severe 
phenotype as compared with RYR2 mutation carriers. In the 
largest described CPVT series, including RYR2 and CASQ2 
mutation carriers as well as nongenotyped patients and both 
probands and relatives, young age at diagnosis and a history of 
aborted cardiac arrest were associated with future cardiac events.25 
Among asymptomatic RYR2 or CASQ2 mutation–carrying rela-
tives identified by cascade screening, a CPVT phenotype at the 
first exercise test may increase the risk of future cardiac events.26

Altogether, current advice is to actively treat all clinically or 
genetically diagnosed CPVT patients until markers that allow us 
to adequately identify low-risk patients become available. It is 
hoped that larger patient populations and longer follow-up dura-
tions will reveal these risk markers in the near future.

as the R33X mutation, may also cause autosomal dominant trans-
mission of the phenotype.

Other CPVT Types

A third CPVT form, inherited as an autosomal recessive trait, 
was mapped to a to a 25-Mb interval on chromosome 7p14-p22 
in a report that included four children from an inbred Arabic 
family.8 All children presented before the age of 12 and showed 
mild QTc interval prolongation; three children eventually suc-
cumbed to this condition. The disease-causing gene remains 
elusive today.

Another autosomal recessive form of CPVT, caused by muta-
tions in triadin (TRDN), has been reported.18 Triadin is a trans-
membrane sarcoplasmic reticulum protein and another 
component of calcium homeostasis. Three TRDN mutations 
were identified in 2 of 97 CPVT probands without mutations in 
RYR2 or CASQ2. It is important to note that skeletal muscle 
weakness may be an associated feature of this CPVT form.

Mutations in the gene encoding the potassium inwardly rec-
tifying channel Kir2.1 (KCNJ2), which generally are associated 
with Andersen-Tawil syndrome, may cause a CPVT phenocopy, 
including the typical bidirectional ventricular tachycardia (VT; 
see Differential Diagnosis). Therefore, KCNJ2 is also considered 
part of the CPVT gene panel.

Genetic Testing in CPVT

In CPVT, genetic testing has diagnostic but no therapeutic or 
prognostic value. The results of genetic testing may help confirm 
the diagnosis in patients with a possible clinical diagnosis of 
CPVT. According to the Heart Rhythm Society (HRS)/Euro-
pean Heart Rhythm Association (EHRA) consensus statement on 
genetic testing in inherited arrhythmia syndromes and cardiomy-
opathies, comprehensive CPVT genetic testing is indicated in 
probands in whom “a cardiologist has established a clinical index 
of suspicion for CPVT based on examination of the patient’s 
clinical history, family history, and expressed electrocardiographic 
phenotype during provocative stress testing with cycle, treadmill, 
or catecholamine infusion.”19 In addition, it is stated that “RYR2 
mutations may be regarded as a cause of adrenergically mediated 
idiopathic ventricular fibrillation, which may justify genetic 
testing in such instances.” Our center performs RYR2 mutational 
analyses in exons in which mutations have been identified through 
a tiered strategy.14 CASQ2 and TRDN screening is performed in 
consanguineous families. In mutation-negative cases with a 
strong CPVT phenotype from nonconsanguineous families, the 
remaining exons of RYR2 and CASQ2 are screened. KCNJ2 
genetic testing is considered when an abundance of supraven-
tricular or ventricular ectopy is present on Holter monitoring 
and/or a resting ECG could correspond to the diagnosis of 
Andersen-Tawil syndrome, as recommended.19

In relatives, genetic testing is critically important for identify-
ing asymptomatic mutation-carrying relatives of a mutation-
positive proband (see later). Predictive genetic testing of relatives 
with a 50% risk of carriership (cascade screening) is fairly 
straightforward.20 Genetic testing should be performed in young 
children, possibly even at birth, because of the young age of 
manifestation of CPVT and its association with SIDS.19 Approxi-
mately 50% of RYR2 mutation–carrying relatives identified by 
cascade screening have a CPVT phenotype.14 Relatives who are 
noncarriers of the familial CPVT-causing mutation can be reas-
sured and dismissed from further cardiologic evaluation.

When both parents of a mutation-carrying proband have a 
negative genetic test, the possibility of mosaicism should be con-
sidered. Otherwise the mutation in the proband may incorrectly 
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An increasing body of evidence suggests that adding flecainide 
to β-blocker therapy is a very effective second step. Flecainide 
has been discovered to have a possible direct RYR2-blocking 
effect in a CPVT mouse model.16 In addition, flecainide was 
highly effective in reducing exercise-induced ventricular arrhyth-
mias and in preventing cardiac events in two severely affected 
CPVT patients.16 The clinical efficacy of flecainide was then 
reproduced in several case reports. In an international study that 
included 33 severely affected patients, flecainide (1.5 to 4.5 mg/
kg body weight) partially or completely suppressed exercise-
induced ventricular arrhythmias in 76% of patients.28 Cardiac 
events were prevented during a median follow-up of 20 months 
(range, 12 to 40), except in one patient, who received appropriate 
implantable cardioverter-defibrillator (ICD) shocks after non-
compliance. It is important to note that proarrhythmia caused by 
flecainide was not observed in this relatively young patient 
population.

Two studies have reported promising results with verapamil 
in CPVT patients,29,30 but its long-term efficacy has been disap-
pointing.31 Verapamil was effective in reducing ventricular 
arrhythmias in 11 young homozygous CASQ2 mutation carriers 
who remained symptomatic while being treated with proprano-
lol,32 but it could not prevent sudden cardiac death in six of eight 
symptomatic CASQ2 mutation carriers who refused ICD 
implantation.33

When ventricular arrhythmias cannot be controlled by drug 
therapy, left cardiac sympathetic denervation (LCSD), usually 
through video-assisted thoracoscopic surgery, is indicated. With 
this procedure, the lower half of the left stellate ganglion and 
thoracic ganglia T2 to T4 are removed, thereby inhibiting and 
largely preventing norepinephrine release in the heart. In several 
case reports and case series, LCSD has been reported to be highly 
effective in severely affected patients.34-36 It is unknown which 
pharmacologic regimen should be followed after a succesfull pro-
cedure, so it is recommended that β-blocker therapy should be 
continued.

According to the 2006 American College of Cardiology 
(ACC)/American Heart Association (AHA)/European Society of 
Cardiology (ESC) guidelines, ICD implantation is indicated in 
patients with previous aborted cardiac arrest (ACA) and in those 
with arrhythmic events and/or or sustained or hemodynamically 
untolerated ventricular tachycardia despite β-blocker therapy.37 
However, several case reports have shown that ICDs may be pro-
arrhythmic in CPVT and may even be fatal because of ventricular 
storms that are initiated by appropriate or inappropriate ICD 
shocks and subsequent catecholamine release.38,39 ICD therapy 
did not terminate most of the ventricular arrhythmia storms that 
were observed in four out of five symptomatic CASQ2 mutation 
carriers who received ICDs.33 The episodes terminated spontane-
ously, after ICD therapy, without degeneration into ventricular 
fibrillation. However, none of these patients died during a median 
follow-up duration of 12 years, and six out of eight symptomatic 
CASQ2 mutation carriers who were treated with β-blockers and 
verapamil died. Altogether, the current view is to restrict ICD 
implantation to CPVT patients who do not sufficiently respond 
to β-blockers, flecainide, and/or left cardiac sympathetic denerva-
tion (LCSD). Some may implant an ICD in symptomatic patients 
at an earlier stage, but in any case, additional therapy with 
β-blockers, flecainide, and/or LCSD should be intensified to 
minimize the numbers of appropriate and inappropriate ICD 
shocks. In addition, careful ICD programming (e.g., with one 
ventricular fibrillation zone with a detection interval of 240 bpm 
and [exceptionally] long detection intervals) is important.

Additional pharmacologic therapies that may play a role in the 
near future include propafenone,40 the novel compound S107,41 
and dantrolene,42 which is already used for treating malignant 
hyperthermia, a disorder caused by a mutation in the skeletal 
ryanodine receptor (RYR1).

Therapeutic Approach

Apart from lifestyle advice, including discontinuation of competi-
tive sport activities, β-blockers are the first-choice therapy in 
CPVT. β-Blockers significantly reduce the risk of cardiac events, 
and nadolol may be superior to other β-blockers.25 The β-blocker 
dose should be titrated to the highest dose tolerated. In a system-
atic analysis of the efficacy of β-blockers in the first eleven CPVT 
patient series published, estimated overall 4- and 8-year cardiac 
event rates were 18.0% (95% confidence interval [CI], 7.7% to 
28.9%] and 35.9% (95% CI, 15.3% to 56.5%), respectively.27 
Four- and 8-year fatal or near-fatal event rates were 7.2% (95% 
CI, 3.1% to 11.3%) and 14.3% (95% CI, 6.1% to 22.5%), 
respectively (Figure 88-5). However, these patient series included 
mainly probands, so cardiac event rates may be much lower in 
relatives. In a recent study that consisted of 17 asymptomatic 
RYR2 or CASQ2 mutation–carrying relatives given β-blockers, 
cardiac event rates were 9% after 4 years and 31% after 8 years.26 
In another study, which included 98 RYR2 mutation–carrying 
relatives, only two asymptomatic relatives experienced exercise-
induced syncope during a median follow-up of 4.7 years (range, 
0.3 to 19 years).14 Thus, β-blocker therapy is sufficiently protec-
tive in most CPVT patients. In addition, a significant proportion 
of events may be due not to β-blocker inefficacy but rather to 
noncompliance. Therefore, CPVT patients should be well 
informed about the life-saving importance of drug compliance, 
and the presence of side effects (reported in approximately a 
quarter of CPVT patients)14 should be seriously addressed, as 
these may hamper drug compliance.

β-Blocker therapy is considered insufficiently effective when 
cardiac events occur, or when couplets or more successive VPBs 
(VTs) are documented during provocative testing. The presence 
of couplets or ventricular tachycardia during exercise testing has 
been shown to be significantly associated with future cardiac 
events, with moderate sensitivity and specificity of 0.62 and 0.67, 
respectively.25

Figure 88-4.  Key  aspects  of  disease  management  and  familial  evaluation  in 
patients  with  catecholaminergic  polymorphic  ventricular  tachycardia.  CPVT, 
Catecholaminergic  polymorphic  ventricular  tachycardia;  ICD,  implantable 
cardioverter-defibrillator. 

(From van der Werf C, Wilde AA: Catecholaminergic polymorphic ventricular tachy-
cardia: From bench to bedside. Heart 99:497-504, 2013. With permission from BMJ 
Group.)
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Figure 88-5.  Near-Fatal and Fatal Cardiac Event Curves of 360 Patients With Catecholaminergic Polymorphic Ventricular Tachycardia on 
β-Blocker Therapy from Ten Studies The  red  line and  its corresponding area  indicate  the proportion of patients with near-fatal or  fatal cardiac events and  its 
corresponding 95% confidence interval based on a random-effects meta-analysis model. The green data points represent the near-fatal and fatal cardiac event rates of the 
individual studies. The area of each data point is proportional to its number of patients and statistical weight. 

(Modified from van der Werf C, Zwinderman AH, Wilde AA: Therapeutic approach for patients with catecholaminergic polymorphic ventricular tachycardia: State of the art and 
future developments. Europace 14:175-183, 2012. With permission of Oxford University Press.)
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ensure that the intervention itself and the “what-if” contingency 
plans are appropriate for the anticipated outcome of the patient.

Patients Presenting With Cardiac Arrest or 
Sustained Ventricular Tachycardia Without Prior 
Heart Failure Diagnosis

Ventricular arrhythmia or sudden cardiac death may be the initial 
manifestation of cardiac disease.4 With clinical stabilization, the 
focus is on diagnosis of the underlying cause and any precipitat-
ing factors, with emphasis on treatable conditions. Implantable 
cardioverter-defibrillators (ICDs) generally are indicated for sec-
ondary prevention, except in the setting of specific reversible 
causes or anticipated early death from refractory hemodynamic 
decompensation or other terminal conditions. Potentially revers-
ible causes to be identified and treated include left ventricular 
(LV) dysfunction related to stunning or hibernation from isch-
emia, some of the inflammatory myocardiitides, thyroid dysfunc-
tion, and alcoholic cardiomyopathy (Figure 89-1).

The electrocardiogram often provides the first clue to struc-
tural heart disease. Echocardiography is the first step taken to 
determine LV function, right ventricular (RV) function, and pos-
sible structural cardiac disease. Ventricular function is often 
worse after cardiac arrest or sustained VT, and reassessment after 
a period of recovery is typically necessary for a more accurate 
determination of the extent of underlying systolic impairment. In 
patients with low ejection fraction and extensive wall motion 
abnormalities, nuclear imaging may not be sensitive enough to 
exclude diffuse coronary artery disease. Hence, cardiac catheter-
ization with coronary angiography should be performed to 
exclude or define coronary artery disease in patients for whom 
revascularization would be considered. Cardiac magnetic reso-
nance (CMR) imaging is emerging as a valuable tool for detection 
of intramyocardial disease not readily evident on echocardiogra-
phy, such as inflammation or focal scarring.5

Inflammatory Myocarditis
Cardiac sarcoidosis is a particularly important cause of cardiomy-
opathy that is often undetected until presentation with ventricu-
lar arrhythmias or a new conduction block. Less than half of 
patients with evidence of cardiac sarcoid at autopsy will have had 
clinically apparent cardiac involvement. Patchy noncaseating 
granulomas tend to involve the basal ventricular septum with 
disruption of cardiac conduction. When the right ventricle is 
predominantly involved, a normal left ventricular ejection frac-
tion (LVEF) may be falsely reassuring. Sudden cardiac death 
accounts for two-thirds of terminal events in patients with overt 
cardiac sarcoidosis.6,7 Early presentation with heart block should 
prompt a search for cardiac sarcoidosis in patients with systolic 
dysfunction. In a review of unexplained heart block in patients 
younger than 55 years of age, cardiac sarcoid or giant cell myo-
carditis accounted for 25% of cases, and these patients had a high 
incidence of sudden death or ventricular tachycardia or the need 
for cardiac transplantation.8 Although endomyocardial biopsy 
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The ventricular arrhythmias that often accompany heart failure 
with reduced ventricular ejection fraction are the subject of this 
chapter. Heart failure with preserved ejection fraction, which 
accounts for approximately half of all patients and hospitalizations 
with heart failure diagnoses, is rarely associated with ventricular 
arrhythmias, although atrial fibrillation (AF) is equally common 
regardless of the ejection fraction. Some causes of heart failure 
such as sarcoidosis and inherited mutations of lamin nuclear pro-
teins can trigger ventricular arrhythmias directly, even in the 
absence of clinical systolic dysfunction. More commonly, ven-
tricular arrhythmias arise within a substrate of myocyte hypertro-
phy and chronic myocardial remodeling with diffuse or focal 
fibrosis, in common response to various causes of cardiac injury.

Ventricular arrhythmias may present simultaneously with the 
diagnosis of systolic dysfunction or heart failure. Rarely, incessant 
or very frequent ventricular tachycardia (VT) can actually cause 
heart failure. More commonly, VT or ventricular fibrillation (VF) 
arises in patients with known systolic dysfunction as a result of 
aggravating factors such as recurrent ischemia, drug effects, or 
electrolyte abnormalities, or as a herald of progression of under-
lying heart failure. Therapeutic options and prognosis for ven-
tricular arrhythmias in the setting of heart failure are constrained 
by the cause and the clinical severity of the heart failure. In 
patients with mild to modest symptoms of heart failure (New 
York Heart Association [NYHA] Classes I and II), the annual risk 
of sudden death ranges between 2% and 6%, accounting for most 
of the mortality. With more advanced heart failure (NYHA 
Classes III and IV), the risk rises to 5% to 12% per year.1 
Although the frequency of ventricular arrhythmias increases as 
heart failure worsens, unexpected sudden death accounts for less 
than half of mortality in advanced heart failure. Those with the 
worst heart disease gain the least in terms of survival after an 
aborted arrhythmic event caused by death from pump failure and 
other related comorbidities.2,3

Evaluation of the Patient

Careful consideration of both current hemodynamic status and 
stage of chronic heart failure progression is crucial for the elec-
trophysiologist planning an intervention, particularly when the 
acuity of the arrhythmia may have limited assessment before 
referral. In the short term, addressing congestion and hypoperfu-
sion will maximize the chance of a successful procedural outcome. 
Envisioning where the patient is along the disease trajectory will 
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but autosomal recessive, X-linked, and mitochondrial inheritance 
patterns are also well recognized. More than 30 genes have been 
identified as harboring mutations that cause familial dilated CM 
(DCM); however, mutations in these genes account for only half 
of the reported cases of familial DCM.11,12 Sarcomeric gene 
mutations account for one-third. Mutations in the gene coding 
for structural proteins of the nuclear lamina (lamin A and C) and 
in the SCN5A gene are particularly associated with conduction 
system disease and ventricular arrhythmias in association with 
DCM.12,13 Research findings suggest that abnormalities in the 
giant molecule titin may be among the most common causes  
of inherited CM frequently associated with ventricular 
arrhythmias.14

Arrhythmogenic RV cardiomyopathy (ARVC) due to defects 
in genes encoding for cardiac desmosomal proteins is predomi-
nantly an RV disease, but LV involvement is common and can 
precede RV manifestations.15 Approximately 50% of cases have a 
familial transmission with an autosomal dominant inheritance. 
Sudden death and ventricular arrhythmias are often the initial 
presentation frequently provoked by exercise. RV failure due to 
progressive myocardial loss is seen in later stages of the disease 
and may progress to a phase of biventricular failure that can 
mimic DCM. Autosomal recessive forms of ARVC due to defects 
in plakoglobin or desmoplakin result in cardiocutaneous syn-
dromes that include Naxos disease and Carvajal syndrome.16

Potentially Reversible Causes of Cardiomyopathy
Potentially reversible causes of cardiomyopathy are not typically 
associated with clinically significant ventricular tachyarrhythmia. 
Takotsubo cardiomyopathy, which is an exception, may present 
with cardiac arrest. Peripartum cardiomyopathy is rarely associ-
ated with clinical arrhythmias, except in the setting of severe 
hypoxia or acidosis. Placement of an ICD for primary prevention 
is generally deferred until after 3 to 6 months of therapy with 
angiotensin-converting enzyme inhibitors (ACEIs) and β-blockers 
for a new diagnosis of ejection fraction below 30% to 35%. 
When evidence shows some clinical improvement by this time, 
longer deferral would be desirable in patients in whom the only 
identifiable cause is one that may be reversible, such as peripar-
tum cardiomyopathy or heart failure with a recent history of 
heavy alcohol intake.

provides a definitive diagnosis, sensitivity is low at 10% to 20% 
because of the patchy nature of the disease distribution. CMR 
with gadolinium enhancement and positron emission tomogra-
phy (PET) scanning are becoming valuable aids in diagnosis.6,7

Giant cell myocarditis is generally characterized by a more 
fulminant course with worse outcomes than sarcoidosis. The 
granulomas are accompanied by a diffuse inflammatory infiltrate. 
Although generally considered as distinct entities on the basis of 
biopsy and presentation, sarcoidosis and giant cell myocarditis 
may represent different levels along a spectrum of inflammation 
with giant cells. Hearts showing sarcoidosis on endomyocardial 
biopsy have occasionally been found to have areas consistent with 
giant cell myocarditis after removal at the time of transplantation. 
Cases of patients in whom giant cell myocarditis has been stabi-
lized for a year or longer by high-dose immunosuppressive 
therapy have been reported.9,10

Eosinophilic myocarditis can also be associated with ventricu-
lar arrhythmias at the time of presentation. Most cases are related 
to an allergic reaction to long-term administration of a drug, but 
eosinophilic syndromes from other causes may also cause eosino-
philic myocarditis. Arrhythmias and systolic dysfunction gener-
ally respond well to steroid treatment and withdrawal of the 
offending drug, although patients may be left with restrictive 
physiology.

Postviral myocarditis is probably much more common than 
has been recognized. More than half of patients presenting within 
3 months of subacute heart failure symptoms and low ejection 
fraction will show improvement in the LV ejection fraction to 
about 40% within the next 6 to 12 months.10 Endomyocardial 
biopsy performed in these patients often shows mild hypertrophy 
without evidence of cellular inflammation or significant fibrosis. 
Although premature ventricular contractions (PVCs) may occur, 
sustained VT or VF is uncommon in early stages of presumed 
postviral myocarditis. It should be noted that Lyme disease has 
been reported rarely to cause clinical myocarditis with or without 
clinical conduction system disease.

Genetic Cardiomyopathy
Familial cardiomyopathies (CMs) account for 20% to 30% of 
cases of disease originally diagnosed as idiopathic dilated CM. 
Most cases are transmitted in an autosomal dominant pattern, 

Figure 89-1.  Examples of causes of cardiomyopathy with particular relevance for those associated with ventricular arrhythmias. CAD, Coronary artery disease; CM, cardio-
myopathy; EF, ejection fraction; HF, heart failure; VT, ventricular tachycardia. 
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sufficient to cause 
low EF

Evaluate potential for 
improvement with 
intervention. Then 
re-evaluate need for 
intervention for VT.

Genetic CM
Specific syndromes and 
mutations with implications 
for sites and response of 
VT to interventions 
(Note evidence of CM and family 
history of SD is sufficient 
indication for ICD regardless of EF 
or time on medical therapy, even 
without sustained VT.)

Inflammatory CM
Sarcoidosis
Giant cell myocarditis
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Subacute postviral 
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ventricular pacing are recognized to induce VT/VF through 
inadvertent induction of long-short intervals.24 Sinus tachycardia 
or supraventricular tachycardia detected in the VT zone of an 
ICD can trigger unnecessary antitachycardia pacing to induce 
VT or VF. The appearance of ventricular arrhythmia in close 
temporal proximity to the start of LV epicardial pacing should 
raise the possibility of related proarrhythmia.25 Inactivation of LV 
pacing may be necessary. If loss of cardiac resynchronization 
therapy (CRT) results in hemodynamic deterioration, cautious 
reinstitution of LV pacing after control of arrhythmia with drugs 
or ablation is attained is a possibility. Rarely, RV leads can trigger 
PVCs or sustained ventricular VT or VF. Repositioning of the 
lead has occasionally resulted in resolution of VT in such 
patients.26

Triage and Management of Heart Failure

Assessment of Compensation

Evaluation of heart failure disease severity is a major component 
of initial and serial management. Bedside assessment of baseline 
hemodynamic status allows broad triage into four hemodynamic 
profiles based on whether clinical evidence supports the presence 
of elevated filling pressures (wet or dry) and the adequacy or 
critical compromise of systemic perfusion (warm or cold) (Figure 
89-2).27 In the setting of chronic heart failure, rales and periph-
eral edema are frequently absent despite severely elevated filling 
pressures, which should be suspected in patients with orthopnea 
or dyspnea on minimal exertion such as that associated with 
getting dressed. High pressures in chronic heart failure are best 

Tachycardia-Related Cardiomyopathy
Prolonged periods of all forms of tachycardia, including frequent 
PVCs, are well recognized as a cause of reversible CM. Ventricu-
lar arrhythmia is uncommon in tachycardia-related CM unless it 
is the causative tachycardia. The diagnosis of tachycardia CM is 
often a retrospective one based on recovery of ventricular func-
tion after treatment of the arrhythmia. In one retrospective 
analysis of 174 patients with idiopathic PVCs referred for cath-
eter ablation, LV dysfunction was present in 33%.17 The smallest 
PVC burden resulting in LV dysfunction was 10% over a 24-hour 
period, but a 24% PVC burden best differentiated the group that 
demonstrated CM from the group with preserved LV function. 
Data also suggest that the probability of LV dysfunction is related 
to QRS duration of the PVCs; frequent PVCs with a wider QRS 
(>150 milliseconds) are associated with greater risk of CM.18 
Frequent runs of nonsustained VT, PVCs, or supraventricular 
arrhythmias should also be considered a potential cause of dete-
riorating LV function in cases of previously stable cardiomyopa-
thy of another origin.

Evaluation of Ventricular Arrhythmias in Patients 
With Known Heart Failure

The onset of ventricular arrhythmias in a previously stable heart 
failure patient may result from electrolyte abnormalities, isch-
emia, or intercurrent illness but often heralds the progression of 
underlying cardiac disease. Most clinically functional patients 
with LVEF <35% and long-standing heart failure symptoms will 
have an ICD in place. Analysis of the SCD-Heft trial data 
revealed that necessary ICD therapies were provided to 16% of 
patients over a mean follow-up of 45 months.19 The event rate is 
higher for patients who receive an ICD for secondary preven-
tion.20 Several studies have shown an association of ICD shocks 
with reduced survival, with heart failure being an important cause 
of mortality.19,21

Ventricular arrhythmia in a patient with an ICD should 
prompt careful patient reassessment, even though the ICD may 
have promptly restored sinus rhythm. The original diagnosis may 
need to be reevaluated. In heart failure with known coronary 
artery disease, ischemia and infarction that contribute to hemo-
dynamic deterioration and arrhythmias may occur without rec-
ognized angina. Baseline abnormalities of cardiomyopathy may 
mask typical diagnostic features; therefore perfusion stress 
imaging or coronary angiography is often required. In a signifi-
cant proportion of patients after ICD shock, progressive ven-
tricular remodeling is often evidenced by ventricular enlargement 
and declining LV ejection fraction.22 Development of bundle 
branch block by dys-synchronous contraction can further con-
tribute to adverse ventricular remodeling.

Identifying the type of ventricular arrhythmia is helpful in 
determining the cause. Monomorphic VT usually represents 
reentry involving regions of scar from prior infarction, inflam-
mation, or surgery. A mix of fibrosis and surviving strands of 
myocardium allows for reentrant VTs that have a high recurrence 
rate—20% per year.23 Polymorphic VT is often associated with 
changing arrhythmia substrates. Migratory circuits around scars 
can lead to polymorphic VT, but acute myocardial ischemia and 
electrolyte disturbances should be major considerations because 
they are often easier to correct. Adverse effects of drugs that 
prolong the QT interval are more common in heart failure. 
Torsade de pointes VT typically induced by drugs such as sotalol 
and dofetilide often requires specific interventions such as dis-
continuation of the offending drug, intravenous administration 
of magnesium, correction of electrolyte derangements, and, occa-
sionally, pacing at faster rates.

Less frequently, implanted devices themselves may exert pro-
arrhythmic effects. Pacing algorithms designed to minimize 

Figure 89-2.  Simple 2 × 2 table to indicate the general hemodynamic profiles of 
patients  with  low  ejection  fraction.  Most  are  able  to  maintain  good  perfusion 
without evidence of elevated intracardiac filling pressures—“warm and dry.” Profile 
B  is  the  most  common  profile  of  decompensation—“warm  and  wet”—which 
requires thorough diuresis. The patient presenting with profile C—“cold and wet”—
usually requires major intervention before procedures can be performed safely and 
may in some cases require triage for assessment of potential candidacy for trans-
plantation or mechanical circulatory support. Very few patients present with profile 
L—“cold  and  dry”—unless  they  have  recently  been  treated  aggressively.  Such 
patients generally do not have resting symptoms but may have very limited cardiac 
reserve. 

(Adapted from Nohria A, Tsang SW, Fang JC, et al: Clinical assessment identifies hemo-
dynamic profiles that predict outcomes in patients admitted with heart failure. J Am 
Coll Cardiol 41:1797-1804, 2003.)

Warm and dry

Perfusion adequate

Congestion
(Elevated intracardiac filling pressures)

Clinical
hypoperfusion

Cold and dry

Wet and warm
Most patients with
decompensation

Wet and cold

A B

L C
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options for procedures because it is a contraindication to long-
term mechanical circulatory support.29

Cardio-Renal Interactions

The interaction between the heart and the kidneys is complex 
and is integral to compensation and decompensation.30,31 For 
most patients, fluid retention usually begins before any clinical 
evidence of hypoperfusion is noted. Once attributed solely to 
decreased cardiac output, renal dysfunction with progressive 
heart failure is now recognized to be influenced more by elevated 
right-sided filling pressures. The rate of heart failure progression 
is accelerated by even modest degrees of renal impairment. The 
dynamic nature of renal function in advanced heart failure is 
crucial to recognize in relation to clearance of antiarrhythmic 
agents and risk of life-threatening hyperkalemia in the setting of 
aldosterone antagonists.

Risk Stratification

Clinical status remains the most robust predictor of outcomes, 
although considerable effort has been devoted to more objective 
stratification of risk for patients with heart failure. Early in the 
disease, when few symptoms are noted, the reduction in LVEF 
is a significant risk factor, but annual mortality is generally <10% 
for patients with stable NYHA Class I or II symptoms, even if 
the LVEF is <25%. Patients with refractory symptoms of conges-
tion at rest or with minimal exertion generally have 1-year sur-
vival of <50%.

Within a given clinical status, risk factors include higher cre-
atinine and blood urea nitrogen (BUN), lower systolic blood 
pressure, increased mitral and tricuspid regurgitation, higher 
ventricular filling pressures and pulmonary pressures, worse RV 
function, higher natriuretic peptide levels, and lower serum 
sodium. Risk scores can facilitate selection of risk groups for 
clinical trials, triage for referral for advanced therapies such as 
transplantation, and timing of discussions regarding patient pref-
erences.32,33 However, most scores, such as the Seattle Heart 
Failure Score derived from heart failure trials or the Heart 
Failure Survival Score derived from transplant candidates, do not 
apply to general community populations, in which most patients 
are over the age of 70, many over 80, and have multiple comor-
bidities. In these populations, functional status, systolic blood 
pressure, renal function, and natriuretic peptide levels are the 
universal predictors.33 Of greatest relevance to clinical decisions 
about treating tachyarrhythmias are the identification of patients 
at high risk for hemodynamic decompensation with procedures 
and the competing risks of primary arrhythmias, heart failure 
events, and events resulting from comorbidities (Table 89-1).

Options for Advanced Heart Failure

Patients with persistent symptoms that limit daily life (Classes III 
and IV) despite standard medical therapy are generally consid-
ered to have advanced heart failure, usually with LVEF <25% and 
more than two hospitalizations within a year, with common 
descriptors as provided in Table 89-1. Before designating patients 
as refractory, it is important to ensure that diuretics have been 
aggressively titrated to relieve all evidence of congestion, that salt 
and fluid restrictions have been emphasized, and that neurohor-
monal antagonists have been reevaluated and sometimes down-
titrated to allow adequate blood pressure and renal function. 
Treatable rhythm disorders such as rapid ventricular response in 
AF and left bundle branch block (LBBB) with QRS ≥150 should 
have been addressed. A key point of triage is to consider the 

detected through experienced evaluation of jugular venous pres-
sure and may also be identified from echocardiographic findings 
of dilated inferior vena cava and elevated pulmonary artery pres-
sures. Hypoperfusion should be suspected in patients with a 
narrow pulse pressure, even if the systolic blood pressure is pre-
served, and in patients with vague mental status and cool calves 
and forearms. Many patients with hypoperfusion will have been 
intolerant of attempts to uptitrate ACEIs or β-blockers given to 
treat hypotension. Because functional capacity is not well cor-
related with the ejection fraction, careful questioning about daily 
activities and limiting symptoms is crucial for assessment of 
disease trajectory.

Titration of Neurohormonal Antagonists

Baseline hemodynamic compromise requires aggressive correc-
tion, which, in most cases, should precede procedural interven-
tions or initiation of neurohormonal antagonist therapies. 
β-Blocking agents and inhibitors of the renin-angiotensin system 
are remarkably beneficial over the long term but when given 
acutely can exacerbate hemodynamic compromise. When hemo-
dynamic stabilization cannot be achieved, or when the hemody-
namic profile remains uncertain, right-heart catheterization  
can be useful for clarifying right- and left-sided filling pressures, 
perfusion, and systemic and pulmonary vascular resistance to 
guide further therapy. Intravenous diuretic therapy is the  
mainstay of acute therapy for congestion. If inotropic therapy has 
been initiated to treat hypoperfusion and to improve diuretic 
response, neurohormonal antagonists should be initiated in small 
doses and escalated gradually. Careful uptitration over weeks to 
months is required to individualize “optimal” dosing, which fre-
quently is lower than in trial populations, particularly for elderly 
patients.28

Heart Failure Disease Progression

Current recommended medical therapies with neurohormonal 
antagonists and implantable rhythm devices in the setting of 
heart failure education and management have markedly extended 
the horizon of compensation for patients with reduced ejection 
fraction. Although the full impact of early use of these therapies 
has not yet been fully realized, it is clear that heart failure still 
progresses for many patients, along with increasing ventricular 
dilatation and further reduction in LV systolic function. Despite 
LV ejection fractions below 25%, many patients maintain remark-
able functional activity and quality of life as long as RV function 
is adequate.

The Pivotal Right Ventricle
The role of the right ventricle in the progression of heart failure 
has been underrecognized and still remains difficult to track 
because of the difficulty associated with routine imaging of this 
chamber. Some causes of heart failure such as sarcoidosis and 
ARVC can affect the right ventricle early. The causes of heart 
failure in younger patients often affect both ventricles similarly 
from the onset. However, the main challenge to the right ven-
tricle in chronic heart failure is usually presented by progressive 
left-sided congestion, as worsening mitral regurgitation and 
higher LV filling pressures contribute to secondary pulmonary 
hypertension and subsequent right-heart failure. RV dilatation 
and tricuspid regurgitation then contribute to renal dysfunction 
and further fluid retention. Chronic congestion of the liver and 
of the digestive system leads to malnutrition and increases inflam-
matory mediators in late-stage disease. In addition to indicating 
worse outcomes with heart failure, serious RV dysfunction identi-
fied on echocardiography increases risk and decreases “bail-out” 
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before and after bereavement. Once focused only on cancer and 
human immunodeficiency virus (HIV), hospice organizations are 
gaining experience with heart failure. However, there remain 
many reasons why patients and families may be reluctant to 
accept hospice services. In these cases, careful delineation of do 
not resuscitate (DNR)/do not intubate (DNI) status, resolution 
of the ICD role, and provision of a handheld magnet for ICD 
inactivation and a comfort care regimen of narcotics, the manda-
tory accompanying laxatives, and anxiolytics can still help to ease 
the journey at home.

Management of Ventricular Arrhythmias  
in Heart Failure

Indications and Timing for ICD Implantation

ICDs provide the best means of primary and secondary preven-
tion of sudden death resulting from VT or VF.36 The impact of 
ICDs in prolonging meaningful life depends primarily on under-
lying heart failure disease progression and the severity of other 
comorbidities. Successful termination of a potentially lethal ven-
tricular arrhythmia extends meaningful life when the patient has 
well-compensated heart failure and returns to a good prearrhyth-
mia functional state. The benefits of ICD therapy follow a 
U-shaped curve (Figure 89-3).37 Patients with mild stable heart 
failure are at low arrhythmic risk and consequently benefit little 
from an ICD during early follow-up. With increasing severity of 
heart failure, the incidence of VT/VF increases and the ICD 
becomes more valuable. However, as heart failure progresses 
farther to the point where pump failure outstrips arrhythmic 
death as the predominant risk, termination of VT/VF has minimal 
impact in prolonging meaningful life and occasionally can 
prolong death. In the absence of eligibility for CRT or transplan-
tation, patients with refractory heart failure symptoms (Class IV) 
should not receive an ICD (Figure 89-4).

The timing of ICD implantation for primary prevention of 
sudden death in heart failure should generally be deferred when 
ventricular function may improve spontaneously or with therapy. 
Current guidelines for patients with ischemic cardiomyopathy 
require that ventricular function must be reassessed 40 days after 
an acute myocardial infarction and 90 days after revasculariza-
tion. These guidelines are supported by clinical trials showing 
limited benefit of ICDs in the early phase after an acute myocar-
dial infarction, when recurrent ischemia, cardiac rupture, or 
pump failure can negate any benefit of arrhythmia termination 
by an ICD.38,39 For patients with nonischemic cardiomyopathy, 
the recommended waiting period for ICD implantation after 
initial diagnosis is more contentious. Studies that evaluated the 
time dependence of risk for sudden death relative to the time of 
diagnosis failed to demonstrate late versus early risk.36 Neverthe-
less, a significant number of patients with an initial diagnosis of 
nonischemic cardiomyopathy will improve spontaneously or with 
medical treatment. In the absence of syncope, high-risk events, 
or a family history of sudden death, it is appropriate to wait for 
reassessment of ejection fraction after a period of adequate 
medical therapy.

Imaging modalities such as CMR can be helpful in assessing 
risk of arrhythmia.40,41 In the study by Wu et al, myocardial fibro-
sis as detected by late gadolinium enhancement on CMR imaging 
was associated with an eightfold increased risk of adverse events 
that included cardiac death, ICD firing, and hospitalizations.5 
The presence of replacement fibrosis as seen on magnetic reso-
nance studies is used by many as an indication of the need for 
earlier ICD implant, although no large prospective trials have 
been conducted to support this strategy.

question, “Would you be surprised if this patient died within the 
next year?”

Cardiac Transplantation and Mechanical Circulatory Support
These advanced interventions that exchange one chronic disease 
for another are considered in many more patients than are ulti-
mately found to be eligible. Cardiac transplantation is limited by 
the fixed donor supply to about 2200 patients per year in the 
United States, with 10-year survival now exceeding 50%, limited 
primarily by allograft vascular disease and malignancy. Approxi-
mately twice as many durable mechanical circulatory support 
devices are now implanted annually—about one-third for antici-
pated lifetime “destination” therapy and the others with hopeful 
anticipation of transplantation at some time in the future. Two-
year survival with the currently implanted continuous flow 
devices now exceeds 60%, with a cerebrovascular event rate of 
about one in ten and higher rates of drive-line infection and 
gastrointestinal bleeding.34,35 The cost of the device, the hospi-
talizations, and the infrastructure required for perioperative and 
long-term support currently sum to more than $100,000 per life-
year gained. Although the supply of devices is not constrained as 
the supply of donor hearts is, the high cost of this care mandates 
that device candidates be carefully selected from the estimated 
U.S. population of more than 150,000 patients with advanced 
heart failure who might benefit.34

Advanced Heart Failure in the Community
For patients with advanced heart failure in the general commu-
nity, frailty and other comorbidities usually preclude the option 
of cardiac transplantation or lifetime mechanical circulatory 
support. Care teams making and accepting referrals for complex 
procedures should consider the overall picture of competing risks 
when contemplating further intervention. For patients with 
advanced heart failure, prognosis, patient preferences, and “what 
if” discussions should be reviewed at least annually, and again 
after milestones are reached, as indicated in Table 89-1. The end 
of life is too often preceded by an abrupt reversal in strategy 
within hours to days of death. In many cases, however, the prior-
ity of care ideally would shift more gradually from length of life 
to quality of life. Before actual decisions are made about the scene 
and supporting cast for the final days, it is often appropriate to 
increase focus on relieving the burden of symptoms and worries.

Hospice programs offer many benefits in terms of tangible 
home aids such as hospital beds, access to escalating therapies for 
symptomatic relief, and counseling support for families both 

Table 89-1. Indicators of Advanced Heart Failure

• Repeated (≥2) hospitalizations or ER visits for heart failure in the 
last year

• Persistent dyspnea with dressing or bathing, requiring rest
• Inability to walk one block on level ground because of dyspnea or 

fatigue
• Frequent systolic blood pressure <90 mm Hg
• Progressive deterioration in renal function (rise in creatinine and/or 

BUN)
• Progressive decline in serum sodium, usually to <133 mEq/L
• Intolerance of ACEIs caused by hypotension and/or worsening renal 

function
• Intolerance of β-blockers as the result of worsening heart failure 

symptoms or hypotension
• Recent need to escalate diuretics to maintain volume status, often 

reaching a daily furosemide equivalent dose of over 160 mg a day 
and/or use of supplemental metolazone therapy

• Development of malnutrition and cardiac cachexia
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Figure 89-3.  U-Shaped Curve for ICD Efficacy in Patients With Low LVEF Compared With Patients in the Conventional and ICD Arms of 
the MADIT Study of ICDs for Primary Prevention of Sudden Death A, Shows 2-year Kaplan-Meier mortality rates for the two groups based on additional 
comorbidities defined as risk factors. B, Depicts the corresponding mortality reduction achieved with an ICD. The benefit derived from use of an ICD recedes as the number 
of risk factors increases. VHR, Very high risk. 

(From Goldenberg I, Vyas AK, Hall J, et al: Risk stratification for primary implantation of a cardioverter defibrillator in patients with ischemic left ventricular dysfunction. J Am 
Coll Cardiol 51:288-296, 2008.)
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Introducing the ICD to the Patient
Patients have difficulty grasping percentages of mortality and 
survival, which may be 0 or 100% at any given time. Some 
patients with heart failure with and without ICDs have overesti-
mated their projected life span and the likelihood that the ICD 
will save their lives. Many who have never undergone rhythm 
therapy feel that the device has already saved their life. Some 
assume that the ICD will treat the disease of heart failure and 
improve their symptoms, and few are aware that the ICD can 
prevent only one mode of death. It has been suggested  
that patients relate best to information given in the following 
form: “For 100 patients with disease like yours…” An informa-
tion format outlining the benefits of the ICD for primary  
prevention of sudden death in heart failure has been developed 
based on findings from the SCD-HeFT and MADIT trials 
(Figure 89-5).42

Combining ICD Implantation With Cardiac  
Resynchronization Therapy
In selected patients with LVEF <30% to 35% and appropriate 
QRS prolongation, CRT can reduce symptoms, reverse ventricu-
lar remodeling, and reduce mortality with or without an ICD.36 
CRT has been well studied in randomized clinical trials involving 
more than 6000 patients and has demonstrated favorable struc-
tural remodeling with improved LV function and reduced mitral 
regurgitation in approximately 70% of patients. Recent trials of 
CRT in less symptomatic patients (NYHA Classes I and II) show 
a reduction in composite end points of heart failure hospitaliza-
tion and death, but mortality reduction is limited to Class II 
patients.43,44 CRT device implantation is more difficult than 

placement of a non-CRT pacemaker or ICD, and complication 
rates are greater, usually as a result of the additional manipula-
tions required for the lead and its delivery systems. Lead dislodg-
ment requiring revision is particularly more common.45 Patient 
selection for this therapy is therefore critical. In post hoc sub-
group analyses of clinical trials, factors associated with the great-
est benefit from CRT include nonischemic dilated cardiomyopathy, 
the presence of LBBB, and QRS duration >150 milliseconds.46

All but one trial of CRT involved the use of an ICD as 
opposed to a CRT pacemaker. Consequently, it is common prac-
tice to incorporate defibrillator therapy when CRT pacing is 
indicated. However, CRT pacing alone has a significant impact 
in improving quality of life and functional status and is a reason-
able choice in older patients when prolongation of life is not the 
primary consideration. In addition, for patients who demonstrate 
a cardiomyopathy as a result of dys-synchrony induced by RV 
pacing, adding an LV pacing lead to provide biventricular pacing 
may result in adequate reversal of cardiomyopathy and may avoid 
the need for an ICD.

ICD Generator Replacement
With the 5- to 10-year longevity of modern ICDs, generator 
replacement for battery depletion accounts for 25% of overall 
ICD implants. Complications of ICD generator change are sig-
nificant and can be as high as 5%. Hence, the default practice of 
generator replacement in all patients has recently been ques-
tioned.47 A number of patients will develop significant comorbidi-
ties and will progress in their heart failure status to Class IV, 
prompting a review of the need for continued ICD therapy. 
Anticipated survival with a reasonable quality of life remains the 
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discontinuation of ICD therapy is greater. However, it should be 
borne in mind that certain familial cardiomyopathies might dem-
onstrate fluctuating levels of ventricular dysfunction while sudden 
death risk may remain unchanged (see earlier).

ICD Deactivation
When symptoms of heart failure or other terminal disease 
become refractory, it is the responsibility of the medical team to 
initiate discussions about ICD deactivation. Patients and families, 
who often have an unrealistic perception of the actual function 
and benefit of the ICD and the ways in which death can occur, 
will rarely broach this subject. This discussion seems to be easier 
for patients for whom initial ICD teaching included the possibil-
ity of deactivation (see Figure 89-5). Although it is strongly 
recommended, deactivation of the ICD is not mandatory for a 
peaceful death with dignity. It has been estimated that up to 30% 
of deaths in ICD recipients may be accompanied by shocks; 
however, the patients most likely to suffer repeated shocks while 
dying are those who have experienced repeated shocks before. 
VT storm is a rare mode of death in refractory Class IV heart 
failure, for which the most common terminal rhythm is progres-
sive bradycardia with pulseless electrical activity that does not 
trigger defibrillation.

Antiarrhythmic Drugs in Heart Failure

With the exception of β-adrenergic blockers, few antiarrhythmic 
drugs have been shown to be safe in heart failure. However, 
β-blockers alone have limited efficacy in the management of 
arrhythmias based on scar-related reentry. Suppression of VT or 
VF often requires specific antiarrhythmic agents. Sodium channel 

major indication for generator replacement and is the currently 
accepted indication for an initial ICD implant. Some patients will 
recover their LVEF over time. Decisions regarding generator 
change are more difficult in this population. If a diagnosis of 
reversible cardiomyopathy becomes clear, as with control of 
tachycardia or resolution of myocarditis, the impetus to consider 

Figure 89-5.  Proposed information format for patients with heart failure contem-
plating a primary prevention ICD. 

(Adapted from Stevenson LW, Desai AS: Selecting patients for discussion of the ICD 
in primary prevention for sudden death in heart failure. J Cardiac Fail 12:407-412, 
2006.)

Primary Prevention ICD Information for Patients

If we put an ICD in 100 patients with heart disease like yours,
over the next 5 years we would expect:

Some patients will request to have the device 
inactivated to allow natural death.

30 patients will
die anyway

7-8 patients will be
saved by the ICD

10-20 would have a shock
they don’t need

5-15 would have other
complications

The rest of patients will not
experience their devices at all

Figure 89-4.  Algorithm  for  selection  of  patients  with 
heart failure for primary prevention ICD implantation. 

(Adapted from Stevenson LW, Desai AS: Selecting patients 
for discussion of the ICD in primary prevention for sudden 
death in heart failure. J Cardiac Fail 12:407-412, 2006.)

Identifying Patients with LVEF ≤ 35% for Consideration of Primary Prevention ICD

Does patient have refractory Class IV symptoms?
No ICD
(unless ambulatory Class IV
awaiting heart transplant or
anticipating favorable
CRT response)

No ICD

No ICD

No ICD now.
Re-evaluate after
3-6 months of
optimal medical therapy.

If yes, are there
high risk features for
early sudden death?

Is patient at high risk for heart failure death during next year?

No Yes

No
Maybe –  
review with heart
cardiologist

Maybe –  
review with primary
care physician

(Initiating medical therapy or
potentially reversible cause
for heart failure)

Yes

No Yes

No

No No

Yes

Discuss risks and benefits of ICD

Yes

Yes

Is prognosis for more than 1-year survival with good
functional status limited by non-cardiac conditions?

Is patient within 40 days of myocardial infarction?

Is LVEF likely to improve >35%?
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Ablation for Ventricular Arrhythmias  
in Heart Failure

For patients with monomorphic VT related to previous myocar-
dial infarction, experience with catheter ablation is considerable. 
In experienced centers, the procedure can reduce VT episodes 
and ICD shocks in 70% of patients with drug-refractory VT.23,53,54 
The efficacy of catheter ablation for other types of heart disease 
such as nonischemic cardiomyopathy and arrhythmogenic RV 
cardiomyopathy is less well defined and is limited to single-center 
experiences. Reentrant circuits in these diseases tend to be located 
deeper within the myocardium and more often require epicardial 
ablation. Catheter ablation for VT generally requires significant 
expertise, and epicardial ablations carry higher risks.55 Neverthe-
less, catheter ablation can be life-saving in patients with incessant 
VT and in those presenting with electrical storm.56 In experi-
enced centers, catheter ablation is now an early consideration in 
the course of management of recurrent monomorphic VT to 
avoid exposing patients to toxic drugs and risking multiple ICD 
shocks with associated posttraumatic stress disorder.23,57 
Procedure-related mortality for VT ablation is in the range of 
3%, but most deaths are due to continued VT when ablation 
attempts have failed to control VT.

In patients with advanced heart failure, prolonged procedure 
times, fluid load, and arrhythmias associated with ablation for VT 
can precipitate acute decompensation. Circulatory support is 
being used increasingly during VT ablation procedures.58 Strate-
gies for management of uncommon but known complications of 
VT ablation such as ventricular perforation and damage to coro-
nary arteries should be in place and should be tempered by 
considerations of overall prognosis in end-stage heart failure. In 
patients with heart failure and severe hemodynamic compromise, 
expedited review of potential eligibility for transplantation or 
long-term mechanical circulatory support before the procedure 
is performed may simplify difficult decisions if the ablation pro-
cedure does not go well. Even for eligible patients, use of an 
implantable circulatory support device is not indicated for urgent 
rescue from cardiogenic shock; for this purpose, a temporary 
external device would be used, with the potential to bridge to 
transplantation or more durable circulatory support if the patient 
stabilizes adequately. It should be recalled that the patient with 
severe RV dysfunction who is not a transplant candidate would 
not be eligible to go on to lifetime mechanical circulatory support, 
which with current devices provides support only for the left 
heart.

Ventricular Arrhythmias After  
Cardiac Transplantation

Allograft vasculopathy and ventricular dysfunction can lead to 
sudden death in a significant number of heart transplant patients. 
The documented incidence of VF as the first arrhythmia in 
sudden death is, however, lower (10%) in transplanted patients 
than in the general population, possibly secondary to sympathetic 
denervation.59 Both sustained and nonsustained cases of VT 
portend a poor prognosis when they occur late after transplanta-
tion. Mechanisms include ischemic myocardial damage from 
allograft vasculopathy, cumulative injury from repeated inflam-
matory reactions, and scarring due to rejection episodes.60 The 
exact role of ICDs in primary prevention is not well defined, and 
most centers use conventional criteria of risk that include severe 
LV dysfunction (EF <35%), syncope with inducible VT, and 
severe allograft vasculopathy. In a retrospective study of 36 trans-
plant recipients undergoing ICD implant for primary and sec-
ondary prevention, appropriate shocks for VT or VF occurred in 
28% of patients. It should be noted that defibrillator implants in 

blockade generally produces negative inotropic effects and tends 
to worsen heart failure. Hence, drugs such as flecainide, propafe-
none, procainamide, disopyramide, and mexiletine are best 
avoided. Quinidine may be an exception because of its associated 
class 3 effect of prolongation of the action potential, which allows 
for longer calcium flux. In addition, it is a vasodilator; these 
combined effects may negate the effects of sodium channel block-
ade. Apart from their effects on contractility, class 1 drugs also 
exert significant proarrhythmic effects by virtue of their interac-
tions with the adverse electrophysiological remodeling of heart 
failure and myocardial hypertrophy. Hence, use of these drugs is 
limited to patients with implanted defibrillators to control ven-
tricular or atrial arrhythmias and to reduce shock frequency when 
class 3 drugs are not an option. Class 3 antiarrhythmic drugs are 
better tolerated hemodynamically.

Amiodarone
Amiodarone has been most extensively studied in patients with 
heart failure. Apart from one study that showed increased non-
cardiac mortality in Class III heart failure, most studies have 
described neutral effects on mortality or benefit in reducing 
arrhythmia-related deaths.48 Amiodarone in combination with a 
β-blocker is the most effective pharmacologic intervention for 
reducing ICD shocks.49 Bradycardia remains a limitation and 
occurs in 1% to 7% of patients in large trials; it is more common 
in clinical use. In patients with sinus node or atrioventricular 
nodal disease, the drug has the potential for marked bradycardia 
and worsening heart failure symptoms. In addition, amiodarone 
may lead to ventricular pacing in patients with implanted defibril-
lators, thereby provoking ventricular dys-synchrony.

In stable patients, loading doses of amiodarone 600 to 800 mg 
daily are usually well tolerated. However, in patients with decom-
pensated heart failure, high doses can potentially worsen clinical 
status by slowing heart rate without allowing for increased stroke 
volume. Slow titration can often avoid this initial negative ino-
tropic effect. The noncardiac toxicity of amiodarone can impact 
the course of heart failure adversely. Hyperthyroidism can lead 
to acute hemodynamic instability, often with onset of AF with 
rapid ventricular rates and intractable ventricular arrhythmias. In 
one study, amiodarone-induced thyrotoxicosis was associated 
with a 2.7-fold increase in major adverse cardiac events, driven 
primarily by higher rates of ventricular arrhythmia requiring 
hospitalization.50 Amiodarone lung toxicity occurs at a rate of 1% 
per year, and risk increases with daily doses that exceed 300 mg. 
Differentiation from pulmonary congestion may require right-
heart catheterization and/or bronchoalveolar lavage.

Other Class 3 Drugs
Sotalol has modest efficacy in reducing ICD shocks and is a 
reasonable initial choice in younger patients to avoid the cumula-
tive organ toxic effects of amiodarone. Its use as a substitute for 
β-blockers in heart failure is controversial, and it is usual to 
employ the concomitant use of β-blockers with proven efficacy 
in heart failure, although generally at lower doses. Dofetilide is 
a potent class 3 antiarrhythmic agent approved for the manage-
ment of AF. Both sotalol and dofetilide prolong the QT interval 
by blocking the delayed rectifier potassium (Ikr) channel and can 
provoke torsade de pointes VT. Risks are higher for heart failure 
patients (3% to 5% for sotalol and 3% for dofetilide). These 
drugs are excreted renally, and their use in patients with reduced 
glomerular filtration (<30 mL/min) is not recommended.

Dronedarone is a newer antiarrhythmic drug approved for the 
management of AF. Despite its structural similarity to amioda-
rone (but without the iodine moiety), the drug is less effective in 
control of AF. Of concern in heart failure patients is that two 
large studies demonstrated increased mortality.51,52 The mecha-
nism for increased mortality is unclear. Dronedarone is currently 
avoided in heart failure patients.
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anticipated that increasing numbers of current and new mechani-
cal support devices will be implanted in patients with heart 
failure. We need to enhance our understanding of the substrate, 
triggers, and therapies for ventricular tachyarrhythmias in this 
growing ambulatory population.

Summary

The complex interaction between ventricular arrhythmia and 
systolic heart failure warrants careful incorporation of heart 
failure status and prognosis in decisions regarding management 
of VT or VF. Key points to consider are summarized in Table 
89-2. Optimizing hemodynamic status before providing elective 
interventions for ventricular arrhythmias offers the best chance 
for successful outcomes.

heart transplant recipients are associated with a higher rate of 
complications, including infection and lead complications.61

Management of Ventricular Arrhythmias in Patients 
With Ventricular Assist Devices

The use of ventricular assist devices (VADs) as a bridge to trans-
plantation and as destination “lifetime” therapy has become more 
common and successful.34 As a result, ventricular arrhythmias 
have gained greater importance in this patient population. Most 
patients who are candidates for LV assist devices (LVADs) will 
have ICDs already in place. The overall prevalence of ventricular 
arrhythmia in LVAD patients is similar to that in a population 
with comparable LV dysfunction and heart failure,62 but ventricu-
lar arrhythmias can resolve after LVAD, can persist, or can appear 
for the first time after LVAD. The LVAD procedure involves the 
addition of an inflow cannula to the LV apex, which increases the 
risk of ventricular arrhythmia through formation of a nidus for 
reentry as well as by mechanical stimulation of the endocardium 
by the cannula. The latter is more common when the LV is col-
lapsed from intravascular volume depletion or as the result of 
suction events with high LVAD flow rates. Lowering the LVAD 
speed can often be helpful in reducing nonsustained VT that 
precipitates sustained arrhythmias.

Currently available durable devices support only the left ven-
tricle (LVAD), leaving RV output vulnerable to ventricular 
arrhythmias, which thus can compromise LV inflow. Although 
rarely lethal, ventricular arrhythmias can cause syncope and 
injury in patients, particularly in the upright position. Manage-
ment of ventricular arrhythmias in LVAD patients includes the 
use of antiarrhythmic drugs such as amiodarone, mexiletine, and 
quinidine. Catheter ablation is attempted in refractory cases but 
is technically more difficult because of the collapsed ventricle.63 
Traversing the aortic valve may prove difficult, necessitating a 
transseptal approach.

Occasionally, patients with a precipitous course after an acute 
event such as myocarditis or acute myocardial infarction or in 
relation to peripartum cardiomyopathy progress to LVAD therapy 
without an ICD. In the absence of observed ventricular arrhyth-
mias, implantation of an ICD as a prophylaxis against adverse 
effects of VT/VF generally is not recommended. Policies regard-
ing generator changes in a stable LVAD patient with no signifi-
cant post-implant arrhythmias have yet to be formulated. It is 

Table 89-2. Ventricular Arrhythmias in Heart Failure: Key Points

• New-onset heart failure and ventricular tachyarrhythmias should 
raise concern for inflammatory heart disease.

• Evidence of hemodynamic compromise (high filling pressures with 
or without hypoperfusion) should be sought and the situation 
addressed before elective arrhythmia procedures are undertaken.

• Treatment with β-blockers and amiodarone can worsen heart 
failure acutely, although, if tolerated, it is often beneficial for the 
long term.

• Consider competing risks of primary arrhythmic events and death 
from pump failure or comorbidities when planning therapy to treat 
or prevent life-threatening arrhythmic events.

• Timely deactivation of ICD requires proactive consideration by the 
care team.

• Most anticipated heart failure deaths occur with bradycardia and/or 
pulseless electrical activity.

• Mechanical circulatory support for acute decompensation should 
be initiated with a short-term device rather than an implantable 
device as a bridge to medical stabilization or more durable 
mechanical support.

• Evidence of severe right ventricular failure will preclude mechanical 
support with current implantable devices for destination (lifetime) 
therapy.
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the large spaces within the trabecular meshwork disappear, con-
densing and compacting the ventricular myocardium and solidify-
ing the endocardial surfaces. Trabecular compaction is normally 
more complete in the LV than in the right ventricular (RV) myo-
cardium. The situations in which this compacting pathway fails is 
thought to be due to an arrest in endomyocardial morphogenesis 
and results in postnatal LV noncompaction.4,10,11 The gross patho-
logic appearance of LVNC is characterized by numerous, exces-
sively prominent trabeculations and deep intratrabecular recesses 
resembling RV endomyocardial morphology. Histologically, the 
recesses and their troughs are lined with endothelium, indicating 
that these recesses are not sinusoids. In some cases, zones of 
fibrous and elastic tissue are found scattered on the endocardial 
surfaces with extension into the recesses. The coronary arterial 
circulation is usually normal, and extramural myocardial blood 
supply is not believed to play a role in these abnormalities. Intra-
mural perfusion, however, could be adversely affected by the 
prominent trabeculations and intratrabecular recesses, particu-
larly the subendocardium. The increased fibrous and elastic tissue 
on the endocardial surfaces could be due to subendocardial isch-
emia, perhaps in response to isometric contraction among the 
trabeculae and recesses. In addition, the endomyocardial mor-
phology of LVNC lends itself to development of mural thrombi 
within the recesses, which can embolize and cause a stroke.2,8,12,13 
Arrhythmias can also occur.14-16

Incidence of Left Ventricular Noncompaction

Although LVNC is considered rare by some authors, the inci-
dence and prevalence of LVNC is uncertain.17-20 In the 1990s, the 
reported prevalence of isolated LVNC was 0.05% of all adult 
echocardiographic examinations in a large institution, whereas 
more recently the prevalence was reported as less than 0.14% of 
all adults referred for echocardiograms. In contrast, Sandhu 
et al.17 demonstrated a 3.7% prevalence of definite or probable 
LVNC by echocardiography in adults with LVEF less than or 
equal to 45% and 0.26% prevalence for all patients referred for 
echocardiography. Among heart failure patients, the prevalence 
of LVNC has been reported as 3% to 4%.20 No other reliable 
data have been reported to date.

Clinical Features and Diagnosis of Left 
Ventricular Noncompaction

The clinical presentation of LVNC is highly variable, ranging 
from asymptomatic to end-stage heart failure, lethal arrhythmias, 
or thromboembolic events.2-7,12-17 LVNC commonly develops in 
infancy with signs and symptoms of heart failure.2,4,7 Childhood 
and adult forms are also frequently seen and can occur with heart 
failure, rhythm abnormalities, or sudden death.12,13,19,20 However, 
a high percentage of patients are asymptomatic and identified 
serendipitously on echocardiography, with deep trabeculations 
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In this chapter, the relatively newly classified cardiomyopathy 
known as left ventricular noncompaction (LVNC) will be dis-
cussed, with a specific focus on the arrhythmias associated with 
LVNC. This genetic, inherited form of heart disease has substan-
tial risk of heart failure, stroke, metabolic derangement, arrhyth-
mias, and sudden cardiac death and appears to occur because of 
mutations in genes identified to encode primarily for cytoskeletal 
or sarcomeric proteins.

LVNC, characterized by excessive and unusual trabeculation 
of the mature left ventricle (LV), has been considered to occur 
because of arrest of the final phase of cardiac development, the 
compaction phase, where the compact myocardium forms fully. 
Clinically and pathologically, LVNC is characterized by a spongy 
morphologic appearance of the myocardium occurring primarily 
in the LV, with abnormal trabeculations and intertrabecular 
recesses typically being most evident in the apical portion of the 
LV.1,2

In 2006, the American Heart Association Scientific Statement 
on the classification of cardiomyopathies formally classified 
LVNC as its own disease entity.3 Multiple forms of left ventricu-
lar noncompaction occur, including primary myocardial forms of 
noncompaction, a form associated with electrophysiological 
abnormalities and arrhythmias, and noncompaction associated 
with congenital heart disease (CHD) such as septal defects (ven-
tricular or atrial septal defect), pulmonic stenosis, hypoplastic left 
heart syndrome, among others.4-8 In all forms, metabolic derange-
ments may be notable.5,9 The clinical presentation in some forms 
of LVNC includes heart failure, thromboembolic events, supra-
ventricular and ventricular arrhythmias, and sudden death, and 
can occur at any age.

Pathology of Left Ventricular Noncompaction

In the early embryo, the heart is a loose interwoven mesh of muscle 
fibers.10,11 The developing myocardium gradually condenses, and 
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and intertrabecular recesses noted in the LV apex and lateral wall. 
Multiple forms of LVNC exist and the clinical features depend 
on the specific form of LVNC (discussed later).

In addition to systemic arterial embolism, patients with LVNC 
are also known to develop ventricular arrhythmias (ventricular 
tachycardia, ventricular fibrillation), atrial fibrillation, or conduc-
tion abnormalities (sinus bradycardia, complete heart block). 
Wolff-Parkinson-White syndrome is also common.2,7 Reports of 
survival in children and adults have been inconsistent, with some 
demonstrating poor outcomes and others having a low percentage 
of death or transplantation. For example, Ichida et al.7 found good 
survival and limited symptoms in their childhood patients, whereas 
Chin et al.4 reported three deaths in the eight children studied. 
Pignatelli et al.2 demonstrated poor outcomes in neonates but 
excellent outcomes in those outside the neonatal period. The 
neonates who died all had systemic disease (mitochondrial and 
other metabolic disorders); they demonstrated a 5-year survival 
rate of 86%. When patients receiving transplants were added, the 
5-year survival free of death or transplantation was 75%.

Adult clinical studies consistently have described a high risk 
of ventricular tachyarrhythmias and sudden cardiac death (SCD) 
in LVNC,1,13,15 with as many as 47% of adults (and 75% of symp-
tomatic patients) dying within 6 years of presentation. More 
recent reports, however, have shown a more benign natural 
history, with lower risk for (malignant) ventricular arrhythmias.21 
Bhatia et al.22 reviewed published studies of 241 adults with iso-
lated LVNC diagnosed by echocardiographic criteria followed 
for a mean duration of 39 months. The annualized event rate was 
4% for cardiovascular deaths, 6.2% for cardiovascular death and 
its surrogates (heart transplantation and appropriate ICD shocks), 
and 8.6% for all cardiovascular events (death, stroke, ICD shocks, 
and transplantation). Familial LVNC occurrence was identified 
in first-degree relatives screened by echocardiography in 30% of 
index cases.22 The precise substrate for malignant ventricular 
arrhythmias in LVNC patients is not known,23 and the progres-
sion of the disease and evolution of the arrhythmic substrate 
remains speculative. Histologic examination shows myocardium 
around deep intratrabecular recesses that can serve as slow con-
ducting zones with reentry. Furthermore, impaired flow reserve, 
causing intermittent ischemia, has been proposed as having a 
role24; however, inducibility of sustained ventricular tachycardia 
(VT) during electrophysiological studies has demonstrated little 
value as a tool for risk stratification in LVNC.14,23

Subtypes of Left Ventricular Noncompaction

Although an increasing number of clinicians are beginning to 
recognize the clinical features of LVNC, several key points have 
failed to be described. One of the important issues in the diag-
nosis and outcomes of these patients, particularly in childhood, 
is the specific LVNC phenotype that exists in any one subject. 
There are at least seven different phenotypes of LVNC and these 
different phenotypes have different outcomes (Figure 90-1). The 
subtypes include the following types:
1. Isolated LVNC, in which abnormal trabeculations are 

associated with normal LV size, thickness, and systolic and 
diastolic function in the absence of other structural heart 
disease with no evidence of arrhythmias. Clinically, this 
subgroup appears to be benign during childhood and 
approximates 25% of all subjects. These individuals do well 
unless they exhibit ventricular arrhythmias. This subgroup is 
usually followed up yearly in the outpatient clinic, and 
patients are not treated with medication and or restricted 
from activities.4,6,7,25

2. In isolated LVNC with arrhythmias, there is normal LV size, 
thickness, and function on imaging, but there are 

predominant arrhythmias, usually runs of tachyarrhythmias. 
These patients appear to have an elevated risk of sudden 
events and require closer follow-up and therapeutic 
intervention with either medication or implantable 
defibrillator, depending on the specific arrhythmia and 
associated symptoms. The arrhythmias noted include VT, 
ventricular fibrillation (VF), atrioventricular block, 
supraventricular tachycardia, and atrial fibrillation.26,27 
Preexcitation and extreme voltages are also common 
electrocardiogram (ECG) findings, particularly in children.2

3. The dilated form of LVNC clinically mimics dilated 
cardiomyopathy (DCM), with a dilated trabeculated LV with 
depressed systolic function, and likely has similar outcomes. 
The follow-up for these patients is similar to those with 
pure DCM. An important differentiating feature is the 
potential for this to become an “undulating phenotype” in 
which the heart changes its appearance to a hypertrophic 
form or one with normal LV size, thickness, and function on 
echocardiography, but later reverts to the DCM-like 
phenotype.2 The ECGs of these patients, particularly the 
young children, can include preexcitation with or without 
severe increase in voltage, particularly in the mid-
precordium, and arrhythmias.2

4. The hypertrophic form of LVNC mimics hypertrophic 
cardiomyopathy (HCM) with LV hypertrophy (commonly 
with asymmetrical septal hypertrophy) and a small, 
trabeculated LV cavity. Hypercontractile systolic function 
and diastolic dysfunction and appear to have similar 
outcomes. The follow-up for these patients is similar to 
those with pure HCM. An important differentiating feature 
is the potential for this to become an undulating phenotype 
in which the heart changes its appearance to a dilated form 
or a dilated and hypertrophic form with depressed systolic 
function, but later reverts to the HCM-like phenotype.2 The 
ECGs of these patients have the same abnormalities as the 
other forms.2

5. The hypertrophic and dilated form of LVNC appears to be the 
worst form of LVNC clinically and, in many cases, is 
associated with neuromuscular disease and hypotonia. These 
young children, particularly infants, can succumb to heart 
failure or arrhythmias, especially if they have metabolic 
derangement.2,9 The ECGs of these patients have the same 
abnormalities as the other forms. An important differentiating 
feature is the potential for this to become an undulating 
phenotype in which the heart changes its appearance to a 
dilated or hypertrophic form on echocardiography, but later 
reverts to the HCM-dilated phenotype.2

6. The restrictive form of LVNC is a rare form of LVNC and is 
clinically challenging because it mimics the clinical behavior 
of restrictive cardiomyopathy, with dilated atria and diastolic 
dysfunction associated with a trabeculated LV with normal 
dimension, thickness, and systolic function.28 Like the 
children with restrictive cardiomyopathy, this subgroup 
typically is considered a transplant candidate early after 
diagnosis.

7. In LVNC with congenital heart disease, any form of CHD can 
occur in conjunction with LVNC, but right heart 
obstructive forms are most typical. 18 The most common 
simple forms of CHD include septal defects and pulmonic 
stenosis. However, LVNC has been identified in subjects 
with severe forms of CHD, including Ebstein anomaly, 
pulmonary atresia, tricuspid atresia, hypoplastic left heart 
syndrome, and heterotaxy syndrome. Outcomes depend on 
the specific CHD but can be worse than the postoperative 
outcomes of the same CHD without LVNC. In this case, 
the surgeon, cardiac anesthesiologist, and cardiac intensivist 
must play close attention to the myocardial function and 
treat it expectantly.
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Figure 90-1.  Echocardiographic pictorial of heterogeneous forms of left ventricular noncompaction (LVNC). The top panel shows a parasternal short axis view of a dilated 
form of LVNC. The apical trabeculations are noted at the apex. An apical four-chamber view at the right side of the figure demonstrates the same findings. The lower panel 
shows heterogeneous phenotypes associated with LVNC. A, LVNC with normal LV size, thickness, and function. B, Dilated form of LVNC. C, Hypertrophic form of LVNC. D, 
Restrictive form of LVNC. E, Biventricular LVNC. 
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Electrocardiography in Left Ventricular 
Noncompaction

The ECG for patients with LVNC is typically abnormal and, in 
infants and young children, commonly shows excessive voltage 
(Figure 90-2).2,7 In fact, approximately 30% of these young sub-
jects with LVNC have extreme midprecordial voltages that mimic 
the ECG seen in Pompe disease. These subjects, particularly 
those with the childhood forms of LVNC, may be associated with 
preexcitation as well. Arrhythmias, including supraventricular 
tachycardia, VT, and atrial fibrillation, are common and danger-
ous accompaniments to all subtypes of LVNC.

Arrhythmias in Left Ventricular 
Noncompaction

As noted, both supraventricular and ventricular rhythm disorders 
are frequently observed in patients with LVNC. Most impor-
tantly, these patients are prone to developing life-threatening 
ventricular arrhythmias, which are among the most frequent 
causes of death in subjects with LVNC. Implantable cardioverter 
defibrillators (ICDs) have been demonstrated to be highly effec-
tive for the prevention of sudden arrhythmic death in patients 
with LVNC and should be considered in patients who are judged 
clinically to be at high risk for ventricular tachyarrhythmias. 
These patients include those with a severely reduced ejection frac-
tion and those with a history of sustained VT or VF, recurrent 
syncope of unknown etiology, or a family history of ventricular 
tachyarrhythmias or sudden cardiac death. Ventricular tachyar-
rhythmias, including cardiac arrest owing to VF, are reported in 
38% to 47% and sudden death in 13% to 18% of adult patients 
with LVNC.15,16,23,27 Caliskan et al.31 recently investigated ICD 
therapy indications and outcomes in 77 patients with LVNC 
(mean age, 40 ± 14 years), 44 (57%) of whom had an ICD 
implanted using standard ICD guidelines for nonischemic cardio-
myopathy. Implantation for secondary prevention occurred in 12 
patients (7 with VF, 5 with sustained VT) and for primary preven-
tion (heart failure or severe LV dysfunction) in 32 patients.31 
During a mean follow-up of 33 ± 24 months, eight patients pre-
sented with appropriate ICD shocks owing to sustained VT after 
a median 6.1 (range, 1 to 16) months, including 4 of 32 (13%) 
patients in the primary prevention group and 4 of 12 (33%) in the 

Imaging of Left Ventricular Noncompaction

Echocardiography has been the most commonly used  
modality to diagnose and describe LVNC. Recently, Punn and 
Silverman29 investigated LVNC using the 16-segment model 
described by the American Heart Association and the American 
Society of Echocardiography. Using the ratio of noncompaction 
to compaction, the authors analyzed the 16 segments to deter-
mine whether severity was correlated with poor outcomes in these 
affected children. Forty-four patients with LVNC were studied, 
consistent with an incidence of 0.3% of admissions. Twenty-eight 
patients (64%) remained alive (group 1), and 16 patients (36%) 
either died or were received a transplant (group 2). This latter 
group had a substantial number of patients with significant associ-
ated CHD compared with the group that survived (50% vs. 18%; 
P < .05). Similar regions of involvement in the 16-segment model 
were notable, with sparing of basal segments and involvement of 
the midpapillary and apical regions (P < .001); however, patients 
in group 2 (high percentage of death and transplant) had more 
segments involved (six vs. four; P < .05), lower shortening frac-
tions (16% vs. 29%; P < .001), and lower ejection fractions (24% 
vs. 47%; P < .001), with the ejection fraction inversely related to 
the number of segments (r = −0.63; P < .01), suggesting that more 
noncompaction portends a worse outcome. In the younger 
patients with noncompaction, poor outcomes were related to the 
number of LV segments involved.

Cardiac magnetic resonance imaging (CMR) is another 
imaging modality that has been used increasingly to evaluate  
and diagnose LVNC. Thuny et al.30 compared two-dimensional 
echocardiography images obtained at end-diastole and  
end-systole against CMR images obtained at end-diastole to  
validate the diagnosis of LVNC. Sixteen adults (48 ± 17 years) 
with LVNC underwent echocardiography and CMR within the 
same week and were compared to assess noncompaction in 17 
anatomic segments. All segments were analyzed using CMR, but 
only 87% could be analyzed with echocardiography. A two-
layered structure was observed in 54% of patients by CMR, 43% 
by echocardiography. Echocardiography underestimated the 
noncompact-to-compact maximal ratio compared with CMR. 
Therefore, CMR was thought to be superior to standard echo-
cardiography in assessing the extent of noncompaction and 
provide supplemental morphologic information beyond that 
obtained with conventional echocardiography; however, this has 
not been validated in children.

Figure 90-2.  Electrocardiographic features of left ventricular noncompaction. Note the excessive midprecordial voltages (one fourth of standard). 

I aVR V1 V4 V3R

II aVL V2 V5 V4R
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Molecular Genetics of Left Ventricular 
Noncompaction

Mutations in the G4.5 or tafazzin (TAZ) gene were among the 
first to be identified in male patients and carrier females with 
isolated LVNC and with Barth syndrome. This gene encodes a 
novel protein family (tafazzins) that participate in the metabolism 
of cardiolipin, the signature phospholipid of mitochondria, and 
is also responsible for Barth syndrome and other forms of infan-
tile cardiomyopathies.25,37 Barth syndrome is a clinical association 
of myocardial dysfunction, neutropenia, skeletal myopathy, 
abnormal mitochondria, organic aciduria (primarily 
3-methylglutaconic aciduria), growth retardation, and choles-
terol abnormalities.37 It is an X-linked disorder and has been 
thought to be allelic to several phenotypically different disorders 
on Xq28,25,37such as LVNC and dilated cardiomyopathy. Con-
genital heart defects have not been associated with Barth syn-
drome or other G4.5/TAZ-associated disease. The genetic basis 
of autosomal dominant LVNC has also been studied, and mul-
tiple genes have been identified. Ichida et al.8 identified muta-
tions in α-dystrobrevin as causative in children and young adults 
with LVNC with or without congenital heart disease. Subse-
quently, mutations in sarcomere protein- and Z-line protein-
encoding genes were identified, with mutations in β-myosin 
heavy chain (MYH7), α-cardiac actin (ACTC), cardiac troponin 
T (TNNT2), and ZASP.25,36,38,39 In addition to sarcomere-encoding 
genes and the cytoskeleton, mutations in the sodium channel 
gene SCN5A have been shown to cause LVNC and rhythm dis-
turbance.40 Another cytoskeletal protein that has been associated 
with LVNC is dystrophin in boys with Duchenne and Becker 
muscular dystrophy.41 Skeletal muscle biopsy has, in some 
patients, identified mitochondrial abnormalities, suggesting a 
nuclear import protein as the primary abnormality. Mutation 
analysis of the mitochondrial genome has identified mutations as 
well.42 Consideration of other potential genetic causes needs to 
account for the known molecular defects resulting in congenital 
heart anomalies, as well as those molecular abnormalities result-
ing in diseases of the myocardium itself.

Therapy and Outcome

The specific therapy depends on the clinical and echocardio-
graphic findings. In patients with systolic dysfunction and heart 
failure, anticongestive therapy identical to those used in patients 
with dilated cardiomyopathy is appropriate. In particular, angio-
tensin converting enzyme inhibitors and β-adrenergic blocking 
agents are useful. Diuretics may also be needed; however, in 
patients exhibiting findings more consistent with a hypertrophic 
cardiomyopathy or diastolic dysfunction physiologic phenotype, 
β-blocker therapy alone may be more appropriate in children. In 
children and adults with the HCM-form and having symptoms, 
myectomy may be appropriate. In any patient with any form of 
LVNC and having arrhythmias, ICD implantation is typically 
appropriate. In adults and a small cadre of at-risk children, 
primary prevention is commonly considered. In patients with 
LVNC with associated mitochondrial or metabolic dysfunction, 
some investigators add a “vitamin cocktail” to the cardiac therapy 
with coenzyme Q10, carnitine, riboflavin, and thiamine com-
monly used alone or in combination.

In patients having associated congenital heart disease, appro-
priate therapeutic approaches can include simple pharmacologic 
therapy with diuretics for volume overload associated with left to 
right shunts, more complex pharmacologic therapy for patients 
with restrictive physiology and pulmonary hypertension, or inva-
sive therapy with catheter intervention or surgical repairs, 

secondary prevention group (P = .04). An additional nine patients 
had received inappropriate ICD therapy: six (19%) in the primary 
group and three (25%) in the secondary prevention group, at a 
median follow-up of 4 months (range, 2 to 23 months). The rela-
tively high percentage of appropriate shocks for sustained VT in 
this population suggests that patients with LVNC are at high risk 
for SCD and that implanting an ICD in these adult patients is 
appropriate, although no patients with LVNC were included in 
previous trials that are the basis of the current guidelines.32 All the 
appropriate ICD interventions in this patient cohort were due to 
fast VTs, although it is not certain that the initial rhythm in those 
SCD and VF patients was also started with a VT trigger.33 In these 
patients with LVNC and sustained VT or VF, there was a 33% 
risk of recurrent, sustained VT followed by appropriate ICD 
shocks after a median follow-up period of 26 months. Similarly, 
Kobza et al.34 reported 37% appropriate shocks during a mean 
follow-up of 40 months among 30 patients with LVNC and an 
ICD. These observations support the current guidelines to 
implant an ICD for primary prevention, based on the presence of 
heart failure or severe LV dysfunction in combination with other 
(presumed) high-risk factors in patients with LVNC.

In the cohort reported by Caliskan et al.,31 severe LV dysfunc-
tion or dilation were not prominent in the secondary prevention 
group with a history of sustained VT or VF, making it difficult 
to rely on the severity of the LV dysfunction for SCD risk strati-
fication.31 There were more PVCs in the patients treated with an 
ICD than in those without one, with a trend toward higher 
numbers of PVCs in the secondary prevention group with VT 
or VF, versus those receiving an ICD for primary prevention. 
Nonsustained VT was also more frequent on 24-hour Holter 
recording in the VT/VF group versus both the primary preven-
tion patients and to those without ICD. Other potential risk 
factors for SCD in LVNC patients, like a positive family history, 
syncope, or inducible VT/VF, must also be considered, similar to 
that seen in hypertrophic cardiomyopathy.35 In this context, it is 
worth mentioning that sarcomeric gene mutations were reported 
in the LVNC population, implying that LVNC is part of a 
broader spectrum of cardiomyopathies including hypertrophic, 
restrictive, and dilated cardiomyopathy.36

Clinical Genetics of Left Ventricular 
Noncompaction

Left ventricular noncompaction most commonly has X-linked 
recessive or autosomal dominant inheritance.25,37 In X-linked 
LVNC, female carriers have not been found to develop frank 
clinical disease and are echocardiographically normal. Consistent 
with X-linked inheritance, no male-to-male transmission of the 
disease occurs. Autosomal dominant inheritance occurs in some 
familial cases of LVNC without CHD and in most, if not all, 
cases associated with CHD.7,21,25,36 Autosomal recessive and mito-
chondrial inheritance is seen in cases dominated by mitochon-
drial and metabolic derangement.9,25 When LVNC is associated 
with CHD, the congenital cardiac defect can be heterogeneous 
in families, but is transmitted as an autosomal dominant trait 
along with the myocardial abnormality. In some families with 
autosomal dominant LVNC associated with CHD, affected 
members can be identified in whom no CHD can be identified 
at the time of evaluation, because the cardiac defects include 
minor forms of CHD, such as small atrial or ventral septal defects 
or patent ductus arteriosus, which have spontaneously closed, 
along with other individuals with severe CHD, such as hypoplas-
tic left heart syndrome. Penetrance is reduced in some families. 
Ichida et al.7 reported that 44% of LVNC patients had inherited 
LVNC, with 70% having autosomal dominant and 30% having 
X-linked inheritance.
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depending on the lesions. Intimate understanding of the cardiac 
function abnormalities, evidence of thrombi (which should be 
treated with anticoagulation), and the metabolic status of the 
patient must be addressed by the interventional cardiologist, 
cardiac anesthesiologist, and surgeon in approaching these 
patients invasively. In addition, cardiac rhythm disturbances need 
to be identified and therapies such as pacemakers, ICDs, and 
intracardiac ablations should be considered. Finally, in patients 
with heart failure associated with any form of LVNC, mechanical 
circulatory support and transplantation may be necessary.43
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series.1,2 As noted, TCM is most frequently precipitated by an 
intensely emotional or physical event; however, in a relatively 
large minority of cases, no identifiable trigger is obvious.1,2,18-20

The actual incidence of TCM is difficult to quantify, but it 
appears to account for approximately 1% to 2% of all cases of 
suspected acute coronary syndrome.21,22 Its clinical presentation 
is often similar to that of an acute myocardial infarction (MI), 
with symptoms most commonly including chest pain, dyspnea, 
and syncope.1,2 Some patients can be critically ill on presentation 
as the result of acute pulmonary edema, hypotension, cardiogenic 
shock, or an arrhythmic arrest (VF or asystole). ECG changes 
resembling those seen in acute coronary syndromes, including 
ST elevation, direct most patients to coronary angiography. 
Takotsubo is usually diagnosed when coronary angiography dem-
onstrates normal vessels or nonobstructive disease and when 
assessment of LV function reveals regional wall motion abnor-
malities extending beyond a single epicardial vascular distribu-
tion. Myocardial dysfunction most commonly results in apical 
ballooning; however, other distinct patterns of regional myocar-
dial involvement have been described in a minority of patients, 
including midventricular and basal distributions.20,23-25 Right ven-
tricular involvement has also been reported.26 Myocardial 
enzymes are usually elevated only to a mild or moderate degree.1 
Cardiac magnetic resonance imaging can be useful in confirming 
the diagnosis and in revealing typical patterns of LV dysfunction 
and myocardial edema and the absence of significant necrosis/
fibrosis.20,25

Despite marked initial LV dysfunction with potential sequelae 
such as heart failure, shock, thromboembolism, and even ven-
tricular free wall rupture, the overall prognosis in TCM is quite 
good.1,27 Most patients experience a favorable outcome with sup-
portive care. In-hospital mortality rates tend to be less than 3% 
in most large series.1,2,20 Patients typically recover normal LV 
function within days to weeks.5 Delayed normalization (months) 
has been observed in a minority of patients.1 Recurrence rates of 
TCM can be as high as 5% to 11% in some large series.1,28 All-
cause mortality in survivors of TCM was elevated during the 
follow-up period in one series, with all deaths attributed to non-
cardiac causes.1 This higher mortality rate was not apparent in 
another series.28

Electrocardiographic Changes

The ECG changes in TCM have been systematically evalu-
ated.11,12,29-31 On admission, ST elevation mimicking acute MI is 
the most common finding, ranging from 37% to 90% in large 
series.1,16,20 Other ECG findings on admission can be diverse and 
include ST depression, TWIs, a healed anterior MI pattern, 
bundle branch block, nonspecific findings, or a normal appear-
ance.1 Kosuge et al. compared presentation ECGs of 33 TCM 
patients with those of 342 anterior MI patients. They found that 
TCM was associated with a lower maximal ST elevation and a 
greater number of leads with ST segment elevation compared 
with anterior MI.32 Specifically, TCM was more frequently 
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Takotsubo cardiomyopathy (TCM) is a syndrome characterized 
by transient ventricular dysfunction in the absence of obstructive 
coronary artery disease.1-4 Also known as stress cardiomyopathy or 
apical ballooning syndrome, TCM most commonly occurs in the 
setting of severe emotional or physical stress. The exact mecha-
nism of the transient cardiomyopathy remains undefined; 
however, it is believed that ventricular dysfunction is induced by 
catecholamine-mediated myocardial toxicity.5-7

The clinical profile of TCM has been well described in several 
case series.1,3,4,8 Upon presentation, electrocardiographic (ECG) 
changes resemble those seen in acute coronary syndromes, 
including ST elevation. Most patients with typical left ventricular 
(LV) apical involvement develop repolarization abnormalities 
within 24 to 48 hours of presentation. These abnormalities 
include diffuse T wave inversions (TWIs) and QT prolongation, 
the latter often quite pronounced.9-12 It is evident that TCM 
should be considered among the causes of acquired long QT 
syndrome (LQTS).9,13,14 Long QT syndrome can be associated 
with sudden cardiac death (SCD) from the distinctive reentrant 
polymorphic ventricular tachyarrhythmia, torsades de pointes 
(TdP), which can degenerate to ventricular fibrillation (VF). 
Despite the severe repolarization abnormalities seen in TCM, 
the mechanism of life-threatening arrhythmias remains incom-
pletely understood and the risk uncertain. This chapter describes 
the clinical circumstances and explores the pathogenesis underly-
ing ventricular arrhythmias in the setting of TCM.

Clinical Characteristics of Takotsubo 
Cardiomyopathy

Takotsubo cardiomyopathy is a reversible form of LV dysfunction 
that is most commonly triggered by emotional or physical stress. 
First reported in Japan, the term “takotsubo” describes the shape 
of the LV during systole in the most typical form of the 
disorder.15-17 Akinesis or hypokinesis of the apical and midven-
tricular segments with hyperkinesis of the base results in a 
balloon-like appearance of the LV resembling the traditional 
Japanese octopus trap (Figure 91-1). Although the clinical profile 
for TCM can be broad, a clear age- and gender-specific pheno-
type has been identified. Elderly, postmenopausal women seem 
to be most at risk, accounting for more than 80% of cases in most 
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Ventricular Arrhythmias

Ventricular arrhythmias in the setting of TCM are increasingly 
recognized as an important clinical entity. They include ventricu-
lar tachycardia (VT), VF, and TdP.36 Despite the severe repolar-
ization abnormalities observed in TCM, the arrhythmic risk 
remains relatively low. The reported prevalence of ventricular 
arrhythmias in TCM varies between series. The incidence of 
ventricular arrhythmias ranges from <1%1 in some series to 8.9% 
in a smaller report.9 In a comprehensive literature review, Syed 
et al. reported a sustained VT or VF frequency of 3.4%.36

Although TCM is a reversible cardiomyopathy with generally 
a good prognosis, it is essential for the clinician to understand 
the clinical circumstances associated with ventricular arrhyth-
mias, as these can prove fatal. The mechanisms of life-threatening 
ventricular arrhythmia in TCM remain incompletely under-
stood; however, a clinical profile of arrhythmic risk is developing. 
TCM appears to follow a characteristic time course that consists 
of acute, subacute, and healing phases.11,12,29 It is becoming 
evident that arrhythmic risk is variable throughout the time 
course of TCM and that the mechanism of ventricular arrhyth-
mias differs between acute and subacute phases.9

In the subacute phase of TCM (24 to 48 hours post presenta-
tion), the most common mechanism of ventricular arrhythmia 
appears to be pause-dependent TdP or VF associated with QT 
prolongation (Figure 91-2).9,14,39 As noted, the association 
between QT prolongation and TCM is well described. The 
prevalence of QT interval prolongation among TCM patients is 
high, ranging from 50% to as high as 100% in different case 
series.14 In the typical apical ballooning form, QT prolongation 
is often associated with deep TWI.31 Longer maximal QT inter-
vals appear to occur more commonly in patients with giant nega-
tive T waves.29 Although QT prolongation can also be observed 
at presentation, the arrhythmic risk associated with TCM appears 
to be highest during the subacute period, when QT prolongation 
is associated with maximal TWI.11,12,29

The first report of TdP associated with long QT in the setting 
of TCM was put forth by Denney et al. in 2005.13 Since that time, 
several additional reports and series of such cases have been 
published. In a series of 93 patients with TCM, 8 patients expe-
rienced sustained ventricular arrhythmias; 2 patients had VF at 
presentation (acute phase) and 6 patients experienced pause-
dependent TdP or VF in the subacute phase associated with 
substantial QT prolongation.9 Patients who experienced VF and 
TdP showed longer QTc intervals at presentation compared with 
TCM patients without ventricular arrhythmias. The QTc was 

associated with ST segment elevation in leads I, II, III, aVF, and, 
especially, aVR. In contrast, TCM was less frequently associated 
with ST segment elevation in leads aVL and V1 to V4 (particularly 
V1). Additionally, abnormal Q waves (58% vs. 74%; P = .048) and 
reciprocal changes (6% vs. 49%; P < .001) were less frequent in 
TCM patients.32

The ECG in TCM appears to evolve with the clinical course 
of the disorder. ST segment elevation evident in the acute phase 
usually returns to normal within 3 days of onset.11,12 In the sub-
acute phase (days 1 to 3 post admission), TWI is frequently 
observed. As compared with MI, TCM is associated with a wider 
distribution and greater maximal amplitude of negative T waves.33 
In TCM, negative T waves were consistently observed in leads 
aVR and V4 to V6, whereas negative T waves were less likely in 
lead V1. The TWI appears to progress and deepen, with the 
negative peak usually occurring 2 to 3 days post admission.9,11,12 
The TWI subsequently improves; however, in some patients, a 
second stage of TWI can be observed that can persist for days to 
weeks, even after ejection fraction and wall motion abnormalities 
have normalized.11,12 A similar biphasic pattern has been described 
in patients with MI who develop deep TWIs.34

Repolarization changes in TCM also involve QT interval 
prolongation, which often appears to follow a time course that 
mirrors T wave changes. The QT interval is frequently increased 
on admission ECG and continues to lengthen, with peak prolon-
gation occurring 2 to 3 days post admission (subacute 
period).9,11,12,29 The combination of QT prolongation, which can 
be extreme, and inverted T waves can produce the pattern of a 
giant TWI.9,31 Subsequently, QT prolongation lessens in con-
junction with improvement in TWI. In patients who display a 
biphasic TWI pattern, the QT interval lengthens again, but not 
to the degree seen during the subacute phase.11,12 The exact time 
course of QT prolongation is not well defined, but repolarization 
changes can persist for weeks beyond LV wall motion 
recovery.11,12

The ECG patterns discussed previously are regularly observed 
in the typical apical ballooning form of TCM. ECG findings in 
the rarer, variant forms of TCM are less well defined but appear 
to be different. ST elevation and TWI are less frequent in mid-
ventricular and reverse (basal distribution) TCM.24,35

The issue of ventricular arrhythmias in TCM—the main focus 
of this chapter—is discussed in the following sections. Supraven-
tricular arrhythmias, including atrial fibrillation and supraven-
tricular tachycardia, have also been described in this disorder and 
are likely attributable in part to high levels of circulating cate-
cholamines.36,37 Bradycardia and heart block have also been 
reported.14,36,38

Figure 91-1.  The  left ventriculogram  in a patient with takotsubo  in  the  right anterior oblique projection  (A, end-diastole; B, end-systole). An extensive area of akinesis 
involving the apical and midventricular segments with hyperkinesis of the base results in a balloon-like appearance of the left ventricle. 

A B
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At presentation or during the acute phase of TCM, ventricular 
arrhythmias appear to be rare. Documented VT or VF is an infre-
quent mode of presentation in TCM.1,9,36 Because the most severe 
repolarization abnormalities usually do not occur until 24 to 48 
hours after presentation, it seems reasonable to consider two 
hypotheses regarding ventricular arrhythmias that occur during 
the acute phase of TCM: (1) that the mechanism of ventricular 
arrhythmias in the acute phase of TCM is likely distinct from that 
of the subacute phase; or (2) that TCM is not the arrhythmic 
trigger but rather is the consequence of the stress associated with 
cardiac arrhythmia/arrest and subsequent resuscitation.9

Pathogenesis of Ventricular Arrhythmias

Torsades de pointes is infrequently associated with MI, and when 
it occurs, it is usually in the subacute infarct period (>48 hours). 

further prolonged significantly in the subacute period and subse-
quently returned to similar levels in both groups by the fifth 
hospital day (Figure 91-3). Patients with ventricular arrhythmias 
had significantly longer maximal QT intervals than TCM patients 
without arrhythmias (581 [568 to 679] vs. 488 [465 to 519] mil-
liseconds; P = .0003).9 This pattern of arrhythmic risk and QT 
prolongation was also described by Behr and Mahida.39 In a lit-
erature review, the authors identified 11 cases of TdP associated 
with TCM and demonstrated a mean QTc at presentation of 595 
milliseconds, a mean maximal QTc of 706 milliseconds, and a 
mean post-TdP QTc of 481 milliseconds. The mean maximal 
QTc was significantly longer than the presenting QTc (P = .0075) 
and the post-TdP QTc (P = .0003). In another retrospective lit-
erature review, Samuelov-Kinori et al. identified 15 cases of TdP 
associated with TCM.14 A trend was noted toward longer mean 
maximal QTc among patients with TCM-associated TdP com-
pared with patients without ventricular arrhythmias (679.9 ± 
230.6 vs. 555.9 ± 63.8 milliseconds; P = .06).

Figure 91-2.  Electrocardiograms and telemetry strips from a patient with takotsubo (TCM) and torsades de pointes (TdP). The patient experienced TCM secondary to sepsis 
and epinephrine infusion for hypotension. A, Admission ECG shows first-degree AV block with QT prolongation and diffuse nonspecific T wave abnormalities. B, ECG 24 
hours after epinephrine infusion shows long first-degree AV block with diffuse T wave inversions and marked QT prolongation. C, Telemetry strips show heart block and 
junctional escape rhythm with premature ventricular contractions triggering runs of TdP. The patient was managed with temporary pacing. D, ECG several months later 
shows resolution of T wave inversions and normalization of PR and QT intervals. 
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the sympathetic nervous system might be a factor in arrhythmic 
risk and in the pathophysiology of LQTS is not a novel one.42 
Stimulation of the left stellate ganglion has been shown to 
prolong the QT interval, and left cardiac sympathetic denerva-
tion remains among the treatment options for recurrent arrhyth-
mias in congenital LQTS.46 In pathologic states associated with 
reduced repolarization reserve (e.g., heart failure, channelopa-
thies such as LQTS), sympathetic stimulation can serve as a 
potent trigger for the generation of arrhythmia by enhancing 
dispersion of repolarization or by inducing afterdepolarizations—
the arrhythmic stimuli for TdP.42 When the action potential is 
prolonged, intracellular calcium overload can further augment 
ionic currents underlying afterdepolarizations.42 Early afterdepo-
larizations may be represented by giant T-U waves notable on 
ECG tracings in patients with TdP.47 Such abnormal T-U waves 
have been observed before initiation of TCM-associated TdP.9

Sudden cardiac death is a leading cause of mortality in adults 
and is frequently associated with MI and coronary artery disease. 
Evidence suggests that a genetic predisposition might increase 
the risk of arrhythmic death in acute coronary events.48,49 The 
incidence of TdP in the setting of MI was estimated to be 1.8% 
in one series.40 A genetic basis for TdP associated with MI was 
explored in patients who developed life-threatening TdP in the 
setting of deeply inverted T waves and QT prolongation during 
the subacute phase of MI.50 Among 13 such patients, 2 (15%) 
were found to carry long QT mutations (KCNH2-R744X and 
SCN5A-E446K). Nine of the remaining 11 patients (82%) carried 
the KCNH2-K897T polymorphism, which was present in only 
35% of a matched control group (P = .0035). The polymorphism 
was thus associated with an eightfold increased risk of TdP.50 The 
KCNH2-K897T polymorphism has previously been shown to act 
as a modifier of arrhythmic risk in congenital LQTS, increasing 
the risk of sudden death.51

Abnormal repolarization reserve was first used to describe the 
impact of QT-prolonging drugs on predisposed individuals who 
might carry clinically silent or unexpressed mutations that are 
implicated in congenital LQTS.52 The data described earlier 
suggest that common polymorphisms that act as modifiers of 
arrhythmic risk in LQTS are capable of reducing repolarization 
reserve and increasing arrhythmic risk in the subacute phase of 
MI. The authors concluded that a genetic predisposition, which 
might be subclinical throughout an individual’s life, can be 
unmasked and may underlie QT prolongation and TdP in the 
subacute phase of MI.50

Reports have described persistent QT prolongation after a 
diagnosis of TdP in the setting of TCM.53-56 In one such case, a 
congenital LQTS was uncovered when genetic testing revealed 
a mutation in the KCNH2 gene.55 These reports suggest that 
patients with TdP in the setting of TCM might have a reduced 
repolarization reserve.39,55 In other words, similar to the occur-
rence of TdP in the subacute phase of MI, TCM might unmask 
an underlying predisposition toward repolarization abnormality. 
As is seen with drug-induced LQTS,57 certain individuals might 
be more at risk for developing extreme QT prolongation and 
TdP in the setting of TCM. Further study is required to confirm 
the possibility of a genetic basis for arrhythmic risk in TCM.

Management

Given the potential for life-threatening ventricular arrhythmias 
associated with TCM, the need for telemetry monitoring after a 
diagnosis has been established should be stressed. An understand-
ing of the clinical circumstances associated with ventricular 
arrhythmias is also critical. Patients should be monitored in a 
cardiac unit through the subacute phase, or longer if QT prolon-
gation persists. A cutoff QTc >500 milliseconds has been 

In a series documenting pause-dependent TdP after acute MI in 
8 patients, diffuse TWI and severe QT prolongation were 
observed in each case.40 In that series, the pattern of QT prolon-
gation was similar to that seen in TCM, peaking in the subacute 
infarct period. Episodes of TdP occurred only after the third 
hospitalization day. Although the absence of obstructive coronary 
disease is common in TCM, the similarities between clinical 
findings and arrhythmias in TCM-associated TdP and those in 
the infarct-related form of LQTS suggest similar underlying 
mechanisms.

The pathogenesis of ventricular arrhythmias in TCM likely 
involves a complex interaction of neurovisceral effects, cardiac 
structure and function, electrical remodeling, and possibly 
genetic factors. However, it is evident that TCM frequently pro-
longs cardiac repolarization and should be recognized among the 
causes of acquired LQTS. Although the pathogenic mechanisms 
underlying TCM remain under investigation, it is postulated that 
catecholamine-mediated myocardial toxicity underlies ventricu-
lar dysfunction in TCM. Plasma catecholamine levels have been 
shown to be substantially elevated in patients with TCM.5,6 Iat-
rogenic precipitation of TCM has also been reported secondary 
to infusion of catecholamines and β-agonists.7 Decreased 
ventricular iodine-metaiodobenzyl-guanidine uptake in TCM 
patients also suggests cardiac sympathetic nerve damage.41

Catecholamines are known to promote calcium entry into 
cardiomyocytes by stimulating the opening of receptor-operated 
calcium channels.42 Excessive amounts of locally released and 
circulating catecholamines might underlie neurocardiac damage 
in TCM and may play a vital role in the repolarization abnormali-
ties noted in this phenomenon.43 Further support for the neuro-
genic basis of myocardial stunning and calcium overload includes 
the presence of contraction band necrosis in myocardial biopsy 
specimens from TCM patients.5 Contraction band necrosis is a 
unique form of myocardial injury that is characterized by hyper-
contracted sarcomeres and has been described in clinical states 
of catecholamine excess.43

Similar patterns of myocardial damage and repolarization 
abnormalities—diffuse TWI and QT prolongation—have been 
described in other hyperadrenergic states, including pheochro-
mocytoma44 and subarachnoid hemorrhage.45 The concept that 

Figure 91-3.  Time course of QT prolongation in patients with takotsubo cardiomy-
opathy  (TCM)  and  ventricular  arrhythmias.  Patients  with  TCM  and  ventricular 
arrhythmias (blue) show longer QTc intervals on presentation compared with TCM 
patients without ventricular arrhythmias (red). During the subacute phase (days 2 
and 3), QTc intervals are further prolonged significantly in patients with ventricular 
arrhythmias.  By  day  5,  QTc  intervals  return  to  similar  levels  in  both  groups.  Data 
shown are median QTc with interquartile range (*P < .05). (Reprinted with permis-
sion  from  Madias  C,  Fitzgibbons TP,  Alsheikh-Ali  AA,  et al:  Acquired  long  QT  syn-
drome from stress cardiomyopathy is associated with ventricular arrhythmias and 
torsades de pointes. Heart Rhythm 8:555-561, 2011.)
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who suffered an SCD event are at risk for recurrent ventricular 
arrhythmias remains unclear. Implantation of a permanent pace-
maker or defibrillator might be considered for individuals with 
persistent bradycardia or QT prolongation.9,38,53,54

The actual recurrence rate of TCM is unknown but (as noted) 
has been reported to be as high as 5% to 11%.1,28 The association 
of a potential genetic substrate to TdP in the setting of acute MI 
is intriguing.50 Recent descriptions of persistent QT prolonga-
tion following TCM and the uncovering of congenital LQTS in 
one such case suggest that a similar genetic predisposition might 
be at play for ventricular arrhythmias associated with TCM.53-56 
A careful personal and family history should be collected from 
all patients with TCM who develop marked QT prolongation, 
and strong consideration should be given to genetic screening in 
these individuals.

Conclusions

Although TCM is a reversible cardiomyopathy with a generally 
favorable prognosis, it can be associated with life-threatening 
ventricular arrhythmias. The underlying pathophysiology of ven-
tricular arrhythmias upon presentation with TCM is likely dif-
ferent from that seen during the subacute phase, in which 
pause-dependent TdP can occur in the setting of severe QT 
prolongation. TCM should be considered among the causes of 
acquired LQTS. Patients with TCM in whom QT prolongation 
is observed should be monitored in a cardiac unit until shortening 
of the QT interval is documented. The concept of a potential 
genetic substrate underlying QT prolongation and TdP in the 
setting of TCM is an intriguing one. Further study is required 
to confirm the possibility of a genetic basis for arrhythmic risk 
in TCM.

proposed as a predictor of arrhythmic risk for TCM-associated 
TdP.39 With this cutoff, high sensitivity (82%) and specificity 
(85%) for predicting TdP risk were demonstrated. As with other 
forms of acquired LQTS, bradycardia and atrioventricular block 
appear to further increase TdP risk in TCM.14,54,56 Male sex 
might further augment this risk.14

Given that the pathophysiology of TCM has been attributed 
to catecholamine excess, the mainstay of therapy remains early 
institution of β-blockade.1,19,20 In light of the catecholamine 
excess that has been associated with TCM, use of combined α- 
and β-blockers seems most reasonable.2 However, in view of the 
potential risk for pause-dependent TdP, it seems prudent to use 
β-blockers more cautiously, especially in TCM patients with bra-
dycardia or severe QT prolongation.2,9 If pause-dependent TdP 
occurs, β-blocker therapy should be withheld and (re)instituted 
only after bradycardia and QT intervals have normalized. 
Whether β-blocker therapy is effective in preventing recurrences 
of TCM remains unknown. Recurrences of TCM on β-blocker 
therapy have been described.1

QT-prolonging medications should be avoided if possible in 
all patients with TCM. Among other therapies, potassium sup-
plementation to maintain serum concentrations at high-normal 
levels is suggested for management of drug-induced TdP.58 
Hypokalemia can occur during catecholamine excess via a stress-
induced intracellular shift in serum potassium.59 Therefore, in 
patients with TCM complicated by TdP or VF, and in those with 
severe QT prolongation, rapid and aggressive potassium supple-
mentation should be considered. Magnesium supplementation to 
high-normal values also seems wise.60

If pause-dependent TdP is observed, therapies directed at 
eliminating bradycardia and ventricular pauses should be insti-
tuted. In light of evidence indicating catecholamine excess in the 
genesis of this syndrome, temporary pacing should likely be 
favored over intravenous isoproterenol. Whether TCM patients 
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transient or persistent appearance of typical electrocardiographic 
(ECG) changes in the right precordial leads. The second Brugada 
Syndrome Consensus Report of 2005 (endorsed by the Heart 
Rhythm Society and the European Heart Rhythm Association)2 
stated the current recommendations regarding diagnostic crite-
ria. Three different ECG patterns (see Figure 92-1), all featuring 
ST segment elevation in the right precordial leads, have been 
recognized: Type I is the only pattern that is diagnostic for BrS. 
It consists of a coved-type ST segment elevation greater than 
2 mm, followed by a descending negative T wave in at least one 
right precordial lead (V1 to V3). Type II and type III are 
saddleback-shaped patterns, with high initial augmentation fol-
lowed by an ST elevation greater than 2 mm for type II and less 
than 2 mm for type III. Both patterns are suggestive of but not 
diagnostic for BrS.

Whenever a large number of baseline ECGs were available 
during follow-up, the diagnostic pattern could be documented in 
only approximately 25% of the tracings. Almost every individual 
with a type I ECG will show normalization of the ECG during 
follow-up. Because the presence of the spontaneous coved-type 
(type I) ECG pattern is a useful predictor of future arrhythmic 
events in asymptomatic patients, this variation of the ECG 
pattern is of great clinical importance. The full stomach test was 
proposed as a tool in diagnosing BrS3. Here, ST segment changes 
appear to be provoked by an enhanced vagal tone. Adrenergic 
stimulation decreases ST segment elevation, whereas vagal stim-
ulation increases it. Obviously, it is important to exclude other 
causes of ST segment elevation before making the diagnosis of 
BrS. These other causes are shown in Table 92-1. The class IC 
antiarrhythmic drug is the main test for unmasking concealed 
forms.4 The diagnostic coved-type BrS ECG pattern could be 
elicited by intravenous administration of ajmaline, flecainide, or 
procainamide (Figure 92-2). On the basis of the results of com-
parative studies5 and clinical experience, ajmaline, at a dose of 
1 mg/kg, is the best drug.

Mechanisms, Biophysics,  
and Molecular Genetics

Molecular Mechanisms

Transmembrane ionic fluxes generate an action potential (AP). 
In the ventricular myocyte, a rapid inward Na+ current, INa, 
depolarizes the cell membrane, produces phase 0 of the AP, and 
subsequently activates other ion currents. Activation of the tran-
sient outward K+ current, Ito, will overwhelm the late phase of 
the inward INa, initiating the repolarization phase, which will be 
followed by activation of L-type Ca2+ current, rapid and slow 
delayed rectifier K+ currents, IKr and IKs, and the inward recti-
fier K+ current, IK1, to finally reach the resting negative 
potential.
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The year 2012 marked the 20th anniversary of publication of the 
manuscript, “Right Bundle Branch Block, Persistent ST Segment 
Elevation and Sudden Cardiac Death: A Distinct Clinical and 
Electrocardiographic Syndrome,” in Journal of the American 
College of Cardiology.1 This publication described eight individuals 
with a common phenotype: All had a structurally normal heart 
and had been resuscitated from sudden cardiac death caused by 
documented ventricular fibrillation. All had a characteristic ST 
segment elevation in the right precordial leads (Figure 92-1). 
Although it started as a sort of scientific curiosity, 20 years later 
this syndrome, now known as Brugada syndrome (BrS), is recog-
nized as a major disease that integrates into a continuum of previ-
ous syndromes like idiopathic ventricular fibrillation, sudden 
unexplained death syndrome, some forms of sudden infant death 
syndrome, and overlapping syndromes with long or short QT 
intervals by tracing the origins of these different syndromes 
through the same pathophysiological background: alteration of 
ionic currents leading to ST elevation and ventricular arrhyth-
mias. At least 13 different genetic variants of the syndrome are 
known nowadays, with more than 300 mutations reported. The 
extremely wide genetic heterogeneity of inherited arrhythmia 
disorders, along with the sometimes almost impossible genotype-
to-phenotype correlations, the overlapping electrophysiological 
manifestations, and the difficulties associated with diagnosis and 
assessment of prognosis, makes this new field of genetic rhyth-
mology a fascinating one. In this chapter we review present 
knowledge, progress that has been made, and future research 
directions for Brugada syndrome.

The Electrocardiogram

The diagnosis of BrS is based on clinical and electrocardiographic 
features. Some patients present with syncope or (aborted) sudden 
cardiac death caused by malignant ventricular arrhythmias; 
however, others are completely asymptomatic, and no apparent 
structural heart disease can be found. The hallmark of BrS is the 
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Figure 92-1.  Brugada Electrocardiogram (ECG) Patterns A, A diagnostic 
coved-type  (type  I)  Brugada  ECG  pattern  documented  in  a  9-year-old  girl  who 
presented with syncope and a positive family history of Brugada syndrome. Note 
the pattern resembling a right bundle branch block (arrows) in leads V1 and V2, with 
typical  ST  elevation.  B,  Baseline  ECG  of  a  58-year-old  asymptomatic  man  with  a 
positive family history of Brugada syndrome. This is an example of a type II saddle-
back Brugada ECG pattern. Genetic analysis revealed a mutation in the SCN5A gene. 
Note the saddleback-shaped patterns, with high initial augmentation followed by 
an  ST  elevation  greater  than  2 mm  in  lead  V2.  C,  Example  of  a  baseline  type  III 
saddleback Brugada ECG pattern (arrow) documented in a 61-year-old asymptom-
atic man who was diagnosed on  the basis of a positive  result on class  IC antiar-
rhythmic drug testing. 
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Table 92-1. Acquired Brugada Syndrome: Differential Diagnosis of ST 
Segment Elevation in Electrocardiogram Leads V1 and V2

Drugs Antiarrhythmic 
Drugs

• Class 1C sodium channel blockers 
(e.g., flecainide, pilsicainide, 
propafenone)

• Class 1A sodium channel blockers 
(e.g., procainamide, disopyramide, 
cibenzoline)

• Verapamil (L-type calcium channel 
blocker)

• β-Blockers (inhibit ICa,L)

Antianginal 
Drugs

• Nitrates
• Calcium channel blockers (e.g., 

nifedipine, diltiazem)

Psychotropic 
Agents

• Tricyclic antidepressants (e.g., 
amitriptyline, desipramine, 
clomipramine, nortriptyline)

• Tetracyclic antidepressants (e.g., 
maprotiline)

• Phenothiazines (e.g., perphenazine, 
cyamemazine)

• Selective serotonin uptake inhibitors 
(e.g., fluoxetine)

• Cocaine intoxication

Antiallergic 
Agents

• Histamine H1 antihistaminics, first 
generation (dimenhydrinate)

Acute Ischemia in RVOT

Electrolyte Disturbances • Hyperkalemia
• Hypercalcemia

Hyperthermia and 
Hypothermia

Elevated Insulin Level

Mechanical Compression 
of RVOT

RVOT, Right ventricular outflow tract.

Brugada syndrome (BrS) is a channelopathy that induces an 
electrical dysfunction in channels that participate in generation 
of the cardiac AP. Experimental and clinical data have elucidated 
the cellular and molecular bases for the ECG morphology and 
arrhythmogenesis of BrS.4 Two mechanisms are believed to 
explain the ST segment elevation seen in the right precordial 
leads: First, a disequilibrium between INa and Ito that affects 
preferentially the right ventricular myocardium, generating 
transmural dispersion of repolarization and the substrate for 
arrhythmias. It has been suggested that the embryologic origin 
of the right ventricle (neural crest cells) differs from that of the 
left ventricle, and this fact predisposes the right ventricle to 
arrhythmias in adulthood.5 The cellular basis for this phenome-
non is thought to be the result of a loss-of-function Na+ channel 
that differentially alters AP morphology in epicardial versus 
endocardial cells. The fast transient outward K+ current Ito is most 
prominent in epicardial cells of the right ventricle. This K+ 
current is quickly activated by membrane depolarization. It 
opposes and exceeds the depolarizing effect of Na+ inward flux 
during the early phase of the AP plateau, resulting in a pro-
nounced AP notch and, in combination with depolarizing Ca2+ 
currents, in a “spike-and-dome” morphology. Consequently, Na+ 

current reduction leads to an outward shift of the net transmem-
brane current in epicardial cells, finally resulting in premature 
repolarization and significant AP shortening. In contrast, endo-
cardial cells display a much smaller Ito, and consequently, Na+ 
current reduction would not significantly affect AP morphology 
and duration. The transmural homogeneity of the cellular mem-
brane voltage finally causes ST segment elevation.6 The second 
mechanism that accounts for the ST segment elevation seen in 
the right precordial leads is conduction slowing in the right 
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cause gain-of-function effects on Ito. The KCNE5 gene is located 
in the X chromosome and encodes an auxiliary β-subunit for K 
channels.18 BrS was also associated with HCN4, which codifies 
for the HCN4 channel or the If channel (hyperpolarization-
activated cyclic nucleotide–gated potassium channel 4). Its muta-
tions also predispose to inherited sick sinus syndrome (SSS) and 
to long QT syndrome (LQTS) associated with bradycardia.19 

ventricular outflow tract (RVOT), leading to ST segment eleva-
tion in the right precordial leads.7

Genetics

Brugada syndrome (BrS) is a familial disease with an autosomal 
dominant pattern of inheritance. To date, more than 250 muta-
tions in 13 genes have been published (Table 92-2). The first gene 
associated with BrS was SCN5A, which encodes the α-subunit of 
the cardiac sodium channel.8 The SCN5A gene is responsible for 
phase 0 of the cardiac action potential. Mutations in SCN5A 
result in loss-of-function of the sodium channel. In all, 20% to 
25% of patients with BrS have a mutation in the SCN5A gene, 
classified as BrS type 1.9 Other mutations are seen in SCN1B 
(sodium channel β1-subunit), which modifies Nav1.5, thus 
increasing INa,10 and in SCN3B (sodium channel β3-subunit), 
which alters Nav1.5 trafficking, thereby decreasing INa.11 Another 
gene reported as responsible for BrS is GPD1-L. Mutations in 
GPD1-L reduce both the surface membrane expression and the 
inward sodium current.12 Kattygnarath et al. published a study 
supporting that RANGRF (MOG1 protein) can impair the traf-
ficking of Nav1.5 to the membrane, leading to INa reduction and 
clinical manifestations of BrS.13

Apart from sodium channels, several potassium channels have 
also been related to BrS. The first one described was KCNE3, 
which codifies the MiRP2 protein (β-subunit that regulates the 
potassium channel Ito) and modulates some potassium currents in 
the heart.14 Another gene associated with BrS is KCNJ8, which 
was previously related to early repolarization syndrome (ERS).15 
KCNJ8 was described as a novel J wave syndrome susceptibility 
gene and a marker of gain-of-function in the cardiac K(ATP) Kir6.1 
channel.16 In 2011, Giudicessi et al. provided the first molecular 
and functional evidence implicating novel KCND3 gain-of-
function mutations (Kir4.3 protein) in the pathogenesis and phe-
notypic expression of BrS, with enhanced Ito current gradient 
within the right ventricle, where KCND3 gene expression is the 
highest.17 Also in 2011, novel variants of KCNE5 appeared to 

Table 92-2. Brugada Syndrome (BrS) Types

BrS Gene Locus Protein

BrS1 SCN5A 3p21-p23 Nav1.5

BrS2 GPD-1L 3p24 G3PD1L

BrS3 CACNA1C 12p13.3 Cav1.2

BrS4 CACNB2 10p12.33 Cavβ2

BrS5 SCN1B 19q13.1 Navβ1/β1b

BrS6 KCNE3 11q13-q14 MiRP2

BrS7 SCN3B 11q24.1 Navβ3

BrS8 HCN4 15q24.1 Hyperpolarization cyclic 
nucleotide–gated K channel 4

BrS9 KCNJ8 12p12.1 Potassium inwardly rectifying 
channel subfamily J member 8

BrS10 CACNA2D1 7q21.11 Calcium channel, voltage-
dependent, α2/δ-subunit 1

BrS11 KCND3 1p13.2 Potassium voltage-gated 
channel, Shal-related 
subfamily 3

BrS12 KCNE5 Xq23 KCNE1-like

BrS13 RANGRF 17p13.1 RAN guanine nucleotide 
release factor (MOG1)

Figure 92-2.  Induction  of  a  diagnostic  coved-type  (type  I)  electrocardiogram  (ECG)  by  administration  of  a  sodium  channel–blocking  agent.  See  text  for  details  of  the 
ajmaline test. 
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BrS and ERS.32 ERS has been linked to mutations in CACNA1C, 
CACNB2, CACNA2D1, and KCNJ8.33

Lev-Lenègre Syndrome

Lev-Lenègre syndrome (also called progressive cardiac conduction 
disease [PCCD]) is a rare entity characterized by disruption of the 
conduction system through the His-Purkinje system, associated 
with syncope and even SCD. The presence of PCCD among BrS 
families is not uncommon, as both conditions result from a 
reduction in the sodium current, which has been described as a 
different expression of the same genetic phenotype. The first 
mutations associated with PCCD were described with the SCN5A 
gene34,35 and its β1-subunit.10

Sick Sinus Syndrome

Sick sinus syndrome (SSS) is characterized by persistent inap-
propriate sinus bradycardia, sinus arrest, atrial standstill, and 
tachycardia–bradycardia syndrome, all of which are associated 
with dysfunction of the sinoatrial node (SAN). Patients may 
exhibit varied symptoms including syncope and even SCD. The 
course of SSS can be intermittent and unpredictable, according 
to the severity of the underlying heart disease.36 So far, both 
autosomal recessive and dominant forms have been described. In 
2003 the association between SCN5A mutations and congenital 
SSS was reported.37 In 2005 a novel SCN5A mutation was identi-
fied in patients presenting with both SSS and BrS,38 showing that 
in the same family, both diseases may be related to the expression 
of a loss-of-function mutation in INa.

Atrial Fibrillation

Atrial fibrillation (AF) is the most common atrial arrhythmia 
found in BrS.39 It is of extreme clinical importance to realize that 
atrial fibrillation can be the first manifestation of Brugada syn-
drome. Administration of antiarrhythmic drugs in these cases can 
lead to ventricular fibrillation and sudden death. Brugada syn-
drome should be excluded by drug challenge in young individuals 
with atrial flutter or fibrillation and a normal heart and a normal 
ECG. Approximately 15% to 20% of patients with BrS develop 
supraventricular arrhythmias.40 Some studies have reported pro-
longation of atria His and the His ventricular (HV) interval; these 
changes occur principally in patients with SCN5A mutations41 
and are consistent with decreased excitability in the conduction 
system secondary to loss-of-function of sodium channel 
activity.42

Long QT Syndrome Type 3

Long QT syndrome (LQTS) is an inherited arrhythmogenic 
disease characterized by prolongation of the QT interval  
and susceptibility to ventricular tachyarrhythmias. Among all 
described subtypes of LQTS, type 3 (LQT3) has a relative preva-
lence of 7% to 10%.43 LQT3 is caused by mutations in the 
SCN5A gene. The most intriguing situation arises from the fact 
that some family members may display the electrocardiographic 
pattern of LQT3, while others show the pattern of BrS.44 Overlap 
between the LQT3 and BrS phenotypes was also reported in 
other SCN5A mutations.45 However, it remains unclear whether 
development of the BrS phenotype in a patient with LQT3 is 
determined solely by the biophysical properties of the mutant 
channel or by co-inherited genetic variations, gender, ethnicity, 
or other environmental factors.46

Calcium channels have also been associated with BrS. Mutations 
in the CACNA1C gene are responsible for a defective unit of the 
type L calcium channel. Mutation of the CACNB2B gene leads 
to a defect in the L-type calcium channel. Both induce loss of 
channel function.20 In 2010 the CACNA2D1 gene was reported 
as responsible for BrS. The α2/δ-subunit of voltage-dependent 
calcium channels regulates current density and activation/
inactivation kinetics of the calcium channel.21

Genetic and Environmental Modulators

In recent years, several genetic and environmental modulators of 
the phenotype have been described. It is well known that environ-
ment may play a role in the predisposition to arrhythmias in 
patients with Brugada syndrome. The identification of several 
triggering factors of the Brugada ECG pattern and that of sudden 
cardiac death (SCD)—fever, cocaine, electrolyte disturbances, 
class I antiarrhythmic medications, and several other noncardiac 
medications,22 some of them with a genetic predisposition—has 
resulted in the need to adopt preventive measures in patients with 
the diagnostic ECG pattern.23 In addition, incomplete penetrance 
of the disease, as well as its variable expressivity, has brought into 
question the role of additional genetic factors in the final pheno-
type. Single-nucleotide polymorphisms (SNPs) became one of 
the first players to be studied in defining this variability. The 
SCN5A polymorphism H558R is present in 20% of the popula-
tion. This polymorphism has been shown to partially restore the 
sodium current impaired by other simultaneous BrS-causing 
mutations in SCN5A.24 Thus, this common variant is a genetic 
modulator of BrS among carriers of an SCN5A mutation, in 
whom the presence of the less common allele makes BrS less 
severe.25 Genetics variants in the SCN5A promoter region may 
also play a pathophysiological role in BrS. A haplotype of six 
polymorphisms in the SCN5A promoter has been identified and 
has been functionally linked to reduced expression of the sodium 
current in the Japanese population.26 Other studies have shown 
the role of double mutants in causing a more severe pheno-
type.27,28 The role of the genetic mutation in risk stratification has 
yet to be clearly defined. Recent data suggest that the type of 
genetic mutation can serve as a tool for risk stratification in BrS. 
In this study, patients and relatives with a truncated protein had a 
more severe phenotype and more severe conduction disorders. 
Although this provides proof of the concept that some mutations 
appear to confer a worse prognosis, use of these data in the clinical 
setting is not yet sufficient to alter clinical decisions.29

Brugada Syndrome and  
Overlapping Syndromes

Several of the families studied show various phenotypes among 
their members. These so-called overlapping syndromes represent 
a tremendous challenge to physicians for diagnosis and risk 
stratification.

Early Repolarization Syndrome

The early repolarization syndrome (ERS) is a common electro-
cardiographic variant characterized by J point elevation, ST 
segment elevation with upper concavity, and prominent T waves 
in at least two contiguous leads.30 Despite the overlap degree 
between ERS and BrS remains undetermined, ERS and BrS share 
cellular, ionic, and ECG similarities (appearance of J waves), 
representing parts of a phenotypic spectrum called J wave syn-
dromes.31 In the last 5 years, it has been published patients with 
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conducted thus far.51 However, recent data suggest that other 
genetic findings, like the presence of mutations leading to a 
truncated protein or the presence of common polymorphisms 
located in SCN5A, might have some prognostic implications.29 A 
recent publication by Meregelli of 147 BrS patients with SCN5A 
identified mutations showed a significantly higher rate of syncope 
among patients carrying SCN5A truncation mutations (caused by 
a premature stop codon) and those with SCN5A missense muta-
tions, resulting in a decrease of more than 90% of the INa (non-
functional Na+ channels) compared with patients with SCN5A 
missense mutations that produce a decrease in Na current 
(≤90%). Investigators could not demonstrate a higher rate of 
more serious arrhythmic events (SCD or ventricular fibrillation 
[VF]) in patients with mutations encoding nonfunctional Na+ 
channels. The first two groups of patients also presented a longer 
PR interval on the basal ECG and showed a greater increase in 
PR and QRS intervals after the class I antiarrhythmic drugs 
(AAD) test. This is the first study that proposed the use of genet-
ics in risk stratification for BrS.

The finding that common polymorphisms located in  
SCN5A may modulate the effect of mutations, causing a 
counterbalance of their deleterious consequences with improve-
ment of the BrS phenotype, opens the possibility of identifying 
polymorphisms as risk stratification tools and suggests that  
polymorphisms may be possible targets for therapeutic 
interventions.

Postulated Noninvasive Markers of Arrhythmic Risk 
in Brugada Syndrome

In an effort to solve the complex issue of risk stratification in BrS, 
several noninvasive methods have been postulated as markers of 
arrhythmic events among these patients: A decreased nocturnal 
standard deviation of 5-minute averaged NN intervals (SDANN) 
measured in Holter recordings; an S wave width in V1 ≥80 mseg 
and ST segment elevation ≥0.18 mV in V2; spontaneous changes 
in ST segment, a corrected QT interval (QTc) higher than 460 
milliseconds in V2, prolonged T peak-T end (Tp-e) interval and 
Tp-e dispersion; the “aVR sign” (R wave ≥0.3 mV or R/q ≥0.75 
in lead aVR); prolonged QRS duration in precordial leads  
(r-J interval in V2 ≥90 ms and QRS ≥90 ms in V6; QRS ≥120 ms 
in V2); and even an indicator of interventricular mechanical 
dys-synchrony have been recently found to be associated with 
high risk of fatal or near-fatal arrhythmias in BrS. The usefulness 
of late potentials (LPs) assessed by signal-averaged ECG 
(SAECG) as a marker of high risk has been extensively studied 
by various groups, and a prospective study showed that positive 
LP was an independent marker of high risk in BrS patients, with 
an HR of 10.9 (95% CI, 1.1 to 104.3; P = .038), sensitivity of 
95.7%, specificity of 65%, positive predictive value of 75.9%, 
negative predictive value of 92.9%, and predictive accuracy of 
81.4%. Before LP is included as a marker of risk, additional 
prospective studies are needed, including more patients with 
longer follow-up to determine the value of different noninvasive 
markers of risk in BrS.

In conclusion, risk stratification is really the most controver-
sial issue so far. The literature includes reports on two types of 
series: ones with almost no events at all during follow-up, in 
which obviously the lack of events brings a negative value for any 
studied factor; and others with a reasonable number of events 
during follow-up, for which different factors have been studied, 
some of which have shown value for stratification. The discussion 
is not about which factor is more efficient for stratifying patients 
but rather why there is this big and so far unexplained difference 
among series. Certainly some international consensus will have 
to be reached on how the diagnosis should be made based on the 
findings of new and updated studies.

Assessing the Risk of Sudden Death

After the diagnosis of BrS is made, the next step is risk stratifica-
tion, the main objective of which is the accurate identification 
and treatment of individuals at high risk for SCD. To date, some 
markers of high risk in BrS patients have been clearly identified 
and accepted by all groups, but the issue of risk stratification of 
asymptomatic BrS patients remains controversial. The reported 
annual rate of events has decreased from the time the first patients 
were reported to the most recent published series; this change 
probably reflects inherent bias during the first years following the 
description of a novel disease in which particularly severe forms 
of the disease are most likely to be diagnosed.47

Several clinical variables have been demonstrated to predict a 
worse outcome in patients with BrS. In almost all analyses, the 
presence of symptoms before diagnosis, a spontaneous type 1 
ECG at baseline, and male gender have consistently been shown 
to be related to the occurrence of cardiac events at follow-up.48,49 
Little controversy surrounds the value of a previous cardiac arrest 
as a risk marker of future events (between 17% and 62% of 
patients have a new arrhythmic event within 48 and 84 months 
of follow-up). Similarly, the presence of syncope identifies 
patients at high risk for events (6% to 19% at 24 to 39 months’ 
follow-up); thus, there is general agreement that these patients 
should be protected with an implantable cardioverter-defibrillator 
(ICD), irrespective of the presence of other risk factors. Sponta-
neous ECG type I has been identified as an independent predic-
tor of ventricular arrhythmias in multivariate analysis of the 
largest cohort of BrS patients published to date50 (hazard ratio 
[HR], 1.8; 95% confidence interval [CI], 1.03 to 3.33; P = .04) 
and in most series reported by others.

Male sex has consistently been associated with a trend toward 
presentation of more arrhythmic events and even has been 
defined as an independent predictor of a worse outcome in a 
meta-analysis.51

Spontaneous AF, which can appear in 10% to 53% of cases, 
has been shown to have prognostic significance, and spontaneous 
AF was associated with a higher incidence of syncopal episodes 
(60.0% vs. 22.2%; P < .03) and documented VF (40.0% vs. 
14.3%; P < .05).52

The risk of lethal or near-lethal arrhythmic episodes among 
previously asymptomatic patients with BrS varies according to 
the series: 8% recurrence rate at 33 ± 39 months of follow-up 
reported by Brugada et al.53; 6% recurrence rate at 34 ± 44 
months by Priori et al.54; and 1% recurrence rate after 40 ± 50 
months and 30 ± 21 months of follow-up, respectively, by Eckardt 
et al55 and Giustetto et al.56; finally, Probst et al reported a 1.5% 
recurrence rate at 31 months of follow-up.50

Although large registries agree that electrophysiological (EP) 
study inducibility is greatest among BrS patients with previous 
sudden death (SD) or syncope,53 no consensus has been reached 
on the value of the EP study in predicting outcome. Results 
published by Brugada et al.53 indicate that inducibility during EP 
study is an independent predictor of cardiac events, and Giustetto 
et al.56 stressed the negative predictive value (none of the patients 
with a negative EP study developed arrhythmic events vs. 15% 
of patients with a positive EP study result during 30 ± 21 months 
of follow-up), although the rest of the registries failed to demon-
strate this.50 The largest series of BrS patients published so far 
found that inducibility of sustained ventricular arrhythmias was 
significantly associated with a shorter time to first arrhythmic 
event in the univariate analysis, but when the multivariate analysis 
was performed, inducibility did not predict arrhythmic events50; 
these results were confirmed in a prospective study of previously 
asymptomatic patients.

A family history of SD or the presence of an SCN5A mutation 
has not proved to be a risk marker in any of the large studies 
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Therapeutic Options and Recommendations  
for Brugada Syndrome Patients

Implantable Cardioverter-Defibrillator (ICD)
To date, the only proven effective therapeutic strategy for the 
prevention of SCD in BrS patients is the ICD. It is important to 
remark that ICDs are not free from several disadvantages, espe-
cially in this group of patients, who share a particular profile: 
active young individuals facing a long-lasting coexistence with 
the device and multiple device replacements, a long life expecta-
tion (especially since the device implantation), and so forth. Some 
series have reported low rates of appropriated shocks (8% to 
15%; median follow-up, 45 months) and a high rate of complica-
tions, mainly inappropriate shocks (20% to 36% at 21 to 47 
months’ follow-up).57-59

Pharmacologic Treatment in Brugada Syndrome
With the objective of rebalancing the ionic currents affected in 
BrS during the cardiac AP, drugs that inhibit the Ito current or 
increase Na+ and Ca2+ currents have been tested in BrS:
• Isoproterenol (which increases the Ica L current) has proved 

useful in the treatment of electrical storm in BrS.60

• Quinidine, a class Ia AAD with Ito and I-Kr blocker effects, 
has been shown to prevent induction of VF and to suppress 
spontaneous ventricular arrhythmias in a clinical setting; it is 
currently used in patients with ICD and multiple shocks, in 
those for whom ICD implantation is contraindicated, and in 
patients with supraventricular arrhythmias. It has been sug-
gested that it could be also useful in children with BrS, as a 
bridge to ICD or as an alternative to it.61

Radiofrequency Catheter Ablation in Brugada Syndrome
After the demonstration that VF events were triggered by similar 
ventricular ectopy, radiofrequency ablation (RFCA) of ventricular 
ectopy has been postulated as a therapeutic approach in BrS 
patients. Few anecdotal cases in high-risk BrS patients implanted 
with an ICD have shown no short-term recurrence of VF, syncope, 
or SCD.62,63 Nademannee presented the first series showing that 
electrical disconnection of the right ventricular outflow tract can 
prevent VF inducibility in a high-risk population.64

Brugada Syndrome and the Environment

It is important to underline that ECG typically fluctuates over 
time in BrS patients and thus can change between the three pat-
terns or can even be transiently normal.65 On the basis of this, it 
seems that repetitive ECG recordings may be mandatory in 
patients with or suspected to have the syndrome. It is worth 
noting that some factors can account for an ECG abnormality 
that closely resembles the Brugada ECG (see Table 92-1). It is 
important to note that some are conditions different from the 
syndrome and should be carefully excluded during the differential 
diagnosis, whereas others may induce ST segment elevation, 
probably when an underlying genetic predisposition is present.

Modulating factors play a major role in the dynamic nature of 
the ECG and may be responsible for ST segment elevation in 
genetically predisposed patients. Sympathovagal balance, hor-
mones, metabolic factors, and pharmacologic agents, by means 
of specific effects on transmembrane ionic currents, are thought 
to modulate the ECG morphology and to explain the develop-
ment of ventricular arrhythmias under certain conditions. Indeed, 
bradycardia and vagal tone may contribute to ST segment eleva-
tion and arrhythmia initiation by decreasing calcium currents.66 
This explains the greater ST segment elevation recorded in vagal 
settings67 and the notorious incidence of cardiac arrhythmias and 
SD at night in patients with BrS.68

The role of sex hormones is currently being established. Pub-
lished data suggest that they might play a role in the phenotypic 
manifestations of BrS.69 For example, regression of typical ECG 
features has been reported in castrated men,70 and levels of tes-
tosterone seem to be higher in Brugada male patients as com-
pared with controls.71 Two main hypotheses have been proposed 
for the sex distinction and may interact with each other: sex-
related intrinsic differences in ionic currents and the hormonal 
influence. With the hormonal influence hypothesis, the few avail-
able data existing thus far of BrS in children have shown no 
difference in phenotypic presentation between boys and girls.72 
Temperature may be an important modulator in some patients 
with BrS. Premature inactivation of the sodium channel has been 
shown to be accentuated at higher temperatures in some SCN5A 
mutations, suggesting that febrile states may unmask certain BrS 
patients or may temporarily increase the risk of arrhythmias.73 It 
seems that fever would be a particularly important trigger factor 
among the pediatric population.72 Thus, temperature control is 
crucial in BrS patients.

Brugada Syndrome in Children

Sudden cardiac death accounts for approximately 20% of sudden 
deaths in the pediatric age group. Inherited arrhythmias are 
increasingly known as responsible for these deaths. The preva-
lence of BrS in children is variable among studies, accounting up 
to 0.0098% in Japanese series.74 Despite massive progress in 
characterizing BrS, little is known about this disease in the pedi-
atric population. In the initial description of the disease, three 
out of eight patients were children.1 Since that time, several 
authors have reported isolated cases.75,76 Finally, in 2007 Probst 
et al published a study with 30 affected individuals younger than 
16 years of age from 13 European institutions72—the largest 
series in pediatric BrS patients.

Diagnostic and Clinical Presentation

The Brugada ECG pattern in children remains the same as in 
adults, taking into account its transiency. Moreover, no standard-
ized data are available for optimal positioning of the right pre-
cordial leads in children, and the shape of the chest in a growing 
body can lead to confusion. With all these characteristics, symp-
toms of syncope associated with a typical ECG pattern should 
alert the clinician to the possibility of BrS.

From asymptomatic patients (mainly discovered in routine 
ECG screening or familial screening) to sudden death, in chil-
dren as in adults, the whole spectrum of clinical presentations is 
possible. In contrast to adults, no male predominance is found in 
symptomatic pediatric patients. This finding could be related to 
lower levels of testosterone in prepubertal children.72 Several case 
reports have demonstrated the importance of fever as a precipi-
tating factor for ventricular arrhythmias in children, probably not 
because of a special predisposition of children. It is interesting to 
note that because a febrile state can unmask the Brugada ECG 
pattern, performing a 12-lead ECG test during fever is recom-
mended. Moreover, because febrile convulsions are a relatively 
common occurrence in childhood, we wonder whether ECG 
should be part of the diagnostic routine when a febrile seizure 
occurs.72

Drug Challenge Test

Sodium channel blocker testing (ajmaline 1 mg/kg or flecainide 
2 mg/kg over 10 minutes)77 should be restricted to children with 
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thus improving the accuracy of identification of pathogenic 
variations.

Research into stem cells is one of the last fields to be incor-
porated into the cardiac arrhythmia scenario. It has improved  
the identification, derivation, and characterization of human  
stem or progenitor cells, comprising embryonic stem cells  
(ESCs) and the recently described induced pluripotent stem cells 
(iPSs). Human iPS cells from patients diagnosed with LQTS  
can differentiate to cardiomyocytes, allowing electrophysiologi-
cal and molecular improvement in arrhythmic mechanisms.79,80 
However, patients with BrS have not yet benefited from these 
advances.

Animal models are useful for researchers seeking to under-
stand the role of genetic and environmental modifiers in cardiac 
electrical activity. The only genetic model of BrS to date is the 
SCN5A knockout mouse. The heterozygous SCN5A null allele 
causes impaired AV conduction, delayed intramyocardial conduc-
tion, increased ventricular refractoriness, and ventricular 
tachycardia.81

Computational power allows molecular modeling and molec-
ular dynamic simulation of complex proteins. A full in silico 
model of the potassium channel has been developed that shows 
the available structures of channels, including all transmembrane 
segments.82

Much remains to be learned about cardiac diseases associated 
with SCD. Future work will be aided by the use of these new 
tools in the field of biomedicine.

normal baseline ECG and typical symptoms with a positive 
family history. As in adults, a spontaneous type I ECG pattern is 
enough to establish the diagnosis, and performing the drug chal-
lenge can be dangerous. Thus, controversy continues regarding 
whether drug challenge should be practiced for relatives of 
asymptomatic resting ECG children and when it should be per-
formed. Moreover, if it is taken into account that a false-negative 
result can be seen in up to 30%, depending on which drug is 
given, the question is whether a second test should be performed 
some years later.

EPS in Children

If controversy exists regarding whether or not EPS testing should 
be performed in the adult population, even greater conflict arises 
on the question of whether children should undergo programmed 
extrastimulation techniques to test malignant arrhythmia induc-
ibility.53 When indicated, the protocol remains the same as in the 
adult population.

Therapeutic Implications and ICD Implantation

As seen in other parts of this chapter, BrS can overlap with other 
entities as long QT syndrome type 3 or as Lev-Lenègre syn-
drome. Bradyarrhythmias can be a cause of death in these patients; 
thus pacemaker implantation is mandatory in certain cases.72 
Hydroquinidine has shown to be a good alternative to ICD 
implantation at short follow-up in children who are at risk of 
developing malignant arrhythmias, but further studies are 
required.72

Patients presenting with aborted SD and syncope with spon-
taneous type I ECG are clearly at high risk of malignant arrhyth-
mias; thus ICD should be considered, irrespective of age. Special 
approaches for ICD implantation have been described for small 
children when needed (Figure 92-3).

Familial Screening

First-degree affected relatives should be screened by clinical 
examination, interrogation, and performance of a 12-lead ECG 
(basal and upper intercostal space recording). Genetic testing 
should be performed in index cases, and, when positive, muta-
tions should be searched in children, whatever age they are, to 
follow recommendations on fever control and avoidance of listed 
drugs. Mutation carriers should be screened annually for ECG 
when asymptomatic, taking into account that whatever symptom 
of dizziness should carry out a 12-lead ECG.

Future Research and Direction

In recent years, cardiovascular studies have been focused on per-
sonalizing risk assessment and determining optimal therapy on 
an individual basis. BrS has benefited from these advances. 
However, future research in genetics, epigenetics, transcrip-
tomics, proteomics, metabolomics, and animal model approaches 
will explore the complexity of BrS-like diseases by establishing 
and using more reliable models at in silico, in vitro, and in vivo 
levels.

The genetic revolution in cardiac disease began with the dis-
covery of the human genome and has advanced exponentially, 
linked to the development of new genomic technologies (called 
next-generation sequencing [NGS]).78 These new genetic tech-
nologies will allow comprehensive genetic analysis in BrS patients, 

Figure 92-3.  X-ray  after  ICD  implantation  in  a  small  child:  Epicardial  electrode 
on  epicardial  right  ventricle  free  wall  with  defibrillation  electrode  tunnelized  to  
the  left  thoracic  wall.  A  generator  is  present  in  the  subcutaneous  infrasternal  
region. 



932 VENTRICULAR TACHYARRHYTHMIAS: MECHANISMS, CLINICAL FEATURES, AND MANAGEMENT

References
1. Brugada P, Brugada J: Right bundle branch block, 

persistent ST segment elevation and sudden 
cardiac death: A distinct clinical and electrocardio-
graphic syndrome. A multicenter report. J Am Coll 
Cardiol 20:1391–1396, 1992.

2. Antzelevitch C, Brugada P, Borggrefe M, et al: 
Brugada syndrome: Report of the second consen-
sus conference. Heart Rhythm 2:429–440, 2005.

3. Ikeda T, Abe A, Yusu S, et al: The full stomach test 
as a novel diagnostic technique for identifying 
patients at risk of Brugada syndrome. J Cardiovasc 
Electrophysiol 17:602–607, 2006.

4. Morita H, Zipes DP, Wu J: Brugada syndrome: 
Insights of ST elevation, arrhythmogenicity, and 
risk stratification from experimental observations. 
Heart Rhythm 6(11 Suppl):S34–S43, 2009.

5. Elizari MV, Levi R, Acunzo RS, et al: Abnormal 
expression of cardiac neural crest cells in heart 
development: A different hypothesis for the etio-
pathogenesis of Brugada syndrome. Heart Rhythm 
4:359–365, 2007.

6. Antzelevitch C: Brugada syndrome. Pacing Clin 
Electrophysiol 29:1130–1159, 2006.

7. Meregalli PG, Wilde AA, Tan HL: Pathophysio-
logical mechanisms of Brugada syndrome: Depo-
larization disorder, repolarization disorder, or 
more? Cardiovasc Res 67:367–378, 2005.

8. Chen Q, Kirsch GE, Zhang D, et al: Genetic basis 
and molecular mechanism for idiopathic ventricu-
lar fibrillation. Nature 392:293–296, 1998.

9. Kapplinger JD, Tester DJ, Alders M, et al: An 
international compendium of mutations in the 
SCN5A-encoded cardiac sodium channel in 
patients referred for Brugada syndrome genetic 
testing. Heart Rhythm 7:33–46, 2010.

10. Watanabe H, Koopmann TT, Le Scouarnec S, et 
al: Sodium channel beta1 subunit mutations associ-
ated with Brugada syndrome and cardiac conduc-
tion disease in humans. J Clin Invest 118:2260–2268, 
2008.

11. Hu D, Barajas-Martinez H, Burashnikov E, et al: 
A mutation in the beta 3 subunit of the cardiac 
sodium channel associated with Brugada ECG 
phenotype. Circ Cardiovasc Genet 2:270–278, 
2009.

12. London B, Michalec M, Mehdi H, et al: Mutation 
in glycerol-3-phosphate dehydrogenase 1 like gene 
(GPD1-L) decreases cardiac Na+ current and 
causes inherited arrhythmias. Circulation 116: 
2260–2268, 2007.

13. Kattygnarath D, Maugenre S, Neyroud N, et al: 
MOG1: A new susceptibility gene for Brugada syn-
drome. Circ Cardiovasc Genet 4:261–268, 2011.

14. Delpon E, Cordeiro JM, Nunez L, et al: Func-
tional effects of KCNE3 mutation and its role in 
the development of Brugada syndrome. Circ 
Arrhythm Electrophysiol 1:209–218, 2008.

15. Haissaguerre M, Chatel S, Sacher F, et al: Ven-
tricular fibrillation with prominent early repolar-
ization associated with a rare variant of KCNJ8/
KATP channel. J Cardiovasc Electrophysiol 20:93–
98, 2009.

16. Medeiros-Domingo A, Tan BH, Crotti L, et al: 
Gain-of-function mutation S422L in the KCNJ8-
encoded cardiac K(ATP) channel Kir6.1 as a patho-
genic substrate for J-wave syndromes. Heart 
Rhythm 7:1466–1471, 2010.

17. Giudicessi JR, Ye D, Tester DJ, et al: Transient 
outward current (I(to) ) gain-of-function mutations 
in the KCND3-encoded Kv4.3 potassium channel 
and Brugada syndrome. Heart Rhythm 8:1024–
1032, 2011.

18. Ohno S, Zankov DP, Ding WG, et al: KCNE5 
(KCNE1L) variants are novel modulators of 
Brugada syndrome and idiopathic ventricular 
fibrillation. Circ Arrhythm Electrophysiol 4:352–
361, 2011.

19. Ueda K, Hirano Y, Higashiuesato Y, et al: Role of 
HCN4 channel in preventing ventricular arrhyth-
mia. J Hum Genet 54:115–121, 2009.

20. Antzelevitch C, Pollevick GD, Cordeiro JM, et al: 
Loss-of-function mutations in the cardiac calcium 

channel underlie a new clinical entity characterized 
by ST-segment elevation, short QT intervals, and 
sudden cardiac death. Circulation 115:442–449, 
2007.

21. Burashnikov E, Pfeiffer R, Barajas-Martinez H, et 
al: Mutations in the cardiac L-type calcium channel 
associated with inherited J-wave syndromes and 
sudden cardiac death. Heart Rhythm 7:1872–1882, 
2010.

22. Junttila MJ, Gonzalez M, Lizotte E, et al: Induced 
Brugada-type electrocardiogram, a sign for immi-
nent malignant arrhythmias. Circulation 117:1890–
1893, 2008.

23. Barajas-Martinez HM, Hu D, Cordeiro JM, et al: 
Lidocaine-induced Brugada syndrome phenotype 
linked to a novel double mutation in the cardiac 
sodium channel. Circ Res 103:396–404, 2008.

24. Poelzing S, Forleo C, Samodell M, et al: SCN5A 
polymorphism restores trafficking of a Brugada 
syndrome mutation on a separate gene. Circulation 
114:368–376, 2006.

25. Lizotte E, Junttila MJ, Dube MP, et al: Genetic 
modulation of Brugada syndrome by a common 
polymorphism. J Cardiovasc Electrophysiol 20: 
1137–1141, 2009.

26. Bezzina CR, Shimizu W, Yang P, et al: Common 
sodium channel promoter haplotype in Asian sub-
jects underlies variability in cardiac conduction. 
Circulation 113:338–344, 2006.

27. Makita N, Mochizuki N, Tsutsui H: Absence of a 
trafficking defect in R1232W/T1620M, a double 
SCN5A mutant responsible for Brugada syndrome. 
Circ J 72:1018–1019, 2008.

28. Cordeiro JM, Barajas-Martinez H, Hong K, et al: 
Compound heterozygous mutations P336L and 
I1660V in the human cardiac sodium channel asso-
ciated with the Brugada syndrome. Circulation 
114:2026–2033, 2006.

29. Meregalli PG, Tan HL, Probst V, et al: Type of 
SCN5A mutation determines clinical severity and 
degree of conduction slowing in loss-of-function 
sodium channelopathies. Heart Rhythm 6:341–
348, 2009.

30. Miyazaki S, Shah AJ, Haissaguerre M: Early repo-
larization syndrome—a new electrical disorder 
associated with sudden cardiac death. Circ J 
74:2039–2044, 2010.

31. Antzelevitch C, Yan GX: J wave syndromes. Heart 
Rhythm 7:549–558, 2010.

32. McIntyre WF, Perez-Riera AR, Femenia F, et al: 
Coexisting early repolarization pattern and 
Brugada syndrome: Recognition of potentially 
overlapping entities. J Electrocardiol 45:195–198, 
2011.

33. Antzelevitch C, Yan GX: J-wave syndromes: From 
cell to bedside. J Electrocardiol 44:656–661, 2011.

34. Schott JJ, Alshinawi C, Kyndt F, et al: Cardiac 
conduction defects associated with mutations in 
SCN5A. Nat Genet 23:20–21, 1999.

35. Wang DW, Viswanathan PC, Balser JR, et al: 
Clinical, genetic, and biophysical characterization 
of SCN5A mutations associated with atrioventricu-
lar conduction block. Circulation 105:341–346, 
2002.

36. Brignole M: Sick sinus syndrome. Clin Geriatr 
Med 18:211–227, 2002.

37. Benson DW, Wang DW, Dyment M, et al: Con-
genital sick sinus syndrome caused by recessive 
mutations in the cardiac sodium channel gene 
(SCN5A). J Clin Invest 112:1019–1028, 2003.

38. Smits JP, Koopmann TT, Wilders R, et al: A muta-
tion in the human cardiac sodium channel (E161K) 
contributes to sick sinus syndrome, conduction 
disease and Brugada syndrome in two families.  
J Mol Cell Cardiol 38:969–981, 2005.

39. Yamada T, Watanabe I, Okumura Y, et al: Atrial 
electrophysiological abnormality in patients with 
Brugada syndrome assessed by P-wave signal-
averaged ECG and programmed atrial stimulation. 
Circ J 70:1574–1579, 2006.

40. Letsas KP, Sideris A, Efremidis M, et al: Prevalence 
of paroxysmal atrial fibrillation in Brugada syn-
drome: A case series and a review of the literature. 
J Cardiovasc Med (Hagerstown) 8:803–806,  
2007.

41. Smits JP, Eckardt L, Probst V, et al: Genotype-
phenotype relationship in Brugada syndrome: 
Electrocardiographic features differentiate 
SCN5A-related patients from non-SCN5A-related 
patients. J Am Coll Cardiol 40:350–356, 2002.

42. Francis J, Antzelevitch C: Atrial fibrillation and 
Brugada syndrome. J Am Coll Cardiol 51:1149–
1153, 2008.

43. Kramer DB, Zimetbaum PJ: Long-QT syndrome. 
Cardiol Rev 19:217–225, 2011.

44. Bezzina C, Veldkamp MW, van Den Berg MP,  
et al: A single Na(+) channel mutation causing both 
long-QT and Brugada syndromes. Circ Res 
85:1206–1213, 1999.

45. Grant AO, Carboni MP, Neplioueva V, et al: Long 
QT syndrome, Brugada syndrome, and conduction 
system disease are linked to a single sodium 
channel mutation. J Clin Invest 110:1201–1209, 
2002.

46. Makita N: Phenotypic overlap of cardiac sodium 
channelopathies: Individual-specific or mutation-
specific? Circ J 73:810–817, 2009.

47. Kamakura S, Ohe T, Nakazawa K, et al: Long-term 
prognosis of probands with Brugada-pattern 
ST-elevation in leads V1-V3. Circ Arrhythm Elec-
trophysiol 2:495–503, 2009.

48. Brugada J, Brugada R, Brugada P: Right bundle-
branch block and ST-segment elevation in leads V1 
through V3: A marker for sudden death in patients 
without demonstrable structural heart disease. Cir-
culation 97:457–460, 1998.

49. Benito B, Sarkozy A, Mont L, et al: Gender differ-
ences in clinical manifestations of Brugada syn-
drome. J Am Coll Cardiol 52:1567–1573, 2008.

50. Probst V, Veltmann C, Eckardt L, et al: Long-term 
prognosis of patients diagnosed with Brugada syn-
drome: Results from the FINGER Brugada Syn-
drome Registry. Circulation 121:635–643, 2010.

51. Gehi AK, Duong TD, Metz LD, et al: Risk  
stratification of individuals with the Brugada elec-
trocardiogram: A meta-analysis. J Cardiovasc Elec-
trophysiol 17:577–583, 2006.

52. Kusano KF, Taniyama M, Nakamura K, et al: Atrial 
fibrillation in patients with Brugada syndrome: 
Relationships of gene mutation, electrophysiology, 
and clinical backgrounds. J Am Coll Cardiol 
51:1169–1175, 2008.

53. Brugada J, Brugada R, Brugada P: Determinants of 
sudden cardiac death in individuals with the elec-
trocardiographic pattern of Brugada syndrome and 
no previous cardiac arrest. Circulation 108:3092–
3096, 2003.

54. Priori SG, Napolitano C, Gasparini M, et al: 
Natural history of Brugada syndrome: Insights for 
risk stratification and management. Circulation 
105:1342–1347, 2002.

55. Eckardt L, Probst V, Smits JP, et al: Long-term 
prognosis of individuals with right precordial ST-
segment-elevation Brugada syndrome. Circulation 
111:257–263, 2005.

56. Giustetto C, Drago S, Demarchi PG, et al: Risk 
stratification of the patients with Brugada type 
electrocardiogram: A community-based prospec-
tive study. Europace 11:507–513, 2009.

57. Sarkozy A, Boussy T, Kourgiannides G, et al: 
Long-term follow-up of primary prophylactic 
implantable cardioverter-defibrillator therapy in 
Brugada syndrome. Eur Heart J 28:334–344, 2007.

58. Rosso R, Glick A, Glikson M, et al: Outcome after 
implantation of cardioverter defibrillator [cor-
rected] in patients with Brugada syndrome: A mul-
ticenter Israeli study (ISRABRU). Isr Med Assoc J 
10:435–439, 2008.

59. Zipes DP, Camm AJ, Borggrefe M, et al: [Guide-
lines for management of patients with ventricular 
arrhythmias and the prevention of sudden cardiac 
death: Executive summary]. Rev Esp Cardiol 
59:1328, 2006.

60. Maury P, Hocini M, Haissaguerre M: Electrical 
storms in Brugada syndrome: Review of pharma-
cologic and ablative therapeutic options. Indian 
Pacing Electrophysiol J 5:25–34, 2005.

61. Schweizer PA, Becker R, Katus HA, et al: Success-
ful acute and long-term management of electrical 
storm in Brugada syndrome using orciprenaline 

http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0010
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0010
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0010
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0010
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0010
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0015
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0015
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0015
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0020
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0020
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0020
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0020
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0025
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0025
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0025
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0025
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0030
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0030
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0030
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0030
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0030
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0035
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0035
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0040
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0040
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0040
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0040
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0045
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0045
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0045
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0050
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0050
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0050
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0050
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0050
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0055
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0055
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0055
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0055
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0055
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0060
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0060
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0060
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0060
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0060
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0065
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0065
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0065
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0065
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0065
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0070
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0070
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0070
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0075
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0075
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0075
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0075
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0080
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0080
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0080
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0080
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0080
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0085
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0085
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0085
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0085
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0085
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0090
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0090
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0090
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0090
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0090
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0095
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0095
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0095
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0095
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0095
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0100
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0100
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0100
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0105
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0105
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0105
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0105
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0105
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0105
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0110
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0110
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0110
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0110
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0110
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0115
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0115
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0115
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0115
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0120
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0120
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0120
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0120
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0125
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0125
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0125
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0125
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0130
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0130
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0130
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0130
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0135
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0135
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0135
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0135
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0140
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0140
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0140
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0140
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0145
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0145
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0145
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0145
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0145
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0150
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0150
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0150
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0150
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0150
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0155
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0155
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0155
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0155
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0160
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0160
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0165
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0165
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0165
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0165
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0165
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0170
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0170
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0175
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0175
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0175
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0180
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0180
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0180
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0180
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0180
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0185
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0185
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0190
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0190
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0190
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0190
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0195
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0195
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0195
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0195
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0195
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0200
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0200
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0200
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0200
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0200
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0205
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0205
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0205
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0205
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0205
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0210
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0210
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0210
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0210
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0210
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0215
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0215
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0215
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0220
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0220
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0225
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0225
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0225
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0225
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0230
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0230
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0230
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0230
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0230
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0235
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0235
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0235
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0240
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0240
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0240
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0240
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0245
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0245
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0245
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0245
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0245
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0250
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0250
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0250
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0255
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0255
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0255
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0255
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0260
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0260
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0260
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0260
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0265
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0265
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0265
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0265
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0265
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0270
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0270
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0270
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0270
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0270
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0275
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0275
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0275
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0275
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0280
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0280
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0280
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0280
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0285
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0285
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0285
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0285
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0290
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0290
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0290
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0290
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0295
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0295
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0295
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0295
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0295
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0300
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0300
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0300
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0300
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0300
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0305
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0305
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0305
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0305
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0310
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0310
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0310


BRUGADA SYNDROME 1992–2012: TwENTY YEARS OF SCIENTIFIC PROGRESS  933

92 
and quinine/quinidine. Clin Res Cardiol 99:467–
470, 2010.

62. Nakagawa E, Takagi M, Tatsumi H, et al: Success-
ful radiofrequency catheter ablation for electrical 
storm of ventricular fibrillation in a patient with 
Brugada syndrome. Circ J 72:1025–1029, 2008.

63. Morita H, Zipes DP, Morita ST, et al: Epicardial 
ablation eliminates ventricular arrhythmias in an 
experimental model of Brugada syndrome. Heart 
Rhythm 6:665–671, 2009.

64. Nademanee K, Veerakul G, Chandanamattha P,  
et al: Prevention of ventricular fibrillation episodes 
in Brugada syndrome by catheter ablation over the 
anterior right ventricular outflow tract epicardium. 
Circulation 123:1270–1279, 2011.

65. Veltmann C, Schimpf R, Echternach C, et al: A 
prospective study on spontaneous fluctuations 
between diagnostic and non-diagnostic ECGs in 
Brugada syndrome: Implications for correct phe-
notyping and risk stratification. Eur Heart J 
27:2544–2552, 2006.

66. Yan GX, Antzelevitch C: Cellular basis for the 
Brugada syndrome and other mechanisms of 
arrhythmogenesis associated with ST-segment 
elevation. Circulation 100:1660–1666, 1999.

67. Tatsumi H, Takagi M, Nakagawa E, et al: Risk 
stratification in patients with Brugada syndrome: 
Analysis of daily fluctuations in 12-lead electrocar-
diogram (ECG) and signal-averaged electrocardio-
gram (SAECG). J Cardiovasc Electrophysiol 
17:705–711, 2006.

68. Matsuo K, Kurita T, Inagaki M, et al: The circa-
dian pattern of the development of ventricular 
fibrillation in patients with Brugada syndrome. Eur 
Heart J 20:465–470, 1999.

69. Benito B, Brugada R, Brugada J, et al: Brugada 
syndrome. Prog Cardiovasc Dis 51:1–22, 2008.

70. Matsuo K, Akahoshi M, Seto S, et al: Disappear-
ance of the Brugada-type electrocardiogram after 
surgical castration: A role for testosterone and an 
explanation for the male preponderance. Pacing 
Clin Electrophysiol 26(7 Pt 1):1551–1553, 2003.

71. Shimizu W, Matsuo K, Kokubo Y, et al: Sex 
hormone and gender difference—role of testoster-
one on male predominance in Brugada syndrome. 
J Cardiovasc Electrophysiol 18:415–421, 2007.

72. Probst V, Denjoy I, Meregalli PG, et al: Clinical 
aspects and prognosis of Brugada syndrome in chil-
dren. Circulation 115:2042–2048, 2007.

73. Dumaine R, Towbin JA, Brugada P, et al: Ionic 
mechanisms responsible for the electrocardio-
graphic phenotype of the Brugada syndrome are 
temperature dependent. Circ Res 85:803–809, 
1999.

74. Yamakawa Y, Ishikawa T, Uchino K, et al: Preva-
lence of right bundle-branch block and right pre-
cordial ST-segment elevation (Brugada-type 
electrocardiogram) in Japanese children. Circ J 
68:275–279, 2004.

75. Probst V, Allouis M, Sacher F, et al: Progressive 
cardiac conduction defect is the prevailing pheno-
type in carriers of a Brugada syndrome SCN5A 

mutation. J Cardiovasc Electrophysiol 17:270–275, 
2006.

76. Probst V, Evain S, Gournay V, et al: Monomorphic 
ventricular tachycardia due to Brugada syndrome 
successfully treated by hydroquinidine therapy in  
a 3-year-old child. J Cardiovasc Electrophysiol 
17:97–100, 2006.

77. Sorgente A, Sarkozy A, De Asmundis C, et al: 
Ajmaline challenge in young individuals with sus-
pected Brugada syndrome. Pacing Clin Electro-
physiol 34:736–741, 2011.

78. Desai AN, Jere A: Next-generation sequencing: 
Ready for the clinics? Clin Genet 81:503–510, 
2012.

79. Itzhaki I, Maizels L, Huber I, et al: Modelling the 
long QT syndrome with induced pluripotent stem 
cells. Nature 471:225–229, 2011.

80. Moretti A, Bellin M, Welling A, et al: Patient-
specific induced pluripotent stem-cell models for 
long-QT syndrome. N Engl J Med 363:1397–
1409, 2010.

81. Derangeon M, Montnach J, Baro I, et al: Mouse 
models of SCN5A-related cardiac arrhythmias. 
Front Physiol 3:210, 2012.

82. Subbotina J, Yarov-Yarovoy V, Lees-Miller J, et al: 
Structural refinement of the hERG1 pore and 
voltage-sensing domains with ROSETTA-
membrane and molecular dynamics simulations. 
Proteins 78:2922–2934, 2010.

http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0310
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0310
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0315
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0315
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0315
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0315
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0320
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0320
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0320
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0320
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0325
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0325
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0325
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0325
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0325
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0330
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0330
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0330
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0330
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0330
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0330
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0335
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0335
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0335
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0335
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0340
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0340
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0340
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0340
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0340
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0340
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0345
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0345
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0345
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0345
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0350
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0350
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0355
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0355
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0355
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0355
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0355
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0360
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0360
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0360
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0360
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0365
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0365
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0365
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0370
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0370
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0370
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0370
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0370
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0375
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0375
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0375
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0375
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0375
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0380
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0380
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0380
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0380
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0380
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0385
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0385
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0385
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0385
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0385
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0390
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0390
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0390
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0390
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0395
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0395
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0395
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0400
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0400
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0400
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0405
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0405
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0405
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0405
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0410
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0410
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0410
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0415
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0415
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0415
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0415
http://refhub.elsevier.com/B978-1-4557-2856-5.00092-3/sr0415


935

93 
Homozygous or compound heterozygous mutations of 

KCNQ1 and of KCNE1 have been associated with the recessive 
Jervell and Lange-Nielsen form of LQTS (JLN1). LQT5 is an 
uncommon (2% to 3%) variant caused by mutations in the 
KCNE1 gene. These mutations, when associated with a loss of 
the IKs current, cause both Romano-Ward (LQT5) and Jervell 
and Lange-Nielsen (JLN2) syndromes.

The mutation-induced loss of IKs current can be provoked by 
different mechanisms. Defective proteins can coassemble with 
wild type protein and exert a dominant negative effect. Other 
mutations lead to defective proteins that do not assemble with 
wild type peptides, resulting in a loss of function that reduces the 
IKs current by 50% or less (haploinsufficiency). Finally, defective 
peptides might not even reach the membrane of the cardiac  
cell because the mutations interfere with intracellular protein 
trafficking.

The IKs current is increased by sympathetic activation and by 
heart rate increases, and it is essential for QT adaptation. If IKs 
is defective, the QT interval will fail to shorten appropriately 
during tachycardia, and this creates a highly arrhythmogenic 
condition.

KCNH2 (LQT2) and KCNE2 (LQT6)
The KCNH2 and KCNE2 genes encode the α (HERG) and the 
β (MIRP) subunits, respectively, of the potassium channel con-
ducting the IKr current. This is the second most common variant 
of LQTS, accounting for 35% to 40% of mutations in LQTS-
genotyped patients. Mutations in KCNH2 cause a reduction of 
IKr current. Defective proteins can cause a dominant negative 
effect on the wild type subunits, or they might not interfere with 
the function of the normal subunits, thus causing haploinsuffi-
ciency. Trafficking abnormalities are another consequence of 
KCNH2 mutations.

Mutations in the KCNE2 gene are found in the LQT6 variant 
of LQTS. This gene encodes MinK-related peptide 1 (MiRP1), 
a small peptide that coassembles with the HERG protein to form 
the IKr channel. There are few examples of KCNE2 mutations 
associated with LQTS.

SCN5A (LQT3)
The SCN5A gene encodes the protein of the cardiac sodium 
channel. In vitro expression studies3 showed that LQTS-SCN5A 
mutations produce the LQTS phenotype by inducing a gain of 
function leading to an increase in the Na+ inward current, which 
prolongs action potential duration. The prevalence of LQT3 
among genotype-positive LQTS patients is 10% to 15%.

CACNA1c (LQT8): Timothy Syndrome
LQT8 is a rare variant characterized by marked QT interval 
prolongation, often presenting with a 2 : 1 functional atrioven-
tricular block, macroscopic T wave alternans, and syndactyly. 
LQT8 is highly malignant, and 10 of the 17 (59%) children 
reported by Splawski et al.4 died at a mean age of 2.5 years. Some 
children with Timothy syndrome also had congenital heart dis-
eases, immune deficiency, intermittent hypoglycemia, cognitive 
abnormalities, and autism.

Long and Short QT Syndromes
Peter J. Schwartz and Lia Crotti

CHAPTER OUTLINE

Long QT Syndrome 935

Short QT Syndrome 943

Long QT Syndrome

Congenital long QT syndrome (LQTS) is a relatively uncom-
mon but important clinical disorder. Since 1975,1 under the uni-
fying name of long QT syndrome, it includes two hereditary 
variants: Jervell and Lange-Nielsen syndrome (J-LN) associated 
with deafness and the Romano-Ward syndrome (R-W), which is 
not associated with deafness.

The clinical manifestations of the disease involve syncopal 
episodes, which often result in cardiac arrest (CA) and sudden 
death and usually occur under physical or emotional stress in 
otherwise healthy young individuals, mostly children and teenag-
ers. The availability of effective therapies for this otherwise 
highly lethal disorder among symptomatic and untreated patients 
makes the existence of symptomatic and undiagnosed syndrome 
unacceptable. The genetic findings of the last 15 years have  
made LQTS a unique paradigm for genetically mediated sudden 
cardiac death (SCD), allow for a tight correlation between geno-
type and phenotype, and provide a direct bridge between molecu-
lar biology and clinical cardiology.

Molecular Genetics of Long QT Syndrome

Following the identification in 1995 to 1996 of the first three 
LQTS genes2—associated with the most frequent variants LQT1, 
LQT2, and LQT3—several others were identified. Unfortu-
nately, haste or enthusiasm has created a terminology problem 
because some of these genes cannot be truly regarded as respon-
sible for LQTS. What have been called LQT4 and LQT7 
(Andersen-Tawil syndrome) are complex clinical disorders in 
which a modest prolongation of the QT interval is only a second-
ary epiphenomenon and should not be regarded as part of LQTS. 
LQT5, LQT6, and LQT8, although rare, are part of LQTS. For 
the remaining 5 variants (LQT9 to LQT13) there are only pre-
liminary descriptions.2 As shown in Table 93-1, the main charac-
teristic of all the LQTS genes identified thus far is to encode 
cardiac ion channel subunits or proteins, thus modulating ionic 
currents.

KCNQ1 (LQT1) and KCNE1 (LQT5)
The delayed rectifier current (IK) is a major determinant of the 
phase 3 of the cardiac action potential. It comprises two indepen-
dent components: one rapid (IKr) and one slow (IKs).

The KCNQ1 gene and the KCNE1 gene encode respectively 
α (KvLQT1) and β (MinK) subunits of the potassium channel 
conducting the IKs current. KCNQ1 mutations are found in the 
LQT1 variant of LQTS, which is also the most prevalent.
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were those most severely affected. There are also numerous cases 
and families with a benign course.

The clinical history of repeated episodes of loss of conscious-
ness under emotional or physical stress in a subject with a pro-
longed QT interval is so typical to be almost unmistakable, 
provided that the physician is aware of LQTS. However, the 
clinical presentation is not always so clear. The two cardinal 
manifestations of LQTS are syncope and electrocardiographic 
abnormalities.

Cardiac Events and Their Relation to Genotype
The syncopal episodes are the result of torsade de pointes (TdP) 
often degenerating into ventricular fibrillation. Although most 
patients develop their symptoms under stress, sometimes these 
life-threatening cardiac events occur at rest. The reasons for 
these different patterns remained obscure until molecular biolo-
gists were able to distinguish among different genotypes. In 1995, 
a tiny group of genotyped individuals LQT2 patients appeared 
to be at higher risk during emotional stress,7 whereas LQT3 
patients suffered their events mostly at rest or during sleep; this 
fostered a large and targeted study8 that shed the light on this 
issue of major clinical relevance.

In 670 patients with LQTS of known genotype and who had 
suffered symptoms (e.g., syncope, CA, sudden death), Schwartz 
et al.8 examined possible relations between genotype and the 
conditions (“triggers”) associated with the events.8 As predicted 
by their impairment on the IKs current (essential for QT shorten-
ing during increases in heart rate), most of the events in patients 
with LQT1 occurred during exercise or stress. Conversely, most 
of the events (including the lethal ones) in LQT2 patients 
occurred during emotional stress such as auditory stimuli (e.g., 
sudden noises, telephone ringing, especially while at rest), and 
most of the events of LQT3 patients occurred while they were 
asleep or at rest (Figure 93-1).

LQT2 and LQT3 are at low risk during exercise because they 
have a well-preserved IKs current and are therefore able to shorten 
their QT interval whenever heart rate increases. The practical 
implication is that LQT2 and LQT3 youngsters should be 
allowed to play freely (but not competitive sports), with signifi-
cant psychological benefit.

Molecular screening identified a missense mutation (G406R) 
in the voltage-gated calcium channel gene (CACNA1c) in all 
probands analyzed. G406R produces sustained inward Ca++ 
currents by causing nearly complete loss of voltage-dependent 
inactivation4. In the heart, prolonged Ca++ current delays cardio-
myocyte repolarization and increases risk of arrhythmia.

Prevalence

Although it was suggested in 1975 that LQTS “could be more 
unrecognized than rare,”1 only recently a data-driven indication 
of the prevalence of LQTS became available and came from the 
largest prospective study of neonatal electrocardiography ever 
performed5, which involved 44,596 infants 3 to 4 weeks old. 
Among them, 1.4% had a QTc between 440 and 469 ms and 0.7 
per 1000 had a QTc ≥ 470 ms, regarded as markedly prolonged 
by the European Task Force on Neonatal Electrocardiography.5  
In the latter group (n = 31), more than 90% of infants underwent 
molecular screening, and LQTS disease-causing mutations were 
found in 13 of 28 infants (46%).5 Because almost 50% of the 
infants with QTc ≥ 470 ms (0.7/1000) are affected by LQTS, and 
because at least some of the infants with QTc between 440 and 
469 ms are also likely to be affected, it follows that the prevalence 
of LQTS must be close to 1 per 2500 at least. This does not 
include the silent mutation carriers (QTc < 440 ms), a group 
ranging between 10% and 36% according to genotype.6 This is 
the first and only time that the prevalence of a cardiac disease of 
genetic origin has been quantified based on actual data.

Romano-Ward Syndrome: Clinical Presentation

The typical clinical presentation of LQTS has been regarded as 
the occurrence of syncope or CA, precipitated by emotional or 
physical stress, in a young individual with a prolonged QT inter-
val on the electrocardiogram (ECG). If these symptomatic 
patients were left untreated, the syncopal episodes would recur 
and eventually prove fatal in most cases. This concept reflected 
the fact that the patients receiving a diagnosis in the early days 

Table 93-1. Long QT Syndrome Genes

Gene Syndrome Frequency (%) Locus Protein (Functional Effect)

KCNQ1 (LQT1) RWS, JLNS 40-55 11p15.5 Kv7.1 (↓)

KCNH2 (LQT2) RWS 30-45 7q35-36 Kv11.1 (↓)

SCN5A (LQT3) RWS 5-10 3p21-p24 NaV1.5 (↑)

ANKB (LQT4) RWS <1 4q25-q27 Ankyrin B (↓)

KCNE1 (LQT5) RWS, JLNS <1 21q22.1 MinK (↓)

KCNE2 (LQT6) RWS <1 21q22.1 MiRP1 (↓)

KCNJ2 (LQT7) AS <1 17q23 Kir2.1 (↓)

CACNA1C (LQT8) TS <1 12p13.3 L-type calcium channel (↑)

CAV3 (LQT9) RWS <1 3p25 Caveolin 3 (↓)

SCN4B (LQT10) RWS <1 11q23.3 Sodium channel -β4 (↓)

AKAP9 (LQT11) RWS <1 7q21-q22 Yotiao (↓)

SNTA1 (LQT12) RWS <1 20q11.2 Syntrophin-α1 (↓)

KCNJ5 (LQT13) RWS <1 11q24 Kir3.4 (↓)

RWS, Romano-Ward syndrome; JLNS, Jervell and Lange-Nielsen syndrome; AS, Andersen syndrome; TS, Timothy syndrome; ↓, loss of function at the cellular in vitro level; 
↑, gain of function at the cellular in vitro level.

From Schwartz PJ, Crotti L, Insolia R: Long QT syndrome: from genetics to management. Circ Arrhythm Electrophysiol 5:868–877, 2012.
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leads and contribute to the diagnosis of LQTS; they often are 
more immediately striking than the sheer prolongation of the 
QT interval. Following cessation of exercise, major repolariza-
tion changes often appear and are useful for diagnosis.

Notched T waves are more frequent in symptomatic patients 
(81% versus 19%; P < .005).2 They probably reflect the presence 
of subthreshold early afterdepolarizations (EADs). Their appear-
ance after exercise is markedly more frequent (85% versus 3%; 
P < 0.0001) among patients with LQTS than among healthy 
controls. It is worth recalling that notched T waves are not neces-
sarily abnormal in children.

Gene-specific ECG patterns do exist. Patients with LQT1 
tend to have smooth, broad-based T waves, whereas patients with 
LQT2 frequently have low-amplitude and notched T waves. 
Patients with LQT3 have a more distinctive pattern characterized 
by a late onset of the T wave; however, extreme heterogeneity of 
T wave morphology may be observed, even within families.

T Wave Alternans  In 1975, Schwartz and Malliani proposed 
that T wave alternans represents a characteristic ECG feature of 
LQTS, and this observation has been fully confirmed.10 Beat-to-
beat alternation of the T wave, in polarity or amplitude, may be 
present at rest for brief moments, but it usually appears during 
emotional or physical stresses and can precede TdP (Figure 
93-2); it is a marker of major electrical instability and identifies 
patients at particularly high risk. Its transient nature limits the 
possibility of observation; this is a rather gross phenomenon that 
should not go unnoticed when present. The observation of T 
wave alternans in a patient with LQTS receiving therapy strongly 
suggests the presence of a high degree of cardiac electrical insta-
bility, and it should prompt reassessment of therapy.

Sinus Pauses  Some patients with LQTS, mostly LQT3, have 
sudden long pauses in sinus rhythm that are unrelated to sinus 
arrhythmia and could contribute to the initiation of TdP. These 
pauses are often followed by the appearance of a notch on the T 
wave, and it is mostly from these notches that repetitive ventricu-
lar beats take off. Their occurrence in patients with LQT3 rep-
resents an important warning signal that requires a reassessment 
of therapy.

Heart  Rate  and  Its  Reflex  Control  In a large South African 
LQT1 founder population in which all the affected members carry 

Even in the postpartum period, genotype is important because 
risk is higher for LQT2 than for LQT1.2 The higher risk for 
women with LQT2 is partly related to sleep disruption, but 
hormonal changes could be involved as well. Indeed, a study 
performed during the menopause transition and postmenopausal 
periods (5 years before and after the age of onset of menopause, 
respectively) showed that women with LQT2 had an increased 
risk of cardiac events in both conditions (hazard ratio 3.38 and 
8.10, respectively), whereas for women with LQT1 the onset of 
menopause was associated with a reduction in the risk for cardiac 
events (hazard ratio 0.19).9

Electrocardiographic Aspects
The bizarre electrocardiogram of many patients with LQTS 
should be recognized easily. Besides QT prolongation, the T 
wave has several morphologic patterns that are easily recogniz-
able with clinical experience and difficult to quantify, but useful 
for diagnosis.

QT Interval Duration
The Bazett correction for heart rate remains useful despite unre-
lenting criticism and hypercorrection and undercorrection at 
slow and fast rates. QTc values greater than 440 ms are consid-
ered prolonged; however, values up to 460 ms can be normal 
among females. Despite these exceptions, risk for malignant 
arrhythmias increases with longer QT, especially when QTc 
exceeds 500 to 550 ms.

The initial and understandable concept that QT prolongation 
was the essential cornerstone of LQTS was challenged when 
Schwartz and Crotti10 proposed that some patients might be 
affected by LQTS and nonetheless have a normal QT interval 
on the surface ECG. The validity of this unorthodox concept was 
proved by the existence of mutation carriers with a normal QT 
interval as a consequence of low penetrance.2,6 This concept has 
important practical and medicolegal implications because, for 
example, it no longer allows a cardiologist to state that a sibling 
of an affected patient with a normal QTc “is definitely not affected 
by LQTS.”

T wave morphology  The T wave is often biphasic or notched. 
These abnormalities are particularly evident in the precordial 

Figure 93-2.  Example of T wave alternans from a 3-year old patient with long QT 
syndrome  with  multiple  episodes  of  cardiac  arrest.  Tracings  are  from  a  24-hour 
Holter recording. 

V3

V4

Figure 93-1.  Lethal cardiac events according to triggers and genotype. Numbers 
in parentheses are triggers, not patients. 

(Modified from Schwartz PJ, Priori SG, Locati EH, et al: Long QT syndrome patients 
with mutations of the SCN5A and HERG genes have differential responses to Na+ 
channel blockade and to increases in heart rate. Implications for gene-specific 
therapy. Circulation 92:3381–3386, 1995.)

100

75%

15% 15%

5%

Exercise

LQT1
(n�52) (n�38) (n�20)

LQT2 LQT3

Emotion
Sleep, rest without arousal

10%

37%

63%

80%
80

60

40

20

0



938 VENTRICULAR TACHYARRHYTHMIAS: MECHANISMS, CLINICAL FEATURES, AND MANAGEMENT

the KCNQ1-A341V mutation, Brink et al.11 and Schwartz et al.12 
provided the novel evidence that faster basal heart rates and brisk 
autonomic responses are associated with a greater probability of 
being symptomatic. Whereas among patients with a major 
arrhythmogenic substrate (QTc > 500 ms) basal heart rate is rather 
unimportant, among patients with a QTc ≤ 500 ms those in the 
lower tertile of heart rate were more frequently asymptomatic. 
Furthermore, relatively low values of baroreflex sensitivity—an 
index of the ability to respond with brisk increases in either vagal 
or sympathetic activity—were associated with a reduced probabil-
ity of being symptomatic.12 This finding likely depends on the fact 
that patients with LQT1 have an impaired ability to shorten their 
QT interval during heart rate increases because of the mutation-
dependent impairment in IKs, the current essential for QT adapta-
tion. The lack of QT shortening during sudden heart rate increases 
favors the R-on-T phenomenon and initiation of ventricular 
tachycardia or ventricular fibrillation, whereas sudden pauses elicit 
early afterdepolarizations in patients with LQTS, which can 
trigger TdP. Blunted autonomic responses, revealed by relatively 
low values of baroreflex sensitivity (BRS), imply a reduced ability 
to change heart rate suddenly, which appears to be a protective 
mechanism for patients with LQT1.

BRS is not frequently used in clinical practice; therefore, we 
recently assessed the value of another and simpler marker of 
reflex vagal activation (i.e., the heart rate reduction during the 
first minute of recovery from an exercise stress test).13 This 
parameter correlates strongly with BRS (r = 0.64; P = .001).13 We 
observed that symptomatic patients with LQT1 reduced their 
heart rate (HR) during the first minute of recovery significantly 
more than asymptomatic patients did, and those with marked HR 
reductions had a threefold greater risk of suffering cardiac events 
(odds ratio, 3.28; 95% confidence interval, 1.3 to 8.3; P = .012). 
In contrast, the phenomenon so clearly evident among patients 
with LQT1 is totally absent among patients with LQT2 and 
LQT3; this difference was expected, given that patients with 
LQT2 and LQT3 have a normal IKs current and are therefore 
less prone to the onset of life-threatening arrhythmias related to 
rapid changes in heart rate, especially increases.

In patients with LQTS, an exercise stress test should be always 
performed to analyze repolarization changes useful for the diag-
nosis and to help risk stratification in patients with LQT1. 
Another practical implication is that intense exercise training, 
which potentiates vagal reflexes, should be discouraged in patients 
with LQT1.

Echocardiographic  Abnormalities  LQTS is regarded as a 
purely electrical disease without any mechanical alteration. Con-
trary to this view, a case-control study demonstrated the frequent 
presence of highly unusual echocardiographic abnormalities.14 
These abnormalities include an increased rate of thickening in 
the early phase of contraction and the presence of a slow move-
ment in the late thickening phase with a plateau morphology, 
sometimes accompanied by a second peak. They are more fre-
quent in symptomatic than in asymptomatic patients, thus sug-
gesting that they reflect the presence of an arrhythmogenic 
mechanism. Therefore, LQTS is not devoid of a mechanical 
component, although it is likely to be the consequence of abnor-
mal electrical as indicated by the subsequent evidence that the 
calcium-entry blocker verapamil completely normalizes the con-
traction pattern,14 suggesting that symptomatic patients with 
LQTS have an abnormal increase in the intracellular calcium 
concentration before relaxation has completed and that this likely 
relates to an early afterdepolarization. The contraction abnor-
mality would be the mechanical equivalent of an EAD.

These findings have been recently confirmed in a large Nor-
wegian study15 and provide definitive evidence that the electrical 
abnormalities characteristic of LQTS have the potential to 
produce highly specific mechanical alterations.14

Jervell and Lange-Nielsen Syndrome:  
Clinical Presentation

The J-LN syndrome,16 characterized by congenital deafness, is 
due to the presence of two homozygous or compound heterozy-
gous mutations on either the KCNQ1 or KCNE1 genes.2 Data on 
187 patients with J-LN16 have shown clear differences versus the 
other types of LQTS, including LQT1, which shares with J-LN 
an impairment in the IKs current. J-LN is the most severe variant 
of LQTS. Almost 90% of the patients have cardiac events, 50% 
become symptomatic by 3 years of age, their average QTc is 
markedly prolonged (557 ± 65 ms), and they become symptom-
atic much earlier than any other major genetic subgroup of 
LQTS (Figure 93-3, A). For patients with J-LN, it has been pos-
sible to identify subgroups at lower risk, namely those with a QTc 
< 500 ms and those without syncope in the first year of life. 
Although the clinical diagnosis of J-LN is rather straightforward, 
it is important to genotype all these patients because the smaller 
group with KCNE1 mutations has a markedly less severe clinical 
course than that with mutations on KCNQ1 (see Figure 93-3, B).

The therapeutic approach to J-LN is made complex by the 
early age at which most of them become symptomatic and espe-
cially by the fact that β-blockers appear to have limited efficacy. 
Left cardiac sympathetic denervation may be less effective than 
in other patients with LQTS. Therefore, for many patients with 
J-LN an implantable cardioverter defibrillator (ICD) should be 
seriously considered, in addition to the traditional therapies. For 
the subgroups at lower risk,16 it may be reasonable to postpone a 
decision about ICD implant until 8 to 10 years of age.

Malignant Perinatal Long QT Syndrome:  
Clinical Presentation

One special group of LQTS patients, which represents a tragic 
emotional burden for the parents and also for the responsible 
physicians, is constituted by infants and very young children 
presenting with recurrent cardiac arrest. These arrhythmias are 
poorly responsive to therapy and almost always require and ICD 
implant. Not uncommonly these infants are genotype-negative 
and their parents are unaffected. In 4 of these infants we have 
identified, by the use of exome sequencing in parents-child trios, 
de novo mutations in either CALM1 or CALM2, 2 of the 3 
human genes encoding calmodulin. All mutation carriers were 
infants who exhibited recurrent ventricular fibrillation usually 
triggered by sympathetic activation, major QT prologation (QT 
<600 ms), intermittent 2:1 atrioventricular block, and presence 
of T wave alternans (Figure 93-2).17 Mutations altered residues 
in or adjacent to critical calcium binding loops in the calmodulin 
carboxyl-terminal domain and exhibited several-fold reductions 
in calcium binding affinity. Calmodulin mutations may contrib-
ute to unexplained sudden death during early deveopment.

Clinical Diagnosis

Given the characteristic features of LQTS, the typical cases 
present no diagnostic difficulty for physicians aware of the disease. 
However, borderline cases are more complex and require the 
evaluation of multiple variables besides clinical history and the 
ECG. Diagnostic criteria were proposed in 1985 with multiple 
updates.18 The last one has included the evaluation of the QTc in 
the fourth minute of recovery from an exercise stress test, given 
the reproducible finding that in LQT1 and LQT2 patients a QTc 
> 480 ms at this point was associated with 100% specificity.18

The new diagnostic criteria are listed in Table 93-2. The point 
score is divided arbitrarily into three probability categories: (1) 
≤1 point = low probability of LQTS; (2) >1 to 3 points = 
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Figure 93-3.  A,  Kaplan-Meier  curves  of  event-free  survival  comparing  Jervell  and  Lange-Nielsen  (J-LN)  patients  versus  LQT1,  LQT2,  and  LQT3  symptomatic  patients. 
B, Kaplan-Meier curve of event-free survival in patients with J-LN syndrome and mutations in the KCNQ1 or KCNE1 genes. 

(A, Modified from Schwartz PJ, Spazzolini C, Crotti L, et al: The Jervell and Lange-Nielsen syndrome. Natural history, molecular basis, and clinical outcome, Circulation 113:783–
790, 2006. B, From Schwartz PJ, Priori SG, Spazzolini C, et al: Genotype-phenotype correlation in the long-QT syndrome: gene-specific triggers for life-threatening arrhythmias. 
Circulation 103:89–95, 2001.)
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Table 93-2. Long QT Syndrome Diagnostic Criteria, 1993–2011

Electrocardiographic Findings Points

A QTc* ≥ 480 ms 3

460-479 ms 2

450-459 (male) ms 1

B QTc* fourth minute of recovery from exercise stress 
test ≥ 480 ms

1

C Torsades de pointes† 2

D T wave alternans 1

E Notched T wave in three leads 1

F Low heart rate for age‡ 0.5

Clinical History

A Syncope* With stress 2

Without stress 1

B Congenital deafness 0.5

Family History

A Family members with definite LQTS§ 1

B Unexplained sudden cardiac death below age 30 
among immediate family members§

0.5

Score: ≤ 1 point = low probability of long QT syndrome; 1.5 to 3 points = 
intermediate probability of long QT syndrome; ≥ 3 points = high probability of 
long QT syndrome.
*QTc calculated by Bazett’s formula where QTc = QT / √RR.
†Mutually exclusive.
‡Resting heart rate below the second percentile for age.
§The same family member cannot be counted in A and B.

From Schwartz PJ, Crotti L: QTc behavior during exercise and genetic testing for 
the long-QT syndrome. Circulation 124:2181–2184, 2011.

intermediate probability of LQTS; and (3) ≥3.5 points = high 
probability of LQTS. Whenever a patient receives a score of 2 
to 3 points, serial ECGs and especially several 24-hour Holter 
recordings should be obtained, because the QTc value in patients 
with LQTS can vary from time to time and from day to night. 
In this group with intermediate probability of LQTS, the pres-
ence of additional morphologic abnormalities can help with diag-
nostic decisions. Precordial leads are frequently more informative. 
Symptoms often appear in the first few years of life and can 
resemble epileptic convulsions.2

These diagnostic criteria were conceived in the premolecular 
era and should be used with common sense. Obviously, they 
cannot be of value in identifying the so-called silent mutation 
carriers (i.e., individuals with a disease-causing mutation and a 
QTc <440 ms), whose prevalence increases from 10% for LQT3 
to 37% for LQT1.6 Molecular screening is essential for these 
subjects. The main value of the so-called Schwartz criteria is 
during a first contact with a patient and in clinical studies when 
uniformity in diagnosis is essential.

Molecular Diagnosis in LQTS

Who Should Be Screened for LQTS and Medicolegal 
Implications
Molecular diagnosis should always be attempted whenever the 
diagnosis of LQTS is either made or suspected on sound clinical 
grounds. When successful (75% to 80% of cases), molecular 
diagnosis allows the rapid screening of all the family members 
and the identification of all “silent mutation” carriers, thus allow-
ing the institution of preventive measures and the essential rec-
ommendation to avoid QT-prolonging drugs.

This concept has clinical and medicolegal implications. 
Imagine a family with a boy and a girl, with the boy and one 
parent being clearly affected (syncope and prolonged QTc). If the 
girl has a normal QT interval and is incorrectly assumed to be 
unaffected, she might be treated later with one of the many drugs 
that block the IKr current and could develop TdP and die. This 
would not be bad luck; it would be the direct responsibility of 
the physician who had not attempted molecular screening in the 
boy, who was clearly affected. The identification of the disease-
causing mutation would have allowed the rapid determination of 
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severity as demonstrated in an LQT2 family with the C-terminal 
A1116V mutation where the risk for life-threatening events was 
increased by the presence of the common KCNH2-K897T poly-
morphism. Electrophysiological evidence showed that K897T 
produces an accentuation of the mutation-dependent IKr current 
loss resulting in the unmasking of a clinically latent C-terminal 
LQT2 mutation.26 This finding was validated by Nof et al.27

The search for modifier genes in LQTS received fresh input 
from genome-wide association studies aimed at the identification 
of single-nucleotide polymorphisms (SNPs) influencing QT 
interval in the general population.28,29 Among the SNPs recog-
nized to have an influence on QT interval, those on the NOS1AP 
gene consistently appeared to give the strongest signal and rep-
resented optimal candidate genes. In the LQT1-A341V founder 
population, we demonstrated that two common variants of this 
gene, encoding a nitric oxide synthase adaptor protein, almost 
doubled the risk of life-threatening arrhythmias.30 The modifier 
role of NOS1AP was subsequently validated in a heterogeneous 
population of patients with LQTS.31 Park et al.32 showed that 
Asian-specific SNPs in the promoter region of SCN5A were able 
to increase disease severity in a family with an SCN5A loss-of-
function mutation.

Another modifier mechanism is linked to SNPs in regions 
regulating allele expression.33 The first such study demonstrated 
that SNPs in the 3′ UTR region of KCNQ1, able to influence the 
expression of the encoded kv7.1 potassium channel, were associ-
ated with QTc prolongation and with symptoms in patients with 
LQT1.34

A recent and significant development, which opens a novel 
approach to risk stratification, is represented by the identification 
of the first protective modifier of arrhythmic risk.35 This SNP, 
located in an intronic region of KCNQ1 (rs2074238), is associated 
with a decreased risk for cardiac events (odds ratio, 0.36; 95% 
confidence interval, 0.18 to 0.71; P = 1.68 × 10−3) and with shorter 
QTc (P = 3.43 × 10−5).

Drug-Induced Torsade de Pointes and Other Types of a “Forme 
Fruste” of Long QT Syndrome
The hypothesis proposed by Moss and Schwartz in 198210 that a 
significant number of drug-induced LQTS might occur in indi-
viduals with a “forme fruste” of LQTS has been largely con-
firmed following the first evidence36 of a disease-causing mutation 
in a patient with normal QTc and TdP-ventricular fibrillation 
while receiving therapy with cisapride.

Incomplete penetrance of LQTS mutations explains a number 
of these cases of drug-induced TdP.37 In addition, common 
genetic variants can contribute to these arrhythmias, as it happens 
for 15% of the cases with QT prolongation and TdP in the 
subacute phase of myocardial infarction.38 Genetic modifiers of 
arrhythmic risk in LQTS can favor both drug-induced and myo-
cardial infarction–induced TdP. KCNE1-D85N is associated with 
drug-induced TdP, with an odds ratio of 9,39 and also a NOS1AP 
SNP (rs10800397) plays a favoring role.40 Regarding TdP in the 
subacute phase of myocardial infarction, KCNH2-K897T is asso-
ciated with an eightfold increased risk.38

Sudden Infant Death and Stillbirth

Sudden infant death syndrome (SIDS) remains the leading cause 
of sudden death during the first year of life in the Western world, 
but its causes remain largely unknown. In 1976, Schwartz pro-
posed that an undefined number of SIDS victims might die 
because of an arrhythmic death facilitated by a prolongation of 
the QT interval with a mechanism similar to that of LQTS.10 
When this hypothesis was tested by prospectively measuring the 
QT interval during the first week of life in more than 33,000 
infants and by following them for a possible occurrence of SIDS, 

whether the girl was a mutation carrier, and this would have saved 
her life. Physicians who do not attempt to genotype their LQTS 
probands are willfully choosing to ignore the possibility that 
other family members might be mutation carriers at risk for 
sudden death.

Molecular Genetics and Risk Stratification
Risk stratification is one of the areas undergoing the most excit-
ing new developments as gene-specific risk stratification has 
begun to evolve toward becoming mutation specific in addition 
to initial strong evidence for modifier genes, those relatively 
common genetic variants associated with increased or decreased 
risk for life-threatening arrhythmias.19

Molecular genetics undoubtedly contribute to risk stratifica-
tion. In 2003, data on 647 patients of known genotype and from 
193 families indicated that the incidence of life-threatening 
events was lower among patients with LQT1, but largely because 
of the high prevalence of silent mutation carriers (QTc < 440 ms); 
the risk was higher among LQT2 females versus males and 
LQT3 males versus females.6 Independent of genotype, the risk 
of becoming symptomatic was strongly correlated with QTc and 
was markedly greater with QTc > 500 ms. A large number of 
individuals carrying mutations causing LQT1 go through life 
without ever suffering cardiac events, as do almost half of patients 
with LQT2 and LQT3. This fact is often forgotten and families 
receive frightening information. The picture is different in the 
J-LN syndrome, in which almost 90% of the patients are symp-
tomatic for cardiac events. However, even in this subgroup of 
patients genotype matters. Indeed, when the two mutations are 
located on KCNE1, the syndrome is more benign, with only 40% 
of the patients being symptomatic by adulthood.16

In 2002, Moss et al.20 indicated that patients with LQT2 with 
mutations in the pore region were at higher risk compared with 
LQT2 with mutations in different regions of the same gene. In 
2007, Moss et al.21 demonstrated in 600 patients with LQT1 that 
both the transmembrane location of the mutations and their 
dominant-negative effect are independent risk factors for cardiac 
events. Shortly afterward, Crotti et al.22 focused on the hot spot 
KCNQ1-A341V, a common mutation responsible for a founder 
effect in 25 South African families, and demonstrated that the 
unusually high clinical severity already reported by Brink et al.11 
for the South African families is present also among LQT1 
patients from different ethnic backgrounds, but carrying the same 
A341V mutation. Moreover, as KCNQ1-A341V has a mild 
dominant-negative effect (the current loss barely exceeds 50%), 
its striking clinically severe phenotype is explained by neither the 
location (transmembrane) nor the functionally consequence of 
the mutation (dominant-negative). This implies that the current 
biophysical assessments of the electrophysiologic effects of 
LQTS-causing mutations do not provide all the information 
necessary to make a complete genotype-phenotype correlation. 
In this regard, the study by Crotti et al.22 has paved the way 
toward mutation-specific risk stratification.

Along similar lines, Makita et al.23 reported that the SCN5A-
E1784K, a common LQT3 mutation, is also associated with 
Brugada syndrome and with sinus node dysfunction. When man-
aging families with this mutation, the possibility of an overlap 
syndrome should be considered. For example, family members 
with a normal QT should be screened with a flecainide or ajma-
line test.

Recently, Barsheshet et al.24 showed in 860 patients with 
LQT1 that the mutations in KCNQ1 associated with the highest 
risk for aborted CA and SCD are those missense mutations 
located in the cytoplasmic loops connecting S2-S3 and S4-S5.24 
Further analysis by Costa et al.25 concluded that this is true only 
among women.

The risk stratification process is complicated by the presence 
of additional genetic variants, which could modify clinical 
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catecholamines and highly responsive to β-blockade. These 
patients seldom need more than antiadrenergic therapy.

Compared with patients with LQT1, those with LQT2 have 
more life-threatening events despite β-blockers, but most of 
these are resuscitated CA (6% to 7%).10 Among those with 
LQT3, the initial data showed frequent major events (10% to 
15%) despite β-blockers.10 However, a more careful analysis 
showed that β-blockers failure occurred almost exclusively in 
patients with LQT3 who had suffered a cardiac event during the 
first year of life.50 In contrast, the remaining patients responded 
well to antiadrenergic therapy. This conclusion is supported by 
a large study under completion.51 β-Blockers are less effective in 
protecting patients with J-LN syndrome.16 Patient compliance 
is essential for LQTS treated with β-blockers. Most of the 
so-called failures of β-blockers therapy are due to incomplete 
compliance.2

Left  Cardiac  Sympathetic  Denervation  Following a small 
incision in the left subclavicular region, left cardiac sympathetic 
denervation (LCSD) is performed by an extrapleural approach 
that makes thoracotomy unnecessary. The average time for 
surgery is 35 to 40 minutes.52 LCSD can also be performed using 
a thoracoscopic approach.53 LCSD requires removal of the first 
four thoracic ganglia. The cephalic portion of the left stellate 
ganglion is left intact to avoid Horner syndrome, which is 
expected in 1% to 2% of patients when using this approach.52 In 
20% to 30% of patients, there may be a modest (1 to 2 mm) 
ptosis that is noted only by close examination but fully escapes 
notice in normal social interactions.

The latest data published in 2004 include 147 LQTS patients 
who underwent LCSD during the last 35 years.54 The group was 
high risk: 99% were symptomatic, mean QTc was long (563 ± 
65 ms), 48% had a CA, and 75% continued to have syncope 
despite full-dose β-blockers. The data most relevant to current 
clinical decisions are those regarding patients without CA (these 
should receive an ICD) who suffer syncope despite being treated 
with a full dose of β-blockers. During a mean follow-up of 8 
years, there was a 91% reduction in cardiac events. LCSD pro-
duced a mean QTc shortening of 39 ms, indicating an action on 
the substrate and the trigger. Mortality was 3% in this high-risk 
group. A postsurgery QTc < 500 ms predicted a favorable 
outcome. Importantly, this series included five patients who 
underwent LCSD because of multiple ICD shocks and electrical 
storms. During a 4-year follow-up in this group, there was a 95% 
decrease in the number of shocks (from an average of 29 shocks 
per year) with a dramatic improvement in the quality of life of 
the patients and of their families.

In small infants, LCSD is preferred over an ICD. It is obvi-
ously indicated when β-blockers are contraindicated, such as in 
asthma or excessive bradycardia. Whenever syncopal episodes 
recur despite a full-dose β-blocking therapy, LCSD should be 
considered and implemented whenever possible, either as alter-
native or in conjunction with an ICD. In the latter cases, LCSD 
is used to prevent life-threatening arrhythmias. The ICD, which 
cannot prevent arrhythmias, is used as a safety net.

Cardiac Pacing
Cardiac pacing is indicated for only a few patients with LQTS. 
The fact that onset of TdP is often preceded by a pause justifies 
consideration for a pacemaker as an adjunct to the therapy of 
selected patients and to allow increases in β-blockers dosages. 
However, if a pacemaker is being considered, it is more logical 
to implant an ICD with pacing modes.

Implantable Cardioverter Defibrillators
There has been a major increase, largely unjustified, in the 
number of ICDs implanted in patients with LQTS. There is a 
consensus for immediately implanting ICDs in cases of 

it was found that 12 of the 24 SIDS victims but none of the other 
dead infants had a prolonged QTc and that a QTc > 440 ms 
increased risk for SIDS by 41-fold.41

Subsequently, two proof-of-concept identifications of LQTS-
causing mutations in victims of SIDS or of a typical near-miss 
episode with documented ventricular fibrillation42,43 paved the 
way to cohort studies. One study found LQTS-causing mutations 
in 5.2% of 68 white infants.44 The second study,45 based on 201 
SIDS victims and 187 controls all from Norway, identified 
genetic variants in LQTS genes with a favoring role in 9.5% 
(95% confidence intervals, 5.8 to 14.4) of the victims and in none 
of the controls. It is important to realize that a number of cur-
rently labeled “SIDS deaths” are actually due to LQTS. As such, 
these deaths are preventable.

These data clearly support the controversial concept of neo-
natal ECG screening10 to prevent those sudden deaths resulting 
from unrecognized LQTS that can occur during the first few 
months of life or later. Such screening is markedly cost effective 
in Europe.46

We also evaluated 97 stillbirths, following the hypothesis that 
LQTS that causes death during the first months of life could do 
the same shortly before birth.47 The literature has already pro-
vided anecdotal data supporting this concept, but a quantification 
of the phenomenon is still missing. In a relatively large cohort, a 
disease-causing mutation has been identified in 3% of the cases 
in addition to a rare missense variant with a favoring arrhythmic 
role in an additional 5% of cases.48

Therapy

The trigger for most of the episodes of life-threatening arrhyth-
mias of LQTS is represented by a sudden increase in sympathetic 
activity, largely mediated by the quantitatively dominant left 
cardiac sympathetic nerves. Indeed, antiadrenergic therapies 
provide the greatest degree of protection.

Antiadrenergic Interventions
Despite the passage of time, the most significant information on 
therapy still comes from a 1985 study.10 The analysis included 
233 symptomatic patients and demonstrated the dramatic change 
in survival produced by pharmacologic or surgical antiadrenergic 
therapy compared with any other therapy or no treatment. Such 
a large group of severely affected patients left without treatment 
is obviously no longer available.

β-Adrenergic Blockade  β-Adrenergic blocking agents repre-
sent the first choice therapy in symptomatic LQTS, barring spe-
cific contraindications. Propranolol is still the most widely used 
drug, at 2 to 3 mg/kg per day; sometimes the dosage is increased 
to 4 mg/kg, and even more in special cases. Nadolol is used 
frequently because its longer half-life allows administration twice 
per day, usually at 1 to 1.5 mg/kg per day. Atenolol and especially 
metoprolol have been associated with clinical failures more often 
than propranolol or nadolol; recent data indicate a fourfold 
greater risk of recurrences with metoprolol.49 Accordingly, we 
now recommend that metoprolol is not used in symptomatic 
LQTS. No reliable data are available for other β-blockers. Rarely, 
β-blockers result in excessive bradycardia, especially if the dose 
is increased gradually over several weeks.

In a large number of patients of unknown genotype, mortality 
with β-blocker therapy was 2%, and it was 1.6% when limited to 
patients with syncope (no CA) and without events in the first year 
of life.10 There is clear evidence that β-blockers are extremely 
effective in patients with LQT1. Data from two large studies10 
indicate that mortality is approximately 0.5%, and sudden death 
combined with CA reaches 1%. The impairment in the IKs 
current makes these patients particularly sensitive to 
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Table 93-3. M-FACT Risk Score*

−1 Point 0 Points 1 Point 2 Points

Event-free and 
receiving 
therapy for 
>10 y

Yes

QTc (ms) ≤500 >500 to ≤550 >550

Prior aborted 
cardiac arrest

No Yes

Events on 
therapy

No Yes

Age at implant >20 y ≤20 y

*Acronym derived from M (minus 1 point for being free of cardiac events while 
receiving therapy for >10 years), F (five hundred and five hundred and 
fifty–millisecond QTc), A (age ≤ 20 years at implant), C (cardiac arrest), T (events 
during therapy).

From Schwartz PJ, Spazzolini C, Priori SG, et al: Who are the long-QT syndrome 
patients who receive an implantable cardioverter defibrillator and what 
happens to them? Data from the European long-QT syndrome implantable 
cardioverter-defibrillator (LQTS ICD) Registry. Circulation 122:1272–1282, 2010.

In patients with LQT2, some of whom have a tendency to 
lose potassium, it is essential to preserve adequate potassium 
levels. Oral K+ supplements in combination with K+-sparing 
agents are a reasonable approach. Because these patients are at 
higher risk, especially when aroused from sleep or rest by a 
sudden noise,8 we recommend that telephones and alarm clocks 
are removed from their bedrooms and, especially with children, 
they are wakened in the morning gently and without yelling.

The realization that SCN5A mutations producing LQT3 have 
a gain-of-function effect3 has lent support to an early suggestion7 
to test sodium channel blockers, certainly mexiletine and possibly 
ranolazine, as possible adjuvants in the management of patients 
with LQT3. The effectiveness of mexiletine can be test in patients 
with LQT3 by the acute oral drug test technique (half the daily 
dose during continuous ECG monitoring). Within 90 minutes, 
the peak plasma concentration is reached; if the QTc is shortened 
by more than 40 ms, then mexiletine is added to the β-blocker 
therapy. This procedure avoids initiating chronic therapy with 
mexiletine in patients who will not respond favorably. In most 
patients with LQT3 who receive mexiletine, QTc shortens by 
more than 70 to 80 ms (Figure 93-4). Although there is no con-
clusive evidence for a beneficial effect and definite failures have 
occurred, there is also growing evidence of significant benefit in 
a number of individual cases. There are highly malignant forms 
manifesting in infancy because of mutations causing extremely 
severe electrophysiological dysfunction that can be corrected by 
the combination of mexiletine and propranolol.2

Asymptomatic Patients and Patients With a Normal QTc
The first manifestation of LQTS in approximately 13% of cases 
is sudden death6; therefore, β-blocker treatment should be initi-
ated in all patients, including those who are still asymptomatic. 
Among these, reasonable exceptions appear to be LQT1 males 
with a QTc < 500 ms and age greater than 40 years, because rarely 
do they have a first event after this age. Women with LQT2 seem 
to remain at risk throughout life, and treating is always 
recommended.

documented CA, either with or without therapy. In contrast, 
opinions differ strongly regarding the use of ICDs in patients 
without CA.

The European ICD-LQTS Registry,55 based on 233 patients, 
has provided disquieting information that will be reviewed and 
summarized here. The majority of implanted patients had not 
suffered a CA. Moreover, many had not even failed β-blocker 
therapy. Asymptomatic patients, almost absent among those with 
LQT1 and LQT2, represent a staggering 45% of those with 
LQT3, reflecting the misconception that patients with LQT3 are 
not adequately protected by β-blockers.50

During a mean follow-up of almost 5 years, at least one appro-
priate shock was received by 28% of patients, and adverse events 
occurred in 31%, including a 6% rate of inappropriate shocks. 
Appropriate ICD therapies were independently predicted by four 
main variables: being younger than 20 years at implantation, a 
QTc >500 ms, a prior CA, and cardiac events despite therapy. 
Indeed, within 7 years, appropriate shocks occurred in no patients 
with none of these factors and in 70% of those with all factors.

Based on these data and clinical experience, logical candidates 
for an ICD are (1) all the patients who have survived CA during 
therapy and not during therapy (except those with a reversible or 
preventable cause that is clearly identified and corrected); (2) 
patients with syncope despite full-dose β-blockade whenever the 
option of LCSD either is not available or is discarded after dis-
cussion with the patients; and (3) exceptionally asymptomatic 
patients with prolonged QT and sign of electrical instability 
despite full therapy. To support the physician in the decision-
making process, we developed a score called M-FACT (Table 
93-3). Patients with a score of 4 to 5 points will definitely benefit 
from an ICD implant; patients with a score of 0 are at low risk 
and should not receive an ICD; for patients with intermediate 
scores, pros and cons should be carefully evaluated and 
discussed.

Gene-Specific Therapy and Management
Patients with LQT1are at higher risk during sympathetic activa-
tion, such as during exercise and emotional stress. These patients 
should not participate in competitive sports. Swimming is par-
ticularly dangerous, as 99% of the arrhythmic episodes associated 
with swimming occur in patients with LQT1.8

Figure 93-4.  A 17-year-old patient with LQT3, major QTc prolongation (QTc 516 ms) 
not modified by β-blocker therapy. The addition of oral chronic therapy with mexi-
letine  (200 mg b.i.d.) produced a major  shortening of QTc by more  than 100 ms 
persisting over time. 

(From Schwartz PJ, Crotti L: Long QT and short QT syndromes. In Zipes DP, Jalife J, eds: 
Cardiac electrophysiology: from cell to bedside, ed 5. Philadelphia, 2009, Elsevier–
Saunders, pp 731-744.)
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modeling also suffers from limitations. Primarily, the myocytes 
obtained are a mixture of different cells spanning from nodal to 
atrial to ventricular cells, and this heterogeneity is a major limita-
tion when the definition of ventricular myocyte characteristics is 
specifically needed. The reprogramming efficacy of somatic cells 
into iPSCs is still low and dermal fibroblasts, which require a skin 
biopsy and are not always accepted by the patients, are the cell 
types most widely used.60 In addition, standard parameters that 
define iPSCs in general, and iPSC-cardiomyocytes in particular, 
are still missing, and they would facilitate the comparison between 
the results obtained by the different groups.60 Lastly, to translate 
the results obtained in these cell models to the bedside, mainly 
when addressing new therapeutic approaches, it is crucially 
important to remember that cardiac arrhythmogenesis is influ-
enced by factors that cannot be fully recapitulated by studying a 
single cell.

Despite these limitations, the hope is that some of these prob-
lems will be overcome in the near future and that the iPSC 
technology will become an accessible, convenient, and cost-
effective approach for gaining insights into the mechanisms 
underlying disease phenotype, for identifying modulating factors, 
and for making a preliminary test of new therapeutic approaches. 

Concluding Remarks

The most recent updates on diagnosis and management61 and on 
the clinical impact of genetics62 have been recently reviewed and 
provide useful guidance.

Short QT Syndrome

Although the association between QT interval and sudden death 
has been known for almost 60 years, only in 2000 it has become 
evident that a short QT interval could be associated with an 
increased risk of life-threatening ventricular arrhythmia.63,64

Molecular Genetics of Short QT Syndrome

Three main genetic variants have been described in the short QT 
syndrome (SQTS), and they all involve potassium channel genes. 
Although mutations on these genes causing LQTS are loss-of-
function mutations, those observed in SQTS are gain-of- 
function mutations that shorten action potential duration.

The genetic screening in the first two families with SQTS and 
familial SCD63 identified two different missense mutations on 
KCNH2 resulting in the same amino acid change of the cardiac 
IKr channel (KCNH2-N588K).10 Expression studies demonstrated 
that N558K causes significant increase of IKr during the action 
potential plateau and leads to an abbreviation of the action poten-
tial and refractoriness.10 More recently, three other mutations on 
KCNH2 (T618I, E50D, and R1135H) were linked to SQTS.65,66 
KCNH2 is the gene responsible for SQTS1.

In 2004, Bellocq et al.10 identified a mutation in the KCNQ1 
gene (V307L) causing a gain of function of IKs in a 70-year-old 
patient with aborted SCD and short QTc. Another mutation 
(V141M) in KCNQ1 was subsequently identified in an infant born 
with atrial fibrillation and short QTc.67 KCNQ1 is the gene 
responsible for SQTS2.

SQTS3 is associated with gain-of-function mutations in the 
KCNJ2 gene, encoding the strong inwardly rectifying channel 
protein Kir2.1 involved in Andersen-Tawil syndrome. Only two 
mutations related to SQTS3 have been described (G514A and 
M301K), both of which are associated with a significant increase 
in the outward IK1 current.10,68

Patients with a normal QTc (<440 ms) have a significantly 
lower risk for life-threatening events compared with phenotypi-
cally affected patients; however, their risk for CA or SCD is 
tenfold greater compared with family members with a negative 
genetic test result.56 In some centers, patients with a positive 
genetic screening but a normal QT interval are not always treated 
with β-blockers, but a careful clinical assessment, repeated during 
follow-up visits, is used with the genetic assessment to evaluate 
indications for therapy.

Cardiac and noncardiac drugs that block the IKr current, and 
thereby prolong the QT interval, should always be avoided by 
patients with LQTS. A drug list is published at www.azcert.org. 
Such a list, regularly updated, should be given to all patients with 
LQTS because their physicians might not be aware of these 
electrophysiological actions. In addition, all patients should be 
encouraged to take potassium supplements in case of vomiting, 
diarrhea, and excessive sweating. Potassium levels should be 
maintained at greater than 4 mEq/L.

Induced Pluripotent Stem Cell–Derived Cardiomyocytes
Recent publications by Moretti et al.,57 Itzhaki et al.,58 and Malan 
et al.59 provided a powerful proof of principle demonstration 
that the three main genetic forms of LQTS can be modeled in 
induced pluripotent stem cells (iPSCs) derived from patients’ 
fibroblasts.

Moretti et al.57 were the first to study iPSC-derived cardio-
myocytes obtained from patients with LQT1 who carry the 
R190Q mutation, and they demonstrated that the cells obtained 
recapitulated the electrophysiological features of the disease. 
Indeed, action potential duration (APD) was prolonged, activa-
tion and deactivation properties of IKs were altered, and 
the myocytes produced showed an increased susceptibility  
to catecholamine-induced tachyarrhythmia, attenuated by 
β-blockers.

Itzhaki et al.58 created iPSC-derived cardiomyocytes from a 
skin biopsy obtained in a patient with LQT2 who carried the 
A614V missense mutation in the KCNH2 gene, and the cells 
showed prolongation of the action potential duration and marked 
arrhythmogenicity characterized by EADs and triggered activity. 
Furthermore, they showed the usefulness of the system to evalu-
ate potential pharmacologic treatments. They showed that IKs 
blockers caused longer action potential and arrhythmogenicity in 
their LQT2 cardiomyocytes, whereas nifedipine and pinacidil 
reduced APD and eliminated EADs. Ranolazine had no effect on 
APD but abolished EAD and triggered beats. Based on these 
data, the authors proposed that iPSC-derived cardiomyocytes 
might be used to predict drug response. Our opinion is that this 
conclusion needs to be supported by additional steps; indeed, 
there is no clinical evidence to support the prediction that nife-
dipine, pinacidil, or ranolazine are effective in reducing arrhyth-
mic risk in patients with LQT2.

Malan et al.59 created and characterized iPSC-derived cardio-
myocytes from a knock-in mouse model with the SCN5A-ΔKPQ 
mutation, providing the first iPSC-derived cardiac cell model of 
LQT3. Interestingly, the APD was prolonged at low pacing rates 
when EADs were present as well, whereas the APD was able to 
shorten in response to rapid pacing, which is typical with LQT3.

These studies represent an exciting and potentially important 
step forward, considering the limitations of all existing models 
for LQTS. Human cardiomyocytes are essentially not available, 
and mammalian cells (Chinese hamster ovary cells or human 
embryonic kidney cells) used for testing the effect of specific 
mutations with patch-clamp techniques do not reproduce the 
complex system of an in vivo myocardial cell. Finally, in mice the 
ion channels contributing to the cardiac action potential are 
remarkably different from that of humans. For example, IKr, the 
potassium current reduced in LQT2, is essentially absent in a 
normal mouse model; however, iPSC-derived cardiomyocytes 

http://www.azcert.org
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use, and increased vagal tone. However, the identification of a 
reliable cutoff lower limit of “normal QTc” is complex. Indeed, 
even if the SQTS patients described thus far had a QTc in the 
range of 250 to 380 ms,66,70 it is important to note that two large 
studies in normal populations (>10,000 individuals) showed that 
a QTc in the lowest 0.5 percentile of the normal distribution 
(QTc ≤ 330 ms)71 or less than 340 and 320 ms72 were not associ-
ated with an increased risk of SCD. Thus, the mere presence of 
a short QT interval is not sufficient to make a diagnosis of SQTS.

Morphology of the T wave can be useful. Affected patients 
also have a short or absent ST segment, with the T wave initiat-
ing immediately from the S wave. In patients with SQT1, T 
waves in precordial leads are often tall, narrow, and symmetrical, 
with an increased Tpeak : Tend ratio (Figure 93-5).64 In patients 
with SQT2 and in most nongenotyped patients, T waves are still 
tall and symmetrical, but not as sharp.10,65 In patients with SQT3, 
the T wave appears peaked but asymmetrical, with a normal 
ascending component and a rapid descending terminal phase.10

An additional and helpful element in the diagnosis of SQTS 
is the analysis of the QT behavior during 24-hour ECG record-
ings and stress tests. Although HR shows a normal behavior, the 
QT does not shorten physiologically in response to HR increases; 
therefore, the slope of the QT-RR relationship is usually less 
steep.65

Gallop et al.70 propose a diagnostic scoring system similar to 
the one developed previously for LQTS. However, the value of 
these diagnostic criteria is doubtful given the extremely limited 
population of patients, and further validation and optimization 
are certainly required.

Molecular screening can be considered in any patient with a 
strong clinical suspicion of SQTS.73 The identification of the 
genetic defect, not yet useful for risk stratification, could help to 
identify silent mutation carriers whose arrhythmic risk is still 
unknown.

Therapy

There is still uncertainty regarding therapy for SQTS. Given the 
high incidence of SCD, an ICD represents the therapy of choice 

In addition, mutations in genes encoding calcium channel 
subunits have been associated with SQTS, and the functional 
consequence of these mutations is a loss of function in calcium 
channel activity. At variance with SQTS types 1-3 cases, those 
with a mutation on calcium channel subunits tend to have a mixed 
phenotype, Brugada syndrome, and SQTS.69 The QTc observed 
in affected patients, carrying CACNB2b and CACNA1C muta-
tions, ranged between 330 and 370 ms, which are longer values 
than those observed in the previously described potassium-
related SQTS families. Unpublished data from the European 
Short QT Registry show that KCNH2 mutations are the most 
frequently identified (36%), whereas KCNQ1 and KCNJ2 are 
uncommon.65

Clinical Presentation

The clinical presentation of SQTS is highly variable among fami-
lies, even among members of the same family, ranging from 
asymptomatic carriers, to patients with atrial fibrillation, to those 
suffering ventricular fibrillation and SCD. Even the age of onset 
of symptoms can be heterogeneous, with first manifestations 
occurring in utero or at age 70,10 and sometimes appearing as 
SIDS.45

Recent data from the European Short QT Registry, including 
53 patients followed for 64 ± 27 months, allowed for a more 
complete description of the clinical characteristics and long-term 
course of the largest cohort of SQTS patients described thus far.70 
Inclusion criteria were: (1) asymptomatic patients with a QTc ≤ 
340 ms; (2) patients symptomatic for syncope of arrhythmic 
origin or for CA or SCD and with a QTc ≤ 360 ms, and (3) family 
members of patients with SQTS having a short QTc.

Among the 53 patients enrolled, 33 (62%) had symptoms 
before enrolment. CA was the most frequent symptom, and 
almost 90% of the patients had a personal or familial history of 
SCD. A male predominance (75%) was present; however, CA  
had a similar prevalence in males and females (35% versus 30%; 
P = .15). In both sexes, episodes before 1 year of life were 
reported, whereas in males more than 90% of CAs occurred 
between 14 and 40 years of age. The events were spread across 
the entire lifespan in females. Syncope was the first symptom in 
approximately 15% of patients, probably because of self-
terminating episodes of ventricular tachycardia or ventricular 
fibrillation. No specific triggers for the arrhythmic episodes have 
been identified.70 Atrial fibrillation has been observed as well in 
association with the disease in individuals of all ages and is prob-
ably related to short atrial refractory periods.

In all the available ECGs, the QTc ranged between 250 and 
350 ms, with a mean of 314 ms. No differences in ECG param-
eters were observed between symptomatic and asymptomatic 
patients.70

An electrophysiological study was performed in 28 patients 
(53%) and showed short ventricular and atrial refractory periods 
(166 ± 21 and 163 ± 22 ms, respectively). However, its capability 
of predicting CA was poor, with a sensitivity of only 37%. Fur-
thermore, at variance with that observed in the Brugada syn-
drome, the negative predictive value was low (58%).70 Therefore, 
the role of electrophysiological study in risk stratification is 
limited; it could have a role in confirming the diagnosis by 
showing short ventricular refractory periods.

Diagnosis

The diagnosis of SQTS is based mainly on the finding of a con-
stantly short QT interval on the ECG for a patient with a struc-
turally normal heart, after exclusion of acquired causes of short 
QT such as digitalis toxicity, acidosis, hypercalcemia, androgen 

Figure 93-5.  Example  of  short  QT  syndrome.  Twelve-lead  electrocardiogram 
(25 mm/s paper speed) of a patient in sinus rhythm, heart rate 52 beats/min, left-
axis deviation, QTc = 280 ms. 

(Modified from Gaita F, Giustetto C, Bianchi F, et al: Short QT Syndrome: a familial 
cause of sudden death. Circulation 108:965–970, 2003.)

I

II

III

V6

V5

V4



LoNG AND SHoRT QT SYNDRoMES 945

93 
ECG features,75 whereas amiodarone had an opposite effect in the 
two patients in which it was tested.70 The major limitation of all 
these studies is the small number of patients and the lack of 
follow-up data showing a reduction of the arrhythmic episodes. 
Data from the European Short QT Registry are partially over-
coming these limitations, at least for hydroquinidine (HQ), which 
was tested in 41% of the patients and normalized the QT interval 
and refractory periods in patients with SQT1; it had a weaker and 
variable effect in the patients without SQT1. Interestingly, during 
the follow-up period the incidence of arrhythmic events was 4.9% 
per year in the patients without pharmacologic prophylaxis, 
whereas no arrhythmic events occurred in those treated with HQ, 
even in the previously symptomatic ones.70 Drug tolerability was 
also acceptable because only 9% of the patients interrupted HQ 
because of side effects (e.g., gastroenteric intolerance, dermati-
tis).70 Given these promising data, HQ can be considered as an 
alternative option to ICD in asymptomatic and very young 
patients as a bridge to ICD implant later in life and in those who 
refuse an ICD.

in patients who are symptomatic for syncope and CA. ICDs have 
been proposed, perhaps prematurely, for asymptomatic subjects 
with a strong family history of SCD. However, data coming from 
the European Short QT Registry showed a dreadfully high inci-
dence of complications (58%), mainly related to inappropriate 
shocks owing to T wave oversensing or episodes of supraven-
tricular arrhythmias.70 Adequate reprogramming apparently 
helped to reduce this complication.65

A number of antiarrhythmic drugs have been tested in the 
attempt to correct action potential duration and prevent arrhyth-
mic risk. Gaita et al.74 tried flecainide, ibutilide, sotalol, and quini-
dine in six patients with SQT1. Only quinidine normalized the 
QT interval, the T wave morphology, and ventricular effective 
refractory period and made ventricular fibrillation noninducible. 
In vitro studies showed that the N558R mutation produced only 
a 5.8-fold decrease in the IKr channel blocking effect of quinidine, 
in contrast to the twentyfold decrease in the effect of sotalol.74 
Additional studies of the N588K-HERG mutation and data in two 
patients with SQT1 also suggested efficacy of disopyramide on 
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is the high degree of phenotypic variability and nonpenetrance. 
The full triad of clinical features (ventricular arrhythmias, peri-
odic paralysis, and characteristic dysmorphic features) is present 
in 58% to 78% of mutation-positive patients,5 whereas between 
32% and 81% manifest involvement of two of the three organ 
systems.3,5,6 Nonpenetrance ranges from 6% to 20% of mutation-
positive individuals.5,6 In an interesting report, a large ATS family 
presented with sex-specific clinical manifestations. In this kindred, 
females manifested ventricular arrhythmias, whereas affected 
males had periodic paralysis. None of the 41 mutation carriers 
expressed the complete triad of ATS features.6 These sex-specific 
clinical findings, however, appear to be unique to this particular 
family in that the same mutation was reported in other individu-
als who manifested the typical ATS triad.7 Recently, the ATS 
phenotype was expanded to include several consistent craniofa-
cial features and dental and skeletal anomalies that were observed 
in all members of a small cohort, regardless of cardiac or neuro-
muscular findings.8 These new findings help to clinch the clinical 
diagnosis when cardiac or skeletal muscle findings are absent.

ATS is an autosomal dominant or sporadic disorder of ven-
tricular repolarization manifested by mild QTc interval prolonga-
tion, but marked prolongation of the QUc interval5,9 (Figure 
94-2). Prominent U waves are commonly described. Zhang et al.9 
reported distinct electrocardiogram (ECG) findings unique to 
ATS that included prolongation of the T wave downslope, wide 
T-U junction, high amplitude, and broad U waves.9 Arrhythmias 
in patients with ATS include frequent premature ventricular con-
tractions, bigeminy, and polymorphic ventricular tachycardia 
(VT).5 Typically, VT is not sustained and bidirectional in nature 
with heart rates in the range of 130 to 150 beats/min. The degree 
of ventricular ectopy is highly variable between subjects, but up 
to 50% of all beats could be ventricular in origin.8 Although 
tachycardia burden is often high in patients with ATS,10 degen-
eration into lethal ventricular arrhythmias is relatively uncom-
mon.11 For example, torsades de pointes was documented in only 
3 of 96 KCNJ2 mutation-positive individuals.9

In skeletal muscle, KCNJ2 mutations can cause intermittent 
muscle membrane inexcitability leading to episodic weakness that 
can last several hours.11 These episodes are clinically identical to 
those observed in other forms of periodic paralysis and are most 
frequently triggered by rest following exercise. Although other 
forms of periodic paralysis are clinically defined by serum potas-
sium levels during an episode of paralysis, ictal serum potassium 
levels in ATS are commonly low, but can be normal or elevated 
in some patients.11 Episodes of periodic paralysis can be as infre-
quent as once per year to once per day. In addition to the episodic 
weakness, some patients with ATS can develop fixed, progressive 
weakness.

A number of craniofacial and skeletal anomalies are described 
in ATS, the most common being low-set ears, ocular hyper-
telorism, broad nasal root, small mandible, clinodactyly in the 
hands, and syndactyly in the toes.2,5 Dental anomalies reported 
in ATS include persistent primary dentition, multiple missing 
teeth, and crowded dentition.8 Because of the phenotypic vari-
ability in ATS, the clinical diagnosis can be missed easily. Cardi-
ologists should consider the diagnosis of ATS in patients with 
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This chapter summarizes the ion channelopathy known as Andersen-
Tawil syndrome. This clinically pleiotropic disorder results from 
mutations in an ion channel gene that modulates the most terminal 
portion of cardiac repolarization. Andersen-Tawil syndrome is 
fundamentally a disorder of ventricular repolarization, although 
the clinical manifestations are distinct from classic long QT syn-
drome. The degree of repolarization derangement observed in this 
entity is directly related to the contribution of the disordered ion 
channel to the repolarization phase of the cardiac action potential. 
This chapter discusses the most recent genetic, cellular, and clinical 
data underlying this unique ion channelopathy.

Andersen-Tawil Syndrome

In 1971, Andersen et al.1 reported a series of patients with peri-
odic skeletal muscle paralysis, ventricular ectopy, and dysmorphic 
features, the triad of clinical manifestations known as Andersen 
syndrome. Prolongation of the QT interval was incorporated as 
an important cardiac manifestation in subsequent larger studies 
of this disorder.2 The syndrome was renamed Andersen-Tawil 
syndrome (ATS) in recognition of the exceptional contributions 
of the clinical neurologist Rabi Tawil. Within the cardiovascular 
field, this disorder remained obscure until mutations in the K+ 
channel gene KCNJ2 were identified as a cause of ATS.3 KCNJ2 
encodes the inward rectifier K+ channel Kir2.1, a component of 
the inward rectifier current IK1. IK1 provides substantial repolar-
izing current during the most terminal repolarization phase of 
the cardiac action potential, and it is the primary conductance 
controlling the diastolic membrane potential.4

Clinical Manifestations of  
Andersen-Tawil Syndrome

The clinical features of ATS represent a spectrum of phenotypic 
manifestations encompassing the skeletal muscle and cardiac 
systems, in addition to craniofacial and skeletal anomalies  
(Figure 94-1). A major obstacle in the clinical diagnosis of ATS 
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Figure 94-1.  Typical dysmorphic  features  in a patient with Andersen-Tawil  syndrome. Note  the  low-set ears, hypertelorism  (wide  interpupillary distance), micrognathia 
(small jaw) (A, B), and clinodactyly of the fifth digits (C). 

(Reprinted with permission from Plaster NM, Tawil R, Tristani-Firouzi M, et al: Mutations in Kir2.1 cause the developmental and episodic electrical phenotypes of Andersen’s 
syndrome. Cell 105:511–519, 2001.)

A B C

Figure 94-2.  Representative electrocardiogram traces from patients with Andersen-Tawil syndrome (ATS). A, Rhythm strip demonstrating pathologic U waves at a heart 
rate of 81 beats/min. B, It is not unusual to observe premature ventricular contractions arising from the prominent U waves. C, A short run of nonsustained bidirectional 
ventricular tachycardia (VT; note alternating QRS axis polarity). Unlike catecholaminergic polymorphic ventricular tachycardia, bidirectional VT in ATS is typically slow (110 
to 150 beats/min). D, A run of nonsustained polymorphic VT is demonstrated in this rhythm strip. 

Prominent U waves Rate 81 BPM 20 mm/mV 12:12:14  8/28/2008

Rate 71 BPM 10 mm/mV 06:25:30  3/22/2011

Rate 96 BPM 10 mm/mV 06:40:38  12/23/2011

Rate 143 BPM 10 mm/mV 14:13:22  12/23/2011

PVC arising from U wave

Ventricular Run, length ordered, 115 BPM

run of VT

A

B

C

D
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and participates in the most terminal phase of action potential 
repolarization.4 IK1 is conducted by homotetramic and heterotet-
rameric channels formed by coassembly of the Kir2.x subfamily 
of proteins (Kir2.1, Kir2.2, and Kir2.3). Message and protein 
expression studies indicate that Kir2.1 is the most abundant sub-
family member in ventricular tissue.17,18 The finding that muta-
tions in KNCJ2 cause human disease (but not the genes encoding 
Kir2.2 and 2.3) further underscores the pivotal role of Kir2.1 as 
a primary component of IK1.

Cellular Basis of Andersen-Tawil Syndrome

Nearly all the KCNJ2 mutations described to date cause 
dominant-negative suppression of Kir2.1 channel function 
(Figure 94-3). A minority of mutations alters channel assembly 
and trafficking, with resultant accumulation of subunits within 
the endoplasmic reticulum and Golgi apparatus.14,20,21 Most 
mutant subunits coassemble with wild type subunits and traffic 
appropriately to the cell surface, but fail to function normally. 
The mechanism underlying this abnormal function is an altered 
sensitivity of the mutant channel to the membrane-delimited 
second messenger phosphatidylinositol 4,5-bisphosphate (PIP2), 
an essential activator of most inward rectifier K+ channels.22 
Almost half of all reported KCNJ2 mutations occur at residues 
known to be important for PIP2-channel interaction, supporting 
the idea that reduced PIP2 binding is critical to the pathogenesis 
of ATS.7 Recently, the effects of ATS mutations were studied at 
the atomic level by crystallizing the N-terminal and C-terminal 
cytoplasmic domains of Kir2.1. Arg218 and Glu303 in the 
C-terminus form charged and polar interactions with neighbor-
ing residues Thr309 and Arg312.23,24 ATS mutations at Arg218 
and Glu303 destabilize these interactions and likely render the 
channel insensitive to the activating effects of PIP2.23,24 The 
mechanism of PIP2 activation of Kir channels was elucidated 
recently by crystallizing the related Kir2.2 channel in the absence 
of presence of PIP2. PIP2 binds to the interface between the 
transmembrane and cytoplasmic domains and induces large con-
formational changes that open the ion conduction pathway25 
(Figure 94-4). In light of this complex mechanism of PIP2 activa-
tion, one can imagine that ATS mutations that localize to 

otherwise unexplained ventricular arrhythmias or long QT syn-
drome, and neurologists should screen all patients with periodic 
paralysis for cardiac involvement.

Phenotypic Overlap Between Andersen-Tawil 
Syndrome and Catecholaminergic 
Polymorphic Ventricular Tachycardia

In general, bidirectional VT is rarely observed in clinical medi-
cine, but it is the hallmark of a handful of disease states, including 
ATS, catecholaminergic polymorphic VT (CPVT) and digitalis 
toxicity. Each of these clinical entities shares a common underly-
ing abnormality in calcium homeostasis that can trigger delayed 
afterdepolarization-dependent arrhythmias. CPVT is character-
ized by sympathetic-mediated bidirectional or polymorphic VT 
and is due to mutations in calcium handling genes RYR2 (cardiac 
ryanodine receptor) and CASQ2 (calsequestrin-2).12 In a minority 
of KCNJ2 mutation-positive patients, bidirectional VT is 
enhanced by exercise, suggesting a clinical diagnosis of CPVT, 
especially in patients that lack other typical ATS features. Indeed, 
several patients have been reported with clinical manifestations 
that overlap ATS and CPVT, including patients submitted for 
commercial CPVT genetic testing.13-16 The KNCJ2 mutation 
V227F results in channels that function normally under basal 
conditions, but fail to increase current in response to protein 
kinase A stimulation, suggesting a clinical link between adrener-
gic stimulation and arrhythmia in the patient with ATS who is 
harboring this mutation.16 However, in most ATS cases of 
exercise-induced ventricular arrhythmia, careful inspection of the 
ECG will reveal either a prominent U wave or ventricular ectopy 
at rest, thereby distinguishing ATS from CPVT. In addition, the 
rates of bidirectional VT in ATS tend to be slower (~150 bpm) 
than those observed in CPVT.

Molecular Correlate of IK1

The inward rectifier potassium current IK1 is the major deter-
minant of the resting membrane potential in the heart 

Figure 94-3.  Locations of Andersen-Tawil syndrome (ATS) mutations mapped to Kir2.1 channel topology. A, Topology of Kir2.1 channel subunit demonstrating position of 
ATS-associated mutations in KCNJ2. B, Homology model of Kir2.1 channel subunit based on the crystal structure of the bacterial inward rectifier KirBac1.1.19 Amino acids 
associated with ATS missense mutations are depicted in red. The majority of ATS mutations are located on the N-terminal slide helix and the C-terminal cytoplasmic domain 
(C-domain) and localize to residues involved in PIP2 binding or PIP2-induced conformational changes. 
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non-PIP2 binding sites can disrupt the transduction of PIP2 
binding to channel opening, whereas mutations at PIP2 binding 
sites can alter PIP2 binding directly.

How does reduced Kir2.1 channel function lead to arrhythmia 
susceptibility? Selective IK1 blockade in feline Purkinje fibers 
results in action potential prolongation and an increased fre-
quency of spontaneous action potentials.26 In an elegant in vivo 
study, gene transfer of a Kir2.1 dominant-negative construct 
resulted in QT prolongation in adenoviral-transfected guinea 
pigs and spontaneous action potentials in isolated ventricular 
myocytes.27 Both studies support the idea that a reduction in IK1 
leads to the generation of spontaneous ventricular activity. The 
cellular consequences of reduced IK1 have been studied using in 
silico approaches. Reductions in IK1 initially cause mild prolonga-
tion of the most terminal foot of the cardiac action potential28 
(Figure 94-5), which is consistent with intracardiac recordings in 
ATS patients29 (Figure 94-6). Greater reductions in IK1 result in 
the generation of spontaneous action potentials that are triggered 
by the Na+/Ca2+ exchanger.5,28,30 This result is unlike the tradi-
tional forms of LQTS whereby prolongation of the plateau phase 
results in L-type Ca2+-triggered early afterdepolarizations. Com-
puter simulations of reduced IK1 in virtual left ventricular tissue 
reveal an increase in action potential duration across the ventricu-
lar wall, without an increase in transmural dispersion of repolar-
ization.28 Thus, the low frequency of torsades de pointes 
arrhythmia in ATS may be a consequence of the lack of transmu-
ral dispersion of repolarization in the setting of reduced IK1, 
despite the fact that action potential duration is prolonged. The 
in silico data are consistent with data from the isolated canine 
wedge preparation using BaCl2 as a model of ATS.31 Interestingly, 
the contribution of IKr to phase 3 repolarization increased dra-
matically in the setting of computer-simulated IK1 reductions.28 
The consequences of this observation are that patients with ATS 
may be particularly susceptible to arrhythmias in the setting of 
reduced IKr (e.g., hERG channel blockers or decreased [K+]o) 
given the baseline reduced repolarization reserve and the depen-
dence upon IKr as a substitute for reduced IK1.

Treatment Options for  
Andersen-Tawil Syndrome

The frequent ventricular ectopy typical of ATS is notoriously 
difficult to suppress with pharmacologic therapy.10,32 Historically, 
the majority of subjects are prescribed β-blocking agents, but in 
most cases the frequency of ventricular ectopy does not change 

Figure 94-4.  Structural mechanism of PIP2 activation of Kir channels. A, Crystal structure of the related Kir2.2 channel in the closed state (no PIP2) and the open state (with 
PIP2) revealing  long-range conformational changes associated with PIP2 channel activation. B, Conformational changes  induced by PIP2 that open the  ion conduction 
pathway. 

(Modified with from Pegan S, Arrabit C, Zhou w, et al: Cytoplasmic domain structures of Kir2.1 and Kir3.1 show sites for modulating gating and rectification. Nat Neurosci 
8:279–287, 2005.)
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Figure 94-5.  Simulated effect of reduced IK1 on cardiac action potentials. A, Model 
of rabbit ventricular action potential under baseline conditions. Dashed line, [K+]o = 
4.5 meq/L; solid line, 50% reduction in IK1 conductance; dotted line, 50% reduction 
in IK1 conductance and [K+]o = 2.9 meq/L. B, Reduction in [K+]o and IK1 conductance 
resulted in spontaneous action potentials (*) and delayed afterdepolarizations (**) 
that did not reach threshold for action potential generation. Basic cycle length of 
stimulation was 1000 ms. C, Spontaneous action potentials and delayed afterde-
polarizations seen in B were eliminated by a reduction in the amplitude of the Na+/
Ca2+ exchanger. 

(Reprinted with permission from Tristani-Firouzi M, Jensen JL, Donaldson MR, et al: 
Functional and clinical characterization of KCNJ2 mutations associated with LQT7 
(Andersen syndrome). J Clin Invest 110:381–388, 2002.)
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(unpublished data). A single case report documented the efficacy 
of verapamil in suppressing bidirectional ventricular tachycardia 
in a patient with ATS.33 However, in a subsequent report, vera-
pamil was documented to induce runs of torsades de pointes 
arrhythmia and syncope.34 Recently, the efficacy of flecainide 
therapy in suppressing ventricular arrhythmias in patients with 
ATS has been reported.34,35

Given that many patients with frequent ventricular ectopy are 
entirely asymptomatic, the question arises as to whether therapy 
is indicated in most patients. Although therapy may be debatable, 
there is still the difficult task of identifying the subset of patients 
at risk for life-threatening arrhythmias.10,32 Considering the 
absence of published criteria for therapy, any patient with runs 
of rapid polymorphic VT or symptoms such as syncope should 
be considered a candidate for placement of an implantable car-
dioverter defibrillator.

Treatment of attacks of periodic paralysis in ATS depends on 
attack frequency, duration, and severity. For infrequent attacks in 
patients with demonstrated hypokalemia during attacks, oral 
potassium taken at the onset of an attack could suffice. In patients 
with frequent, disruptive attacks of weakness, prophylactic daily 
treatment is necessary.36 Carbonic anhydrase inhibitors, such as 
acetazolamide and dichlorphenamide, are effective in reducing 
the frequency and severity of paralytic attacks in other forms of 
periodic paralysis and are effective in treating periodic paralysis 
in ATS.11 Some patients also report a benefit on attack frequency 
from daily supplementation with potassium. The latter might 
also help to reduce the QT interval and potentially lessen the 
predilection for ventricular ectopy. Because some antiarrhythmic 
agents can potentially cause skeletal muscle weakness, treatment 
plans for patients with ATS should be coordinated closely 
between the treating cardiologist and neurologist.

Figure 94-6.  Comparison of surface electrocardiograph (ECG) leads and monopha-
sic action potentials (MAPs) recorded from the left ventricle (LV) in a patient with 
ATS. A, LV-MAP recording demonstrates prolongation of the most terminal portion 
of  the MAP,  resulting  in a small secondary depolarization or “hump”  (large arrow). 
The position of the hump corresponds to the position of the U wave on the surface 
ECG leads (arrowheads). B, Epinephrine infusion accentuates the secondary depo-
larization and magnitude of U waves on surface ECGs. In silico simulations suggest 
that the secondary depolarization is due to depolarizing current generated by the 
Na+/Ca2+ exchanger.5 

(Reprinted with permission from Seemann G, Sachse FB, weiss DL, et al: Modeling of 
IK1 mutations in human left ventricular myocytes and tissue. Am J Physiol Heart Circ 
Physiol 292:H549–H559, 2007.)
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patients, syndactyly of hands or feet, or both. The latter feature 
most often facilitates the diagnosis of the syndrome (Figure 
95-1). Nonetheless, it is important to consider that the combina-
tion of syndactyly and QT prolongation can also occur in another 
inherited arrhythmogenic disease, Andersen-Tawil syndrome.4 
This disorder, also defined as LQT7, is characterized by QT 
prolongation, ventricular arrhythmia, periodic paralysis, and 
facial dysmorphisms. Tristani-Firouzi et al.5 reported that 
syndactyly is present in approximately 10% of patients with 
Andersen-Tawil syndrome.

The overall clinical presentation of TS is complex and encom-
passes several cardiac and extracardiac abnormalities (Table 95-1, 
see Figure 95-1). Despite the limited number of patients, it seems 
that important genotype and phenotype correlations might exist 
in the disease as shown in Table 95-1.

Repolarization is remarkably prolonged in most patients, and 
the QTc often exceeds 550 ms.3 Besides the abnormal duration 
of repolarization, the morphology of the T wave is characterized 
by a set of abnormalities ranging from a prolonged ST segment 
followed by a small T wave (i.e., a pattern similar to that reported 
as typical for the LQT3 patients) to giant negative T waves (see 
Figure 95-1) and macroscopic T wave alternans. Congenital 
cardiac defects are present in approximately 60% of the patients; 
cardiac hypertrophy and ventricular dilatation are reported in 
more than 50% of patients.3,6,7

Cardiac Events and Mortality 
in Timothy Syndrome

A mortality rate of 58%, with a mean age at death of 2.5 years, 
has been reported.3 In the early reported series of patients with 
TS, there were no adult individuals; therefore, the concept that 
the disease had a high lethality in first years of life became wide-
spread. Currently, however, some adult cases of the disease have 
been reported.8 For the last 15 years, the authors have been fol-
lowing a female patient with TS and a mild cardiac phenotype 
who has reached the age of 32 years without manifesting cardiac 
arrhythmias. She has a reasonable social life and a QTc of 510 ms 
with syndactyly, but no structural cardiac abnormalities.

In 2006, data from a population of 21 patients with TS9 
showed that ventricular tachyarrhythmias, including ventricular 
tachycardia and ventricular fibrillation, occurred in approxi-
mately 80% of patients and constituted the most frequent cause 
of death. Functional atrioventricular block leading to bradycardia 
has been documented in 85% of patients. However, bradyar-
rhythmias have not played a role in cardiac-related deaths in TS. 
No specific trigger for cardiac arrhythmias has been reported, 
although recent experimental evidence (discussed later) suggests 
a role for adrenergic activation. Anecdotal reports have described 
the occurrence of life-threatening arrhythmias during anesthesia, 
but no information is available on specific anesthetics that might 
be dangerous to these patients.10 Non–arrhythmia-related deaths 
can also occur in TS. Among the 21 patients followed at the 
Molecular Cardiology Department of the Maugeri Foundation 
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Timothy syndrome (TS) is a rare but devastating inherited dis-
order characterized by cardiac and extracardiac abnormalities. TS 
has been classified as a variant of the long QT syndrome (LQT8), 
but its complex phenotype involves structural cardiac disease as 
well as central nervous system and metabolic abnormalities. The 
TS phenotype is extremely severe and has a high mortality rate. 
Accordingly, the prevalence of the disease is low and only a 
limited number of cases have been reported. TS is caused by 
mutations in the CACNA1C gene encoding the voltage-dependent 
L-type calcium channel CaV1.2.

Historical Notes

In 1992, Reichenbach et al.1 reported a case of intrauterine bra-
dycardia followed by evidence of pronounced QT interval pro-
longation and a second-degree atrioventricular block after birth. 
The affected infant boy also had hand and foot syndactyly. He 
died suddenly at 5 months of age, and the investigators concluded 
that the phenotype could represent a novel clinical entity; this 
might have been the first case of TS identified in the literature. 
Few additional cases were reported thereafter,2 and all shared a 
severe phenotype, high mortality rate, and lack of familial recur-
rence. The reported cases and a larger cohort of newly identified 
patients were further analyzed to better define the spectrum of 
clinical manifestations. This clinical condition that was named 
Timothy syndrome to acknowledge the work of Katherine Timothy, 
a University of Utah and Harvard Medical School clinical coor-
dinator, who for 15 years actively identified patients with the 
disease, helped to define new phenotypic features, and provided 
children and their families with clinical support and guidance.3

Phenotype and Natural History

Fetal bradycardia is often the harbinger of the more severe clini-
cal manifestation of the syndrome that often develops shortly 
after birth. The syndrome is characterized by a markedly pro-
longed ventricular repolarization (QT interval), 2 : 1 functional 
atrioventricular conduction block, and, in the majority of the 
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Figure 95-1.  Clinical presentation of Timothy syndrome: multisystem anomalies and developmental defects. The dysmorphic facial features (upper panel) typically include 
round face, spaced teeth, flat nasal bridge,  receding upper  jaw, and thin upper  lip. Webbing of the toes and fingers  (syndactyly)  is observed  in the majority of patients 
(middle panel). The electrocardiogram in the lower panel shows severe QT interval prolongation and giant T waves. 

D2 V2

Table 95-1. Comparison of Clinical Features of Timothy Syndrome Variants

Clinical Findings
TS1
G406R (exon 8A)

TS2
G402S and G406R (exon 8)

TS3
A1473G

QT prolongation Yes Yes Yes

Syndactyly of hands or feet Yes No Yes

Yes No Yes

Congenital cardiac defects Yes No Yes

Cardiac hypertrophy Yes Yes No

Autism, mental retardation, delayed development Yes ? Yes

Round face Yes Yes Yes

Sparse hair Yes Yes Yes

Sparse teeth Yes Yes Yes

Low-set hears Yes Yes Yes

Flat nasal bridge Yes Yes Yes

Mandibular hypoplasia Yes Yes Yes

Downturned lips corner, thin upper lips Yes Yes Yes

Stroke No No Yes

Cortical blindness No No Yes

Nemaline myopathy No Yes* Yes

Joint contracture No No Yes

Dislocated hips No Yes Yes

Hypoglycemia Yes No Yes

Hypocalcemia Yes No Yes

*Observed in the G406R carrier.
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also developed stroke, were cortically blind, and had joint 
contractions.

Mosaicism in Timothy Syndrome

The high malignancy of TS prevents the majority of affected 
patients from having children. As a consequence, most individu-
als lack family history of the disease and are considered sporadic 
cases. Parent-to-offspring transmission has never been reported 
in the medical literature; however, Splawski et al.3 reported the 
occurrence of the disease in two siblings. They showed that the 
occurrence was due to parental mosaicism. Recent reports dem-
onstrate that parents of affected individuals with TS can be 
mosaic and have a broad range of clinical manifestations ranging 
from no clinical signs of the disease to combining some of its 
manifestations.3,12 Because of the technical complexity of detect-
ing mosaicism, its frequency among TS families has not been 
assessed systematically. Overall, the presence of mosaicism in 
parents of children with TS should be carefully considered 
because of its effects on the genetic and reproductive counseling 
within TS families. Mosaicism could represent the reason for the 
presence of mild TS presentations, but this hypothesis requires 
experimental confirmation.

Genotype and Phenotype Correlations  
in Timothy Syndrome

The similarities and differences of the three known TS variants 
are summarized in Table 95-1. A low number of patients with the 
three TS variants are reported; therefore, genotype-phenotype 
correlation should be interpreted with caution. Still, TS variants 
seem to exhibit phenotypical differences, such as the lack of 
syndactyly in TS2 and the presence of joint contraction and 
cortical blindness in TS3; this latter feature could have been 
coincidental. Response to drug therapy can also be different 
among the three TS variants. Verapamil has been reported as 
effective in a TS2 (G402S mutation) patient,13 but it was not 
effective in TS1. Ranolazine has been proved effective in the 
same TS2 patient, and it is currently unknown whether it is also 
effective in TS1 or TS3.8

in Pavia, Italy, one died of sepsis and two died of malignant 
hypoglycemia that did not respond to glucose infusion in the 
hospital.3,9

Genetics of Timothy Syndrome

Mutations in the CACNA1C Gene

The ST-T wave morphology in patients with TS can resemble 
that in patients with long QT syndrome with sodium channel 
mutations (the LQT3 variant, see Chapter 93). Based on the 
similarity in QT interval morphology between LQT3 and TS 
patients, it was hypothesized that the involvement of an increase 
in an inward current active during the plateau phase of the cardiac 
action potential. The hypothesis was confirmed when mutations 
in the gene encoding the α-subunit of the voltage-dependent 
L-type cardiac calcium channel (CACNA1C) on chromosome 12 
were identified in SCN5A negative TS patients (Figure 95-2).

The same G1216A transition in exon 8A (an alternatively 
spliced exon), which causes G406R amino acid substitution in 
transmembrane segment 6 of domain I of the protein (see later 
on), was identified in all patients with TS.3 In 2005, Splawski 
et al.3 reported two additional mutations in exon 8 (TS2): one of 
the two mutations is the same position G406R that was initially 
discovered in exon 8a. The child carrier of the G406R mutation 
in exon 8 did not have syndactyly, suggesting that the same muta-
tion located in alternatively spliced exons could lead to different 
clinical manifestations. The second novel TS mutation identified 
by Splawski et al.,3 G402S, was located in an adjacent region of 
exon 8 and was identified in a child with a multifaceted disease 
without syndactyly. The individual with G402S was a mosaic and 
exhibited a milder phenotype than the girl with the G406R.

Recently different mutation, A1473G (TS3), located in the 
transmembrane segment 6 of domain IV was identified by Gillis 
et al.11 This genetic variation is located in the terminal portion 
of transmembrane segment 6 of domain IV—that is, in a position 
similar to the other three mutations that are located in the sixth 
transmembrane segment of domain I (see Figure 95-2). Besides 
showing the common features reported for other forms of TS, 
the patients with the newly described genetic form of the disease 

Figure 95-2.  Schematic diagram of the predicted transmembrane topology of the calcium channel, showing the location of mutations in the three variants of Timothy 
syndrome. 
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handling system. Thiel et al.23 found that loss of VDI is accom-
panied by abnormally increased CaMKII activity and prolonged 
action potential duration. It is possible to hypothesize that a loss 
of inactivation leads to a local increase of cytosolic [Ca2+] with 
consequent activation of CaMKII. Additional insights on the role 
of CaMKII in exacerbating the TS phenotype come from single-
channel studies. Erxleben et al.24 observed a decrease in unitary 
conductance in R406G channels and an increase in spontaneous 
mode 2 gating, which is characterized by increased open proba-
bility and longer channel activations. G406R can create a CaMKII 
consensus site at Ser-409, and that Ser-409 phosphorylation leads 
to an increased channel activity (mode 2 gating). Furthermore, 
the presence of the R406G TS homolog mutation in rabbit 
Cav1.2 makes the protein more sensitive to CaMKII and less 
prone to dephosphorylation. The inhibition of CaMKII activity 
reversed the proarrhythmic phenotype.23 Thus, the mutation is 
likely to induce a kind of hyperphosphorylated state that aggra-
vates the inactivation defect. The role of CaMKII was shown  
in another study by lentiviral infection of rat myocytes.23 TS 
CaV1.2-expressing ventricular myocytes exhibited increased 
CaMKII activity and a proarrhythmic phenotype that included 
action potential prolongation and afterdepolarizations. These 
observations are consistent with an important role of the adren-
ergic pathway in the pathogenesis of TS arrhythmias.

Mouse Models of TS

The TS pathogenesis has been addressed recently in transgenic 
mouse models.25,26 The TS1 mouse model manifested QT prolon-
gation and spontaneous severe ventricular tachycardia. Ventricu-
lar myocytes isolated from the heart of TS1 mice exhibit early and 
delayed afterdepolarizations that lead to triggered activity. The 
underlying mechanisms for the development of arrhythmias in 
this model has been attributed to the reactivation of CaV1.2 medi-
ated by a CaV1.2 interacting peptide called AKAP150. Mutant TS 
channels seem to be abnormally coupled with AKAP150, which 
promotes channel activity.25 Indeed, ablation of AKAP150 is able 
to restore calcium current gating. In the same article,25 the authors 
reported the presence of an altered subcellular localization of 
CaV1.2 characterized by an increased expression in the interca-
lated discs and multiple clusters in the sarcolemma and near the 
nuclear envelope, suggesting a possible interference of TS muta-
tions on a calcium-induced calcium release process. It remains to 
be determined whether this happens in humans.

An attempt to develop a knock-in mouse model of TS type 2 
proved unsuccessful, because the mutation was lethal during fetal 
life. The authors observed, however, that the animals that had 
retained the neomycin cassette in the engineered construct pre-
sented postnatal survival. Unfortunately, the mice with the neo-
cassette failed to show a cardiac phenotype, but retained an 
interesting neurologic phenotype that recapitulates some of the 
features of the autism spectrum disorder of patients with TS, such 
as repetitive and preservation behavior, reduced social memory, 
and increased contextual fear memory.26

Timothy Syndrome–Induced Pluripotent Stem Cells

Timothy syndrome pathophysiology was studied in induced plu-
ripotent stem cells (iPSCs) obtained from skin biopsy specimens 
from patients and differentiated into cardiac myocytes. Electro-
physiologic recording and calcium imaging studies performed in 
iPSC-derived myocytes revealed irregular contraction (which 
could explain cardiac hypertrophy of some patients), excess Ca2+ 
influx and prolonged action potentials.27 A subsequent study 
assessed the biophysical abnormalities observed in iPSC-derived 
TS neurons. The action potentials of TS neurons were 

Functional Characterization of CACNA1C 
Mutations in Timothy Syndrome

Calcium Channel Structure and Function

The L-type calcium channels (LTCCs) belong of the family of 
the voltage-gated calcium channels that are macromolecular 
complexes consisting of an ion-conducting protein (the α1-
subunit) and additional accessory peptides with regulatory func-
tion called α2δ, the β1-4, and γ-subunits.14 The α1-subunit of the 
cardiac LTCC, also called CaV1.2, is encoded by the CACNA1C 
gene, spans more than 500 kb, and undergoes extensive alterna-
tive splicing with at least 42 known splice variants.15,16 Some of 
these splice variants are expressed in the heart and have been 
associated with a diversity of biophysical properties, including 
differences of inactivation kinetic, drug sensitivity, and phos-
phorylation sensitivity.14

The structure of the α1-subunit is similar to that of the sodium 
channel and consists of four homologous domains (I to IV), each 
one formed by transmembrane-spanning segments (S1 to S6), 
and a membrane-associated loop between S5 and S6 that forms 
the pore (see Figure 95-2).17 CaV1.2 conducts the inward calcium 
current (ICa) that maintains the plateau phase of the cardiac action 
potential. The influx of Ca2+ ions into the cell triggers the release 
of Ca2+ from the sarcoplasmic reticulum, thus playing an impor-
tant role in excitation-contraction coupling.

The accessory subunits of the L-type calcium channel modu-
late gating, trafficking, and the responses to neurohormonal 
stimuli. The β-subunit has an important role as it increases ICa 
density by enhancing single-channel open probability and slowing 
inactivation.18,19

Among the biophysical properties of ICa, the inactivation 
process is relevant to the pathophysiology of TS (discussed later). 
Two components have been identified: voltage-dependent  
inactivation (VDI) and Ca2+-dependent inactivation. The Ca2+-
mediated component of inactivation is modulated by intracellular 
(cytosolic) concentration of calcium ([Ca2+]i). Therefore, any per-
turbation of sarcoplasmic reticulum (SR) release or plasmalem-
mal entry can affect ICa.20 The relative contributions of these 
Ca2+ sources to total Ca2+-dependent inactivation vary with time 
after depolarization, switching from early SR dominance to late 
CaV1.2 dominance.

The most striking biophysical consequence of the G406R 
mutation in exon 8A is the impaired control of ICa macroscopic 
current, with a loss of inactivation.3 In a mathematical model of 
a human ventricular myocytes,6 such a loss of VDI leads to sig-
nificant action potential prolongation. The prolongation is asso-
ciated with the onset of delayed afterdepolarizations and triggered 
activity. Additional elements that affect inactivation and channel 
kinetics are in the S6 segments and in the C-terminus.21 TS3 
mutation is in the S6 segment of domain IV.

Loss of channel inactivation is also present in both TS2 muta-
tions.6 In vitro expression of G402S and G406R (exon 8) showed 
almost complete loss of channel inactivation, and computer  
modeling suggested the action potential duration is even  
more prolonged than that observed for the TS1 G406R (exon 
8A).6 This evidence together with the observation that cardiac 
expression of exon 8 is higher than that of exon 8A leads to the 
possibility that TS2 could cause worse cardiac phenotype com-
pared with TS1.

Role of Calmodulin-Dependent Protein Kinase II

The role of calmodulin-dependent protein kinase II (CaMKII) 
in the pathogenesis of TS has been extensively studied. CaMKII 
is an important mediator of adrenergic signaling in the calcium 
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implantable cardioverter defibrillator is often required to prevent 
sudden cardiac death in TS.

Another important aspect is careful monitoring for recurrent 
infections (secondary to altered immune responses) and blood 
glucose levels, because deaths resulting from sepsis (despite 
aggressive antibiotic therapy) and intractable hypoglycemia have 
been reported.3 Close monitoring of glucose levels, especially in 
patients receiving β-blockers, is essential, because these drugs 
could mask the symptoms of hypoglycemia.

Summary

Timothy syndrome is a rare but severe variant of long QT syn-
drome, with peculiar manifestations and multiorgan involve-
ment. The research studies directed at TS are contributing to the 
understanding of the complex and crucial physiologic role of the 
L-type calcium channel, not only for cardiac excitability but also 
in the central nervous system, in immune responses, and in 
embryonic development.

Therapeutic options for affected patients are limited and 
should be targeted to prevent sudden death with a combination 
of β-blockers, calcium channel antagonists, and an implantable 
cardioverter defibrillator. The presence of only four mutations 
(G406 in 8, 8A, G402, and A1473) in patients with TS makes the 
molecular analysis a cheap and helpful tool for diagnosis. Given 
the severe multiorgan involvement, genetic counseling in families 
of patients with TS is required, and reproductive counseling 
should always account for the possibility of family recurrence 
owing to parental mosaicism.

approximately 37% wider at the midpoint than those of controls, 
which is consistent with a loss of channel inactivation.28 Gene 
expression analysis showed an upregulation of the CaMKII gene 
in neuronal precursor cells from the patient with TS, supporting 
the role of CaMKII in the pathogenesis of TS.

Studies of IPS-derived cells suggested a possible novel thera-
peutic approach to the disease. Two studies—one on HEK cells 
and mathematical modeling and one in neuronal cells derived 
from a patient with TS by iPSC technology—showed that rosco-
vitine, a cyclin-dependent kinase inhibitor that increases inactiva-
tion of the L-type channel, can revert the electrophysiologic 
abnormalities.28,29

Therapy for Timothy Syndrome

Although TS was identified several years ago, most studies are 
case reports or describe few affected individuals. Extensive data 
on the natural history of the disease and response to therapy are 
still missing; however, TS is likely the most malignant inherited 
arrhythmogenic syndrome. Ventricular tachyarrhythmias are the 
leading cause of death, and their prevention should be of primary 
concern. Although no data are specifically available for the TS 
patient cohort, β-blockers are used based on their efficacy in long 
QT syndrome.30 Additional pharmacologic therapies, including 
mexiletine, ranolazine, or calcium channel blockers, have been 
proposed to shorten ventricular repolarization, restore 1 : 1 atrio-
ventricular conduction, and reduce the risk of arrhythmias.8,13 
The effectiveness of these drugs awaits confirmation. Despite  
the very young age of the affected patients, placement of an 
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addition, patients with idiopathic VF can develop recurrent VF 
during therapeutic hypothermia.6 Third, it is important to 
emphasize that J waves are often observed in healthy individuals 
who have the early repolarization ECG pattern. Although this 
ECG pattern has been considered benign, case-controlled series 
recently demonstrated a significant association between the early 
repolarization pattern and idiopathic VF (Table 96-2). It is there-
fore imperative to distinguish the common and benign early 
repolarization pattern from the rare and malignant ECG of the 
J wave syndromes.

In this regard, it is important to note that the early repolariza-
tion pattern has conventionally been defined as the combination 
of J waves with ST segment elevation. However, recent evidence 
suggests that each of these components has different prognostic 
connotation.18,19 As explained in this chapter, J waves without ST 
segment elevation can be particularly arrhythmogenic.20 As a 
result, this chapter summarizes the clinical and ECG features of 
the J wave syndromes with an emphasis on the morphology of 
the J waves and the contour of the ST segments. A detailed 
explanation of the arrhythmic mechanisms of J wave syndromes 
appears in Chapter 52.

Acquired J Wave Syndromes: Hypothermia 
and Ischemic Ventricular Fibrillation

The prototype of the arrhythmogenic J wave was described by 
Osborn; dogs subjected to worsening degrees of hypothermia 
developed increasingly taller J waves and eventually VF.21 This 
ECG hallmark of impending VF involves giant J waves without 
ST segment elevation (Figure 96-2, A), and the same applies 
to clinically significant hypothermia in humans22 (see Figure 
96-2, B). Experiments involving cooling of cardiac-wedge prepa-
rations demonstrated that hypothermia-related J waves are the 
ECG reflection of increased dispersion of repolarization caused 
by disproportionate abbreviation of the epicardial action poten-
tial, eventually leading to phase 2 reentry and VF (see Figure 
96-2, C).2 Quinidine is extremely effective for preventing 
hypothermia-induced VF in animal studies,24 which is an inter-
esting finding considering that quinidine is the most effective 
drug for preventing VF in clinical J wave syndromes.25,26

The mechanisms underlying ischemic arrhythmias are more 
complex4; however, VF occurring during acute ST elevation 
myocardial infarction also appears to be due to phase 2 reentry.4 
In the setting of acute coronary occlusion, the fall in the action 
potential dome in the ischemic zone occurs principally because 
of activation of adenosine triphosphate (ATP)-sensitive potas-
sium current (IK-ATP) secondary to a reduction in intracellular 
ATP levels and increase in adenosine diphosphate levels because 
of tissue ischemia. Phase 2 reentry occurs secondary to propaga-
tion of the action potential dome from normal zone to ischemic 
regions.4
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The term J wave syndromes denotes a clinical spectrum consisting 
of diseases that greatly differ from each other in terms of etiology 
and clinical characteristics, but share similar electrocardiographic 
(ECG) features and arrhythmogenic mechanisms.1 Etiologies 
include genetic disorders (Brugada syndrome), acquired disor-
ders (myocardial ischemia and hypothermia), and diseases of 
unclear etiology (idiopathic ventricular fibrillation [VF] with 
early repolarization; Table 96-1). The arrhythmogenic mecha-
nism shared by these diseases is an uneven abbreviation of the 
action potential (in some myocardial areas more than others). 
The resulting increased dispersion of ventricular repolarization 
underlies the ECG hallmark of these disorders: J-point elevation 
(also termed J wave) and ST segment elevation. When the disper-
sion of ventricular repolarization reaches a certain threshold (i.e., 
when areas of markedly different action potential duration coexist 
in contiguous myocardial areas), malignant reentrant polymor-
phic ventricular tachyarrhythmias occur (Figure 96-1, A). This 
common arrhythmogenic mechanism explains why disorders 
with fundamentally different etiologies, such as an inborn mal-
function of cardiac sodium channels in Brugada syndrome versus 
acute coronary occlusion in the case of acute myocardial infarc-
tion, cause ventricular arrhythmias of identical morphology. As 
shown in Figure 96-1, arrhythmias in the various J wave syn-
dromes are polymorphic and invariably start with a short-coupled 
ventricular extrasystole.

Three points are noteworthy. First, although some J wave 
syndromes (e.g., idiopathic VF or hypothermia) are entirely due 
to repolarization abnormalities, depolarization delay is important 
in others. Specifically, conduction delay to the right ventricular 
outflow tract (RVOT) and through ischemic myocardial zones, 
contribute to the arrhythmias of Brugada syndrome,3 and isch-
emic VF.4 Second, although J wave syndromes are classified as 
congenital or acquired (see Table 96-1), both characteristics can 
coexist. For example, patients with congenital mutations not 
severe enough to manifest Brugada syndrome are predisposed  
to develop VF when challenged with specific drugs (http://
www.brugadadrugs.org/) or acute myocardial infarction.5 In 

http://www.brugadadrugs.org/
http://www.brugadadrugs.org/


Figure 96-1.  Arrhythmias in the J wave syndromes. A, Experimental hypothermia in the wedge preparation model.2 At baseline, the action potential is slightly shorter in 
the epicardium than in the epicardium, because the former normally has larger ITo currents; however, the dispersion of repolarization (i.e., the difference between the short-
est and longest action potential duration) is small. Cooling of the preparation leads to shortening of the action potential; however, this action-potential shortening is dis-
proportionally accentuated in epicardial layers, leading to loss of the action potential dome. Note that the action potential dome is still present in the endocardium at a 
time when the epicardium is no longer refractory. This allows for propagation of the action potential dome from endocardium to epicardium (phase 2 reentry). B, C, and 
D, Spontaneous initiations of ventricular fibrillation (VF) in a patient with acute inferior myocardial infarction (note the ST-segment elevation in leads II, III, and aVF in B), in 
a patient with Brugada syndrome (C) and a patient with idiopathic VF (D). Note that in all cases VF is initiated by a ventricular extrasystole with short coupling interval (on 
the T wave of the last sinus complex). 

(A, Reproduced from Fish JM, Antzelevitch C: Link between hypothermia and the Brugada syndrome. J Cardiovasc Electrophysiol 15:942, 2004.)
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Table 96-1. J Wave Syndromes.

Congenital J Wave Syndromes
Acquired J Wave Syndromes*

Brugada Syndrome Idiopathic VF
Acquired Brugada 
Syndrome

Myocardial 
Ischemia Hypothermia

Etiology Genetic ion channel 
malfunction (SCN5A, 
CACNA1C, CACNB2b, 
GPD1L, SCN1B, KCNE3, 
SCN3B).

Unknown in most cases; 
genetic mutations 
leading to 
malfunctioning ion 
channels in some cases 
(e.g., mutations in KCNJ8)

Medications with 
sodium-channel 
blocking-
properties†

Coronary occlusion Experimental or 
clinical lowering of 
body temperature

Site of J wave 
and ST-segment 
elevation

Right precordial leads Inferior and inferolateral 
leads

Right precordial 
leads

Depending on the 
occluded coronary 
artery

Inferolateral leads

Clinical 
arrhythmias

VF at rest, mainly in adult 
males, sometimes triggered 
by fever and drugs

VF at rest in young 
adults, sometimes 
triggered by fever

VF can occur rarely 
during drug 
exposure

VF during the acute 
phase of ST elevation 
myocardial infarction

VF during clinical 
or experimental 
hypothermia

Effective therapy Intravenous isoproterenol 
and oral quinidine

Intravenous 
isoproterenol and oral 
quinidine

Discontinuation of 
the culprit drug; 
isoproterenol 
intuitively effective

Myocardial 
revascularization; 
quinidine intuitively 
effective

Quinidine effective 
in experimental 
hypothermia

VF, Ventricular fibrillation.
*The distinction between congenital and acquired forms is not always straightforward (see text).
†See http://www.brugadadrugs.org.

http://www.brugadadrugs.org
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Table 96-2. Evidence Supporting the Association Between Early Repolarization and Increased Risk for Arrhythmic Death

Reference Number of Patients Criteria for Early Repolarization Main Findings

Case-Control Series of Idiopathic VF

Haissaguerre et al.7 Idiopathic VF = 206
Controls* = 412
*matched by age, gender and race

QRS-ST junction elevation ≥ 0.1mV 
(notching or slurring) in inferior or 
lateral leads

Increased prevalence of early repolarization in 
idiopathic VF (31% vs. 5%, P < .001)

Rosso et al.8 Idiopathic VF = 45
Controls* = 124
*matched by age and gender.
Athletes = 132

QRS-ST junction elevation 
(notching or slurring); QRS-ST 
junction elevation ≥ 0.1mV also 
reported

Increased prevalence of early repolarization in 
idiopathic VF (42% vs.13%, P = .001)
Intermediate prevalence among healthy 
athletes (21%)

Merchant et al.9 Idiopathic VF = 39
Controls with benign early 
repolarization = 61

QRS-ST junction elevation ≥ 0.1mV 
(notching or slurring) in 2 
consecutive leads

Left precordial early repolarization is more 
prevalent in malignant variants of ER than in 
benign cases.

Nam et al.10 Idiopathic VF = 19
Controls = 1395

QRS-ST junction elevation ≥ 0.1mV 
(notching or slurring) in 2 
consecutive leads

Early repolarization more common in idiopathic 
VF (58% vs. 3%), especially ER in multiple leads 
(73% vs. 15%, P < .05)

Abe et al.11 Idiopathic VF = 22
Control = 6,657

QRS-ST junction elevation ≥ 0.1mV 
(J-wave) in 2 consecutive leads

Early repolarization more common in idiopathic 
VF (32% vs. 2$, P < .001).

Population-Based Studies

Klatsky et al.12 2,081 adults who voluntarily 
underwent ECG recording

Early repolarization defined mainly 
as ST elevation ≥1mm. (J waves 
noted in only 29%)

Early repolarization noted in 1% of all subjects. 
No increased risk of death (HR 0.8; 95% CI 
0.6-1.2) or hospitalization (HR 1.0; 95% CI 
0.9-1.2) in individuals with early repolarization

Tikkanen13 10,957 adults followed for  
30 years

J wave elevation ≥ 0.1mV 
(notching or slurring) in inferior or 
lateral leads

Early repolarization in 5.8%. Increased risk of 
cardiac mortality (adjusted RR 1.28; 95% CI 
1.04-1.59) in individuals with ER in inferior 
leads. Increased arrhythmic mortality for those 
with J wave > 2 mV.

Sinner14 6213 adults followed for 18 years J wave elevation ≥ 0.1mV 
(notching or slurring) in all leads 
except V1-3

Early repolarization in 13.1%; 2-4 fold increased 
of cardiac mortality in individuals 35-54 years 
old with early repolarization, particularly when 
present in inferior leads

olson et al.15 15,141 adults followed for  
17 years

J wave elevation ≥ 0.1mV in any 
lead

Early repolarization is present in 12.3% and is 
associated with an increased risk of SCD in 
whites (HR 2; 95% CI 1.3-3.2) and in females (HR 
2.5; 95% CI 1.3-4.8), but not in blacks or males

Haruta et al.16 5976 subjects followed by the 
Radiation Effects Research 
Foundation in Nagasaki, Japan

QRS-ST junction elevation ≥ 0.1mV 
(notching or slurring) in inferior or 
lateral leads

Early repolarization is present in 23.9% and is 
associated with increased risk of unexpected 
death (HR 1.83; 95% CI 1.1 to 3) and a 
decreased risk of cardiac and all-cause death

Uberoi et al.17 2,9281adults followed for  
7.6 years

J wave elevation ≥ 0.1mV 
(notching or slurring) in any lead

Early repolarization present in 2.3%. No 
significant association between early 
repolarization and cardiac mortality

VF, Ventricular fibrillation.

Modified from Rosso R, Adler A, Halkin A, Viskin S: Risk of sudden death among young individuals with J waves and early repolarization: putting the evidence into 
perspective. Heart Rhythm 8:923–929, 2011.

Congenital J Wave Syndromes:  
Brugada Syndrome and Idiopathic  
Ventricular Fibrillation

Brugada syndrome is a genetic disease (described in detail in 
chapters 50 and 92), whereas the etiology remains unknown for 
most cases with idiopathic VF (see Chapter 97). In both diseases, 
VF results from phase 2 reentry made possible by an abnormal 
increase in the dispersion of ventricular repolarization, although 

delayed conduction to the RVOT is also proarrhythmic in the 
Brugada syndrome.3 In the case of Brugada syndrome, genetic 
mutations leading to reduced depolarizing currents lead to a loss 
of the action potential dome within the RVOT epicardium, 
where ITo repolarizing currents are generally prominent.1 In idio-
pathic VF, areas of early repolarization in the left ventricular 
epicardium probably allow the premature Purkinje fiber ectopy 
to trigger the reentrant polymorphic arrhythmias.

Both diseases manifest as syncope or cardiac arrest in young 
adults (mean age of 43 ± 14 years in Brugada syndrome27 and 35 
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Figure 96-2.  The arrhythmogenic J wave. A, The J waves recorded by Osborn during his experiments with hypothermia in dogs, including his original annotation: “current 
of injury.”21 Dogs with this injury current went on to develop spontaneous ventricular fibrillation (VF). Note that the marked J waves of hypothermia are not accompanied 
by  segment  elevation  (ST-E),  neither  in  experimental  hypothermia  (A)  nor  in  clinically  significant  hypothermia  in  humans  (B).22  C, The  wedge-preparation  experiment 
demonstrating that hypothermia-induced J waves are the electrocardiographic representation of increased dispersion of repolarization. Decreasing the temperature of the 
coronary perfusion solution from 37° C to 29° C augments the action potential notch in epicardium, but not endocardium, and increases the amplitude of the J wave. The 
cooler  temperature  leads  to  heterogeneous  loss  of  the  epicardial  action  potential  dome,  phase  2  reentry  within  the  epicardium  (arrow),  and  polymorphic  ventricular 
tachycardia.1 D, The electrocardiogram of a patient with  idiopathic VF.23 Note that the J wave amplitude  increases after pauses and  immediately before the onset of VF; 
however, J wave augmentation is not accompanied by ST elevation. 

(Entire figure reproduced from Viskin S, Rosso R, Halkin A: Making sense of early repolarization. Heart Rhythm 9:566–568, 2012; A, reproduced from osborn JJ: Experimental 
hypothermia; respiratory and blood pH changes in relation to cardiac function. Am J Physiol 175:389–398, 1953; B, reproduced from Kanna B, Wani S: Giant J wave on 12-lead 
electrocardiogram in hypothermia. Ann Noninvasive Electrocardiol 8:262–265, 2003; C, reproduced from Fish JM, Antzelevitch C: Link between hypothermia and the Brugada 
syndrome. J Cardiovasc Electrophysiol 15:942–944, 2004; D, reproduced from Shinohara T, Takahashi N, Saikawa T, yoshimatsu H: Characterization of J wave in a patient with 
idiopathic ventricular fibrillation. Heart Rhythm 3:1082–1084, 2006.)
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± 10 years in idiopathic VF7), predominantly of male sex. Among 
cardiac arrest survivors, 89% of patients with Brugada syndrome27 
and 59% of patients with idiopathic VF are male.7 The baseline 
ECG is characteristic in Brugada syndrome (right bundle brunch 
pattern with ST segment elevation in the right precordial leads) 
and is considered normal in idiopathic VF. Recent evidence, 
however, suggests that patients with idiopathic VF have a QT 
interval within the low-normal range and shorter than that found 
in healthy controls.28 Moreover, a higher than expected preva-
lence of J waves in the inferior and inferolateral leads has been 
described in idiopathic VF7,8 and the Brugada syndrome.29 Among 
idiopathic VF patients, those with J waves in the inferior leads 
are more often male, have shorter QT intervals, and have a more 

malignant course.7 Interestingly, ajmaline augments the ST 
segment elevation in Brugada syndrome but attenuates the 
J-point elevation in patients with early repolarization.30,31 A worse 
prognosis has also been described in patients with Brugada syn-
drome who also have J waves in the inferior leads.29 In both 
conditions, VF is initiated by ventricular extrasystoles with a 
short coupling interval (particularly short in idiopathic VF; see 
Figure 96-1). These extrasystoles originate in the RVOT in 
Brugada syndrome and in left ventricular Purkinje fibers or the 
RVOT in 85% and 15% of patients with idiopathic VF, respec-
tively.32 Sleep-related arrhythmias predominate in both diseases.33 
Arrhythmic storms, with frequent VF episodes occur in 18% of 
patients with Brugada syndrome34 and in 27% of patients with 
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but actually predicts cardiac death.13 Moreover, a recent post hoc 
analysis of this study suggested that the long-term arrhythmic 
risk associated with early repolarization is limited only to those 
patients who have J waves followed by a horizontal ST segment.18 
In contrast, patients with J waves and rapidly ascending ST 
segment had a benign course, with the same mortality risk as 
patients without early repolarization.18

The survival curves of patients with and without J waves in 
the studies by Tikkanen et al.13 and Sinner et al.14 began to 
diverge at approximately 60 years of age. It is unlikely that the 
observed increase in mortality represents death from idiopathic 
VF because the latter is a rare disease that strikes at a younger 
age. A plausible explanation for these findings is that patients with 
J waves have increased dispersion of repolarization to some 
degree that places them at increased risk for arrhythmic death, 
but only when additional proarrhythmic triggers occur. Such 
triggers could be Purkinje extrasystoles in the rare case of idio-
pathic VF or, more commonly, during myocardial ischemia.28 
Indeed, patients with J waves on their baseline ECG who subse-
quently develop acute myocardial infarction have been reported 
to be at increased risk for ischemic VF.40,41

Approach to the Patient with J Waves

Cardiac arrest survivors with J waves on the resting ECG should 
undergo a complete evaluation for all potential etiologies of 
sudden cardiac death before idiopathic VF with early repolariza-
tion is accepted as the final diagnosis. Documentation of recur-
rent VF preceded by pause-dependent J wave augmentation, and 
VF initiation by a ventricular extrasystole with very short cou-
pling interval, are diagnostic of a J wave syndrome. Once coro-
nary disease and Brugada syndrome are excluded, the diagnosis 
of idiopathic VF is certain, provided the recurrent arrhythmias 
did not occur during therapeutic hypothermia. It is important to 
note that the presence of early repolarization is a hereditable trait 
regardless of the presence of arrhythmic disease.42 Consequently, 
caution should be exercised before asymptomatic relatives of 
cardiac arrest victims are classified as affected merely because they 
have earlier repolarization on their resting ECG.

The approach to the patient with syncope and early repolar-
ization should be guided mainly by the clinical characteristics  
of the event, noting that both benign vagal syncope and benign 
early repolarization are common. As for asymptomatic patients 
with early repolarization, the following characteristics should be 
considered:
1. Gender. Although male sex predominates among patients 

with idiopathic VF with J waves,7,8 the same is true for 
controls.7

2. A history of familial sudden death is more frequently 
reported by patients with idiopathic VF with J waves.7 
However, only 22% of patients with idiopathic VF in some 
series7 (and none in others8) had a family history of sudden 
death. In practical terms, asymptomatic young individuals 
with a family history of sudden death should be evaluated 
for the presence of heritable arrhythmic disorders regardless 
of the presence or absence of J waves. The congenital short 
QT syndrome should be considered strongly because 
patients with this malignant genetic disease often have J 
waves.43

3. J wave amplitude. J wave amplitude in idiopathic VF patients 
tends to be larger than in controls,7 and the J-wave 
amplitude to R-R interval slope is greater for idiopathic VF 
patients44; however, the absolute difference is too small to be 
of diagnostic significance for the individual patient.

4. Pattern of early repolarization. Data from a population-based 
study18 and a case-control series of idiopathic VF19 suggest 

idiopathic VF and early repolarization.35 These VF-storms are 
refractory to conventional antiarrhythmic drugs, including amio-
darone, but respond extremely well to intravenous isoproterenol 
and oral quinidine.36,37

Early Repolarization in Healthy  
Individuals and J Waves in Idiopathic 
Ventricular Fibrillation

The early repolarization pattern is present in 2% to 23% of 
healthy individuals and is more prevalent in young males, par-
ticularly if athletic and of African American origin.38 The normal-
variant early-repolarization pattern characteristically includes 
marked ST segment elevation to the point that, for decades, 
investigations focused on how to distinguish this normal variant 
from acute myocardial infarction.20 Given the fact that early 
repolarization is prevalent in the young and the fittest, it was 
generally viewed as a marker of good health; however, this view 
was challenged recently. Initially, case reports38 demonstrated 
that some patients with idiopathic VF develop augmentation of 
the J wave amplitude immediately preceding the onset of malig-
nant arrhythmias, with the latter phenomenon suggesting cause 
and effect. As opposed to the normal early repolarization pattern, 
ECGs in idiopathic VF generally show marked J waves without 
ST segment elevation.20 Subsequently, several case-control series 
consistently showed that J waves are more prevalent among 
patients with idiopathic VF than among carefully matched 
healthy controls (see Table 96-2). A more recent analysis showed 
that the strongest ECG correlate of idiopathic VF is the presence 
of J waves followed by horizontal (rather than rapidly ascending) 
ST segments.19 In that study, the presence of J waves was associ-
ated with a history of idiopathic VF with an odds ratio of 4.0 
(95% confidence interval, 2.0 to 7.9) and having J waves with 
horizontal ST segment yielded an odds ratio of 13.8 (95% con-
fidence intervals, 5.1 to 37.2). Those figures, however, should be 
placed in context of the rarity of idiopathic VF. For an individual 
who is 35 to 45 years old, the risk of developing idiopathic VF is 
only 3.4 in 100,000; this risk increases to 1 in 10,000 in the pres-
ence of J waves and rises to 1 in 3000 if the J waves are coupled 
with horizontal ST segment. These data should be considered 
judiciously in the management of asymptomatic patients with J 
waves (discussed later).

Arrhythmic Risk for Patients with Early 
Repolarization in Large Prospective 
Population Studies

Recent large, population-based studies provide conflicting evi-
dence concerning the long-term prognostic implication of early 
repolarization (see Table 96-2). Uberoi et al.17 found that neither 
the presence of J waves nor the presence of ST segment elevation 
was associated with increased cardiac mortality. In contrast, two 
large studies (by Tikkanen13 and Sinner14) concluded that patients 
with J waves have a threefold increased risk for cardiac death.13,14 
The fact that series with similar inclusion criteria reached oppo-
site conclusions is most likely due to the difficulties inherent to 
the definition of early repolarization. For example, in a recent 
series, the prevalence of J-point elevation varied from 2% to 30% 
in the same cohort depending on the definition being used.39

The study by Tikkanen et al.13 is particularly important 
because, rather than performing a case-control analysis of a sub-
group of individuals, these investigators analyzed the long-term 
outcome of the entire study cohort.13 From this study one can 
conclude that the presence of J waves is not only associated with 
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waves had the horizontal ST-segment pattern.46 Moreover, 
careful analysis of the data suggesting that the early 
repolarization considered potentially malignant that for the 
asymptomatic individual with J waves followed by horizontal 
ST-segment, the risk of sudden death is only 1 : 3000.19 
Thus, further risk stratification with electrophysiological 
studies is not justifiable for such individuals based on 
present knowledge.20,38

that the presence of J waves followed by a rapidly ascending 
ST-segment is a common benign pattern not associated  
with increased arrhythmic risk. It is predominantly the J 
waves that are followed by a horizontal ST-segment that are 
associated with arrhythmic risk18,19 (Figure 96-3). 
Nonetheless, although a horizontal ST-segment is almost 
never seen in healthy athletes,18 this potentially malignant 
pattern is often seen in asymptomatic adults.18 In a carefully 
performed study, 71% of healthy individuals with notched J 

Figure 96-3.  Benign and potentially malignant early repolarization patterns (blue and red panels, respectively). A, Examples of early repolarization with rapidly-ascending 
(A1) and horizontal ST segment (A2) as reported by Tikkanen et al.18 The first pattern (A1) was quasi-universal in athletes and had no adverse prognostic significance for the 
general population, whereas subjects with a horizontal pattern (A2) had an increased hazard ratio of arrhythmic death.18 B, Findings in a case-control series of idiopathic 
ventricular fibrillation.19 Using Tikkanen’s criteria, almost all the controls with early repolarization had up-sloping ST-E (B1), whereas almost 70% of patients with idiopathic 
ventricular fibrillation patients with J waves had horizontal ST-E (B2). C, A reproduction of a figure published by Cappato et al.45 C1 shows J waves with up-sloping ST-E in 
a healthy athlete, and C2 shows J waves with horizontal ST-E in a young soccer player with cardiac arrest.45 

(Reproduced from Viskin S, Rosso R, Halkin A: Making sense of early repolarization, Heart Rhythm 9:566–568, 2012.)
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even with completely normal baseline findings. Thus, analysis of 
serial electrocardiograms (ECGs), 24-hour Holter ECGs and 
exercise tests is mandatory before establishing the diagnosis  
of IVF.

The ECG in IVF is usually normal or has at the most subtle 
unspecific changes. Viskin et al.6 showed that male patients with 
IVF had slightly shorter QTc intervals compared with healthy 
controls. Whether this finding is clinically relevant needs to  
be shown in the future.6 An early repolarization pattern in the 
inferolateral leads was associated with an increased risk for 
sudden cardiac death7; this finding was confirmed in large 
population-based studies.8 Early repolarization seems to indicate 
a higher risk in patients without structural heart disease and in 
patients with acute or chronic coronary artery disease.9,10 Because 
of the high prevalence of early repolarization in the general 
population, it remains unclear how to identify those who are at 
increased risk of sudden death.11 J waves syndrome is discussed 
in detail in Chapter 96).

Specific premature ventricular contractions (PVCs) can 
trigger polymorphic ventricular tachycardia or ventricular fibril-
lation. These PVCs are typically shortly coupled and arise from 
the right ventricular outflow tract (RVOT) or the Purkinje 
system.12,13 In patients without organic heart disease, the most 
common site of origin of PVCs and ventricular tachyarrhythmias 
is the RVOT. The morphology of ventricular tachycardias usually 
resembles a left bundle branch block pattern with an inferior axis. 
The clinical course of these patients is considered predominantly 
benign; however, benign PVCs originating from the RVOT can 
initiate ventricular fibrillation.14 Risk factors for potentially 
malignant RVOT electrical activity appear to be a history of 
syncope, rapid ventricular tachycardias (rates of more than 230 
beats/min), frequent PVCs (more than 20,000 per day), and ven-
tricular ectopy with a short coupling interval.15 However, a com-
parison of patients with benign PVCs and patients with PVCs 
that can induce IVF also shows a significant overlap of clinical 
parameters, such as lower number of PVCs and longer coupling 
intervals (more than 320 ms) and QRS duration of PVCs.14 Thus, 
identification of patients with potentially malignant ventricular 
extrasystoles still remains a challenge.

The Purkinje system is another source of triggers initiating 
IVF (Figure 97-1). Haissaguerre et al.16 showed that PVCs with 
narrow QRS morphology and right or left bundle block pattern 
originating in the area of the left or right Purkinje system are 
involved in the induction of ventricular fibrillation.16 This study 
confirmed the role of the Purkinje system in the initiation of IVF, 
although the exact mechanisms remain unknown.13

Diagnostic Evaluation

The diagnosis of IVF can be established only if structural and 
electrical cardiac abnormalities have been excluded. Thus, a com-
plete systematic cardiologic workup is mandatory (Figure 97-2).

Besides noninvasive and invasive examinations, clinical and 
family history provides considerable information on potential 
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Ventricular fibrillation in patients without structural heart disease 
is rare. Ninety to ninety-five percent of individuals with ventricu-
lar fibrillation reveal underlying structural heart disease. No 
structural heart disease can be identified in only 5% to 10% of 
patients. According to the results of the Cardiac Arrest Survivors 
With Preserved Ejection Fraction Registry (CASPER) among 
patients with normal left ventricular function, a causal diagnosis 
for ventricular fibrillation can be found in 56%.1 Most diagnoses 
were primary electrical diseases (catecholaminergic polymorphic 
ventricular tachycardia [CPVT], long QT syndrome, early repo-
larization syndrome, and Brugada syndrome [69%]). In 31% of 
patients, a subtle structural heart disease (i.e., coronary spasm, 
subclinical arrhythmogenic right ventricular cardiomyopathy and 
myocarditis) was identified. In addition, idiopathic ventricular 
fibrillation (IVF) was diagnosed in 44% of patients with ventricu-
lar fibrillation without structural heart disease.1 Patients with IVF 
had a mean age of 40 to 45 years.1,2 The diagnosis of IVF is based 
on the exclusion of currently known structural and primary elec-
trical heart diseases following a complete noninvasive, invasive, 
and genetic workup.

Historical Perspective

Over time, the group of patients diagnosed with IVF has declined 
because more entities have been identified that were previously 
classified as IVF. Primary electrical diseases with characteristic 
electrocardiographic patterns such as long QT syndrome, 
Brugada syndrome, CPVT, short QT syndrome, and early repo-
larization syndrome are to be ruled out before the diagnosis of 
idiopathic VF can be established.3 In addition to distinct electro-
cardiographic patterns, new genetic mutations encoding for 
cardiac ion channels or structural proteins could be associated 
with IVF.4,5

Electrocardiographic Phenotype and Triggers 
of Idiopathic Ventricular Fibrillation

By definition, patients with IVF have no obvious structural heart 
disease und no electrocardiographic changes indicating a specific 
diagnosis. Primary electrical diseases can manifest with either 
minor abnormalities or fluctuating repolarization patterns, or 
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excluded in the workup for IVF. Coronary angiography and 
cardiac computed tomographic scan are the methods of choice 
to exclude acute myocardial infarction or coronary anomalies 
(Figure 97-3). Because ventricular fibrillation may be the first 
manifestation of coronary artery disease, coronary angiography 
should be considered even in patients younger than 35 years.

Blood tests are needed for exclusion of electrolyte imbalance 
or drug intoxications triggering ventricular tachyarrhythmias.18

Impairment of left ventricular function, valvular heart  
disease, regional wall motion abnormalities, and right ventricular 

underlying diagnosis. In the setting of absent structural heart 
disease, syncope or sudden cardiac arrest during exercise or stress 
indicate long QT syndrome or CPVT. Sleep-related sudden 
death is associated with long QT3 syndrome or Brugada syn-
drome. Furthermore, information on medication provoking QT 
prolongation (www.qtdrugs.org) or the Brugada phenotype 
(www.brugadadrugs.org) and fever-related sudden death may also 
be helpful.17

Coronary artery disease accounts for the largest number of 
sudden deaths of cardiac etiology; therefore, ischemia must be 

Figure 97-1.  The  12-lead  electrocardiogram  of  a  female  patient  with  idiopathic  ventricular  fibrillation.  Multiple  premature  ventricular  contractions  (PVCs)  from  the  left 
Purkinje system could be recorded. After implantation of an implantable cardioverter defibrillator (ICD), PVCs were ablated following multiple ICD discharges. 

I V1

III V3

aVR V4

aVL V5

aVF V6

II V2

Figure 97-2.  Schematic workup of patients with sudden cardiac arrest. 

Clinical/Family History
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• Drug challenge
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• Echocardiography
• Cardiac CT
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Invasive Workup
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• Myocardial biopsy

SUDDEN CARDIAC ARREST
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syndrome, and short QT syndrome. The diagnostic and thera-
peutic value of inducible ventricular fibrillation is uncertain.

After excluding structural abnormalities, several ion chan-
nelopathies have to be ruled out. Long QT syndrome, short QT 
syndrome, Brugada syndrome, CPVT, and early repolarization 
syndrome have to be considered. The basal ECG often indicates 
a distinct channelopathy; however, additional exercise tests or 
provocation maneuvers are needed, because a diagnostic ECG 
pattern might be concealed or fluctuate over time.

Prolongation of the QT interval (QTc > 440 ms in men and 
>460 ms in women) and characteristic T wave patterns suggest-
ing specific long QT syndrome subtypes have to be excluded. 
Several baseline ECGs and Holter ECGs are recommended to 
detect transitional prolongations of the QT interval, because 
20% of patients with genetically proven long QT syndrome 
could show normal QTc intervals.24

enlargement must be excluded. In unexplained dilative cardiomy-
opathy or myocardial hypertrophy or possible arrhythmogenic 
right ventricular cardiomyopathy (ARVC), myocardial biopsy is 
advised.

Echocardiography should be repeated during follow-up 
because cardiopulmonary resuscitation often leads to temporary 
impairment of left ventricular function and ECG changes, which 
can be misdiagnosed. Furthermore, in dilative cardiomyopathy, 
HCM, or ARVC, the first clinical phenotype might be ventricular 
fibrillation before impairment of LV function or structural abnor-
malities can be detected.19 Ventricular tachyarrhythmias or ven-
tricular fibrillation have been reported in left apical ballooning 
(Takotsubo cardiomyopathy) as a newly recognized form of  
cardiomyopathy.20 Cardiac magnetic resonance imaging can be 
applied to rule out ARVC.21 Evidence of late gadolinium enhance-
ment indicates a scar caused by coronary artery disease, myocar-
ditis, ARVC, or hypertrophic cardiomyopathy. Extracardiac 
diseases with potential cardiac involvement, such as sarcoidosis, 
Fabry disease, or neurodegenerative disorders, should also be 
excluded.

Recently, a new entity has been described: sudden unexpected 
death in epilepsy (SUDEP). Patients with epilepsy can die sud-
denly in the absence of structural heart disease with or without 
the evidence of seizure. The mechanism of SUDEP is not fully 
understood. Cardiac arrhythmias, postictal cardiomyopathy, 
seizure-related respiratory failure, and alternated autonomic 
function are discussed in literature. Ventricular fibrillation might 
be one specific cause in SUDEP. Specific mutations in genes 
encoding also for channelopathies like Brugada syndrome and 
long QT syndrome have been identified in SUDEP.22,23 Thus, a 
link between ion channelopathies in the heart and the brain exists 
and could indicate ventricular tachyarrhythmias as one cause for 
SUDEP (Table 97-1).

Electrophysiological studies could provide additional infor-
mation about underlying electrophysiological abnormalities, 
such as reduced effective refractory periods associated with short 
QT syndromes, prolonged sinus node recovery time, and AV 
nodal conduction associated with conduction disorders or 
Brugada syndrome. Fast monomorphic ventricular tachycardia 
from the outflow tracts or the Purkinje system should be excluded. 
Furthermore, Wolff-Parkinson-White syndrome with short, 
effective refractory periods of the accessory pathways has to be 
excluded, especially in those with overt left-sided preexcitation 
in the presence of rapid atrioventricular node conduction. Induc-
ibility of ventricular fibrillation is common in IVF, Brugada 

Figure 97-3.  Cardiac computed tomographic three-dimensional reconstruction of a 23-year-old man who was resuscitated for ventricular fibrillation. During a coronary 
angiogram, an anomalous origin of the right coronary artery form the left aortic sinus was noted. Cardiac computed tomography confirmed this finding. The right coronary 
artery runs between aorta and pulmonary trunk (right without right ventricle). 

Table 97-1. Differential Diagnosis in Aborted Sudden Cardiac Death

Disease Manifestation

Coronary artery 
disease

Acute myocardial infarction
Transient ischemia

Cardiomyopathy Chronic coronary artery disease (scar, 
reduced left ventricular function)

Dilated cardiomyopathy
Hypertrophic cardiomyopathy
Arrhythmogenic right ventricular 

cardiomyopathy
Acute or chronic myocarditis
Takotsubo cardiomyopathy
Valvular heart disease
Cardiac involvement of extracardiac diseases

Structural heart 
disease (other)

Coronary malformations
Cardiac tumors
Wolff-Parkinson-White syndrome

Primary electrical 
disease

Long QT syndrome
Short QT syndrome
Catecholaminergic polymorphic ventricular 

tachycardia
brugada syndrome
Early repolarization syndrome
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during orthostatically induced tachycardia is significantly longer 
compared with unaffected family members36,37 (Figure 97-6). An 
adenosine test is useful for noninvasive exclusion of Wolff-
Parkinson-White syndrome with a concealed antegrade conduct-
ing pathway.

Exercise testing is indicated if the arrhythmic event is related 
to physical activity. Especially in children and patients younger 
than 40 years, induction of polymorphic or bidirectional tachy-
cardias during exercise facilitates the diagnosis of CPVT. Patients 
with dilated cardiomyopathy caused by lamin A/C defects, for 
example, could demonstrate only a mild phenotype, with a subtle 
PR prolongation and a narrow QRS complex. The disease is 
associated with a high risk of SCD before changes in left ven-
tricular contraction and dilatation become detectable.38

Progress in revealing further mechanisms for IVF and molec-
ular genetic defects is to be expected. Postema et al.5 could 

ST elevations in the right precordial leads indicate Brugada 
syndrome. ECG patterns are classified as the diagnostic type I 
and nondiagnostic types II and III ECG patterns.25 Recording of 
modified right precordial leads at the third and second intercostal 
spaces at baseline condition and during drug challenge is recom-
mended, because it increases sensitivity to detect a Brugada type 
I ECG.26

Identification of a QT interval shorter than 330 ms (QTc) 
after exclusion of a secondary QT interval shortening makes the 
diagnosis of a short QT syndrome likely.27-29 However, specific 
subtypes of short QT syndrome reveal QTc intervals up to 
360 ms.30 The frequency of a short QT interval in the population 
of 0.1% for a QTc shorter than 320 ms and 0.4% for a QTc 
shorter than 340 ms is low and not necessarily associated with an 
increased arrhythmogenic risk.31 However, in patients with a 
history of atrial fibrillation, especially at young age, syncope, or 
ventricular tachyarrhythmias, a congenital short QT syndrome 
may be suggested.29 An additional feature indicating short QT 
syndrome is the morphology of the T waves, which appear often 
tall and symmetrical.32 Furthermore, a reduced QT interval adap-
tation to increases in heart rate during exercise is present in 
patients with a short QT syndrome compared with normal con-
trols (−0.2 to 0.6 ms/beat per minute versus −1.3 ms/beat per 
minute in control subjects).33 QTc intervals ranging from 330 to 
370 ms in combination with a Brugada-type ECG pattern could 
indicate loss-of-function mutations of the cardiac L-type calcium 
channel (Figure 97-4).30 However, the prediction of an arrhyth-
mogenic risk in patients with a borderline shortened QT interval 
remains unclear.

Pharmacologic drug challenge with sodium channel blockers 
should be considered for the exclusion of Brugada syndrome25 
(Figure 97-5). Ajmaline challenge is able to diagnose Brugada 
syndrome in 20% of patients with previously unexplained sudden 
cardiac arrest.34 In patients with suspected long QT syndrome or 
CPVT, an epinephrine test can be used to unmask concealed QT 
prolongation.35 A bedside test for the diagnosis of long QT syn-
drome in family members with normal of borderline QTc was 
presented recently. After a resting phase, subjects rapidly stand 
while the ECG is recorded. In affected family members, QTc 

Figure 97-4.  Electrocardiogram  of  a  21-year-old  man  with  a  history  of  aborted 
sudden cardiac death during swimming. Elevated ST segment in lead V2 is sugges-
tive of a Brugada type III electrocardiographic pattern. QT interval, 320 ms (QTc = 
340 ms); paper speed, 50 mm/s. 
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Figure 97-5.  Electrocardiogram (ECG) of a 26-year-old man with a history of aborted sudden cardiac death before and after intravenous drug challenge (chest leads). The 
precordial leads (encircled) demonstrate change of type II ECG pattern (left) to a diagnostic type I Brugada ECG pattern after application of 70 mg of ajmaline (right). Paper 
speed, 25 mm/s. 
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drugs, including β-blockers, were reported to be of no benefit in 
reduction of VF recurrences.16 In a study by Belhassen et al.,44 
patients with IVF have received oral quinidine guided by serial 
electrophysiological studies. In patients receiving continuous 
quinidine treatment, no recurrences of VF were reported during 
a mean follow-up period of 9.1 ± 5.6 years.44 In a subset of 
patients, these promising results were confirmed during long-
term follow-up.45 However, currently pharmacologic therapy 
serves as an adjunct to ICD therapy in patients with multiple ICD 
discharges.

Premature ventricular contractions from the RVOT and the 
Purkinje system have been shown to trigger ventricular fibrilla-
tion in some patients with IVF. The elimination of focal activity 
from the RVOT or the Purkinje system by radiofrequency abla-
tion has been shown to be effective in preventing recurrences of 
additional episodes of ventricular fibrillation.16 During long-term 
follow-up of 63 months, patients were free of VF recurrence after 
ablation.46 In a Japanese study of 16 patients with RVOT PVCs 
and a history of IVF, 13 patients underwent successful ablation.14 
No additional episodes of syncope or ventricular tachyarrhyth-
mias were reported during a mean follow-up period of 54 ± 39 
months. Despite these promising results of catheter ablation, it 
still constitutes a potential adjunct to ICD therapy, for which it 
is not a substitute, for patients with IVF (see Figure 97-1).

Follow-Up

After an initial systematic workup of patients with ventricular 
fibrillation, the diagnosis of IVF should be reiterated because the 
overt recognizable phenotype can develop years after the initial 
diagnosis. In particular, an electrocardiographic phenotype  
indicating a specific diagnosis could fluctuate, as seen in Brugada 
syndrome or early repolarization syndrome.47 Therefore, 

associate IVF triggered by shortly coupled premature ventricular 
contractions with a haplotype harboring the DPP6 gene. The 
baseline ECG in carriers is completely normal.5 Giudicessi et al.4 
were able to identify a mutation in KCND1 encoding for Ito in 
patients with IVF. However, molecular genetic screening is not 
currently part of the routine workup for patients with IVF unless 
prompted by an obvious phenotype or family history.

Therapy and Follow-Up

Therapy

Data from the Unexplained Cardiac Arrest Registry of Europe 
and observations at a single center have revealed a recurrence rate 
of ventricular fibrillation in up to 39% of patients with IVF in 
3.5 years after cardiac arrest.39,40 As a result, patients with a 
history of IVF have a class I indication for implantable cardio-
verter defibrillator (ICD) implantation.41 Analogous to patients 
with primary electrical diseases, patients with IVF are young, 
have no structural heart disease, and usually are physically active. 
Careful ICD programming with a single detection zone and a 
high cutoff rate greater than 222 beats/min with long detection 
times should be considered to avoid inadequate ICD therapies 
for supraventricular tachyarrhythmias.42 A subcutaneous ICD 
system can serve as an alternative to a conventional transvenous 
ICD systems in these patients, because usually antibradycardia 
and antitachycardia pacing are not needed.43

Currently, recommendations for a specific drug therapy are 
not available. Antiarrhythmic agents had no effect on the recur-
rence rate in the patients from the Unexplained Cardiac Arrest 
Registry of Europe. In a small group of patients with RVOT-
related or Purkinje system–related IVF, several antiarrhythmic 

Figure 97-6.  “Stand-up” test to unmask long QT syndrome. Displayed are 12-lead electrocardiograms (ECGs) of a 22-year old woman with recurrent cardiac syncope. Her 
cousin died suddenly after waking to an alarm clock. At baseline, the ECG revealed no prolonged QT interval, with discrete notching of the T wave in lead V2. After standing, 
QTc prolonged to greater than 500 ms. Genetic testing revealed a KCNH2 mutation in this patient. 
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the exclusion of structural heart disease causing sudden cardiac 
death.49 Furthermore, asymptomatic family members can exhibit 
a specific phenotype indicating a diagnosis in the index patient. 
Alternatively, subtle electrocardiographic or structural changes in 
the index patient might be present in family members, thus indi-
cating a new inherited clinical entity.

During the last 20 years, there have been major advances in 
the diagnosis of IVF. Therefore family members of victims of 
unexplained sudden death should be followed closely as new 
diagnostic tools are expected in the next years to elucidate novel 
mechanisms and causes of IVF (e.g., whole genome sequencing, 
advances in epigenomics, genetic modifiers).

noninvasive examinations using different electrocardiographic 
and imaging technologies should be repeated regularly.

After identification of an index of patients with IVF, family 
screening of first-degree relatives is recommended. Tan et al.48 
demonstrated in 43 families with a history of more than one 
sudden cardiac death that 40% of the families an underlying 
inheritable disease could be diagnosed with an underlying famil-
ial disease: CVPT (n = 5), long QT syndrome (n = 4), Brugada 
syndrome (n = 2), long QT syndrome or Brugada syndrome (n 
= 1), ARVC (n = 3), hypertrophic cardiomyopathy (n = 1), and 
familial hypercholesterolemia (n = 1).48 Behr et al.49 have con-
firmed the value of familiar screening and molecular autopsy after 
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from an event (called survivors of SIDS, or designated as having 
near miss SIDS) also have been studied. These cases provide valu-
able insights into and proof of principle for etiologic factors in 
SIDS. The near-miss cases, however, do not fit the clinical and 
epidemiologic definition of SIDS, because the affected patients 
either had clinical manifestations detected antemortem or did not 
die. With the discovery that mutations in ion channels and associ-
ated proteins cause long QT syndrome (LQTS; Chapters 50 and 
69) and other arrhythmia syndromes such as Brugada syndrome 
(BrS; Chapters 50 and 92) and catecholaminergic polymorphic 
ventricular tachycardia (CPVT; Chapter 53), it became possible 
to perform a “molecular autopsy”2 for SIDS victims by screening 
candidate genes for mutations.

The study of cohorts of true SIDS cases that meet the rigorous 
definition of SIDS can give an estimate of how many cases can 
be explained by mutations in ion channels or related proteins 
(channelopathies) that cause altered electrophysiology. A certain 
semantic paradox occurs, however, because once a cause is estab-
lished, an individual case should no longer be considered SIDS. 
This chapter focuses on recent studies showing that some cases 
previously considered to be SIDS can be explained by channelo-
pathies, and it discusses the extent to which these discoveries  
and undiscovered channelopathies will lead to reclassification of 
SIDS cases as early deaths from channelopathies. The impor-
tance of making the diagnosis extends well beyond reclassifica-
tion, because it leads to elucidation of mechanism, prevention, 
and possible therapy in individual patients.

It also is important to recognize that the presence of a muta-
tion in a susceptible gene does not necessarily imply a link to 
causation, because mutations without functional significance can 
occur as common polymorphisms (affecting greater than 0.5% of 
the population) or as rare variants (affecting less than 0.5% of the 
population). The absence of the mutation in control panels pro-
vides supporting evidence for pathogenicity, but the possibility 
of discovering an incidental rare variant in SIDS increases as the 
number of genes screened increases. Traditional linkage studies 
in family kindreds are used to connect the genotype to the phe-
notype, but such studies are not possible in SIDS because the 
phenotype is death in infancy, and mutations can be de novo and 
are not present in the parents. When a mutation is found, bio-
physical function of the mutation can be investigated by express-
ing the mutated protein in heterologous expression systems, or 
even in myocytes, to demonstrate an abnormality consistent with 
known pathogenetic mechanisms for LQTS, BrS, CPVT, or 
other arrhythmia syndromes. If such a mutation is present, it 
provides strong but not conclusive evidence for pathogenicity. If 
it is absent, however, it does not prove nonpathogenicity because 
the mutation might not have been studied under the conditions 
necessary to elicit the dysfunction (e.g., reduced pH),4,5 or that 
the presence of the complete macromolecular complex present 
in myocytes but not heterologous cells is required to manifest 
dysfunction. To support the conclusion of a link between a geno-
type and an arrhythmic SIDS clinical phenotype, a mutation 
should cause biophysical dysfunction of an ion current under 
relevant environmental conditions that result in a cellular 
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Sudden infant death syndrome (SIDS) is defined as the sudden, 
unexpected death of an infant (before the age of 1 year) for which 
no cause is apparent.1 Sudden unexpected death syndrome refers to 
the unexpected death of a person older than 1 year but younger 
than 35 or 40 years.2 This chapter addresses only SIDS, but the 
age demarcation of 1 year is somewhat arbitrary, and overlap 
surely exists for the two syndromes. Depending on the precise 
definition of SIDS, the historical era, demographics, and ethnic 
status of the population, SIDS affects approximately 0.1 to 2 
infants per 1000 live births, with a peak incidence between the 
ages of 2 and 5 months.1,2 The etiologic basis for SIDS can be 
neurologic, endocrine, metabolic, pulmonary, immune, or cardiac 
with a genetic basis implicated for each.3 This chapter reviews 
the evidence that cardiac arrhythmia has a role in SIDS, with a 
focus on genetic predisposition to fatal arrhythmia.3 The litera-
ture on SIDS in general, and on the role for arrhythmia and SIDS 
in particular, is vast, with numerous studies, reviews, editorials, 
and commentaries highlighting the controversies. The focus of 
this chapter is on more recent studies and review articles that will 
lead the interested reader to this rich literature.

Linking Sudden Infant Death  
Syndrome and Arrhythmia

By definition, SIDS occurs in infants without diagnosed or sus-
pected disease antemortem, and with no clear cause of death on 
routine postmortem examination. This lack of antemortem data 
has been an obstacle for the field overall and particularly for 
making the link to arrhythmia. Techniques to investigate the 
etiology of SIDS include analyses of epidemiologic data, studies 
of the parents and relatives of SIDS victims, and studies of infants 
who were considered to be at high risk for SIDS. Infants who 
came to medical attention before death, or who were resuscitated 
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phenotype (see Figure 98-1). Subsequently, two other mutations 
were shown to require acidosis to produce the abnormal pheno-
type.5 Three novel mutations in caveolin-3 (encoded by CAV3), 
a channel accessory protein, were found in a SIDS cohort and 
were shown to cause late sodium current characteristic of LQTS.14 
Four novel mutations in α-syntrophin (encoded by SNTA1), a 
scaffolding protein associated with SCN5A, were found in a 
SIDS cohort and were shown to cause increased late sodium 
current by a nitrosylation dependent mechanism.15 Novel muta-
tions in the sodium channel–associated β-subunits β3 (encoded 
by SCNB3) and β4 (encoded by SCNB4) were found in the same 
SIDS cohort and shown to cause increased late sodium current.16 
Thus, the abnormality of sodium current in LQTS as a cause of 
SIDS is not restricted to mutations in SCN5A.

Mutations in potassium channel genes KCNQ117 (LQT1), 
KCNH18 (LQT2), and KCNE12 (LQT6), which cause loss of func-
tion in potassium currents, have also been described in SIDS 
cohorts. The common KCNH2 polymorphism K897T was 
found to be strongly associated with two cases of SIDS in a sin-
gular family.19 Two other LQTS potassium channel genes, 
KCNJ2 (LQT7) and KCNE1 (LQT5), were screened in 201 
SIDS cases,12 but no pathologic mutations were found. Currently, 
approximately 80% of all genetic LQTS can be accounted for by 
mutations in the known genes (for LQT1 to LQT13),20 with the 
majority of cases being caused by KCNQ1 (LQT1) and KCNH2 
(LQT2). In SIDS, however, mutations in SCN5A (in LQT3), 
CAV3 (LQT9), SCN4BI (LQT10), and SNTA1 (LQT12) pre-
dominate, and in the cohort studies to date they account for 91% 
of cases of LQTS in SIDS and for 9.6% of SIDS cases overall 
(Table 98-1).

Sudden Infant Death Syndrome and Other 
Arrhythmia Syndromes

BrS manifests clinically with ventricular arrhythmia, sudden 
death, and a characteristic resting or provoked ECG pattern of 
ST elevation in precordial leads. BrS was suggested as the 

phenotype supporting an arrhythmogenic phenotype at the tissue 
and organ level (Figure 98-1).

Sudden Infant Death Syndrome and Long  
QT Syndrome

In the 1970s, Schwartz6 suggested that abnormalities of cardiac 
sympathetic innervation caused a disorder of the heart’s electrical 
rhythm known as LQTS, and that this can also cause SIDS.6 
Maron et al.7 showed a longer QT interval in parents of SIDS 
victims and provided evidence for a role of LQTS in SIDS. In a 
prospective trial of electrocardiographic (ECG) screening in 
more than 34,000 infants that produced 24 SIDS cases,8 a long 
QT interval increased the risk of SIDS by a factor of 41. The 
proof of principle that congenital LQTS could cause SIDS came 
from two cases: a near-miss case9 in which the infant survived, 
and a case in which the patient died in infancy but LQTS was 
recognized antemortem.10 In both cases, a mutation in the gene 
SCN5A encoding the voltage-dependent cardiac sodium channel 
was found, and it had the characteristic biophysical phenotype of 
increased late sodium current associated with LQTS type 3 
(LQT3). These cases, however, did not meet the formal epide-
miologic definition of SIDS.

In 2001, Ackerman et al.11 screened a cohort of 93 patients 
with defined SIDS for mutations in SCN5A and found two novel 
mutations that on expression in heterologous cells showed the 
increased late sodium current of LQT3. Additional studies in 
SIDS cohorts have found additional mutations in SCN5A associ-
ated with LQT3.4,12 Most of these mutations were rare and novel, 
but one, S1103Y, was a common polymorphism with an allelic 
frequency of approximately 10% in the black population that  
had previously been shown to be associated with ventricular 
arrhythmia in adults.13 Plant et al.4 showed that homozygosity 
for S1103Y increased the risk of SIDS by 24-fold. Moreover,  
the biophysical abnormality of increased late sodium current 
depended on acidosis, linking the interaction of environmental 
influences with the genotype to produce the pathologic 

Figure 98-1.  The  link  between  genotype  and  phenotype  in  sudden  infant  death  syndrome  (SIDS)  emphasizing  multiple  levels  of  phenotype  and  interaction  with  the 
environment. A mutation in the cardiac sodium channel gene SCN5A  is associated with a pathologic molecular (also called biophysical) phenotypic feature of  increased 
late sodium current, which in turn results  in an abnormal cellular phenotype,  in this case action potential prolongation and afterdepolarizations, which causes tissue or 
organ manifestations of prolonged QT interval and arrhythmia, eventuating in the clinical phenotype of SIDS. 

(From Makielski JC: SIDS: Genetic and environmental influences may cause arrhythmia in this silent killer. J Clin Invest 116:297, 2006.)
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*References 11, 12, 14-16, 20, 27, 28.

Table 98-1. Frequency of Channelopathies in Cohort Studies of Sudden Infant Death Syndrome*

Syndrome and Gene Incidence in SIDS Overall Frequency in SIDS (%)
Relative Frequency in 
SIDS Within Group (%)

Relative Frequency in Non-SIDS 
Within Group (%)

LQT1 KCNQ1 1/201 0.5 3 30-35

LQT2 KCNH2 1/201 0.5 3 25-30

LQT3 SCN5A 15/294 5.1 47 5-10

LQT5 KCNE1 0/201 0.0 0 1

LQT6 KCNE2 1/201 0.5 3 Rare

LQT7 KCNJ2 0/201 0.0 0 Rare

LQT9 CAV3 5/335 1.5 16 1

LQT10 SCN4B 1/292 0.3 3 Rare

LQT12 SNTA1 8/292 2.7 25 Rare

Total for LQTS syndrome 11.1 100

BrS SCN5A 0/294 0.0 0 20

BrS GPD1L 3/228 1.3 60 Rare

BrS SCNB3 2/292 0.7 40 Rare

Total for BrS 2.0 100

CPVT1 RYR2 2/134 1.5

SQT1 KCNQ1 1/201 0.5

Other GJA1 2/292 0.7

Other KCNJ8 2/292 0.7

Total for all groups 16.5

*Frequency was derived from data from the cohort studies.11,12,14,15,16,20,27,28 Not every gene listed was tested for every cohort. The S1103Y polymorphism study was not 
included.4 Relative frequency in non-SIDS citations is reported in the study by Lehnart et al.20 The percentage estimates given for non-SIDS cases include cases that were 
not genotyped.

underlying disorder in a child with a near miss,21 and a mutation 
in SCN5A showed characteristic decreased sodium current. 
SCN5A mutations cause approximately 20% of cases of BrS,20 but 
appear to be a rare cause of SIDS, because no such mutations 
were found in nearly 300 cases of SIDS in cohort studies (see 
Table 98-1). However, three separate mutations in GPD1L, a 
known BrS susceptibility gene,22 were found in cases of SIDS at 
an early age23 and could account for 1.5% of SIDS cases overall. 
In addition, mutations in the β3-subunit16 and the β1-subunit24 
were found in SIDS cases and caused a loss of sodium current 
consistent with BrS. Interestingly, the mutation in the β1-subunit 
also caused a gain of function for transient outward current24 
when coexpressed with KV4.3, also consistent with BrS. In a 
SIDS cohort study, two mutations in the ryanodine receptor Ryr2 
were found to be associated with the characteristic biophysical 
phenotype for CPVT25 and accounted for 1.5% of cases (see 
Table 98-1). Proof of principle that short QT syndrome can cause 
SIDS was provided by an early pediatric diagnosis in a child who 
did not die,26 and subsequently a mutation in KCNQ1 was dis-
covered in a SIDS cohort that had the characteristic biophysical 
phenotype of gain of function found in short QT syndrome (see 
Table 98-1)12 and accounted for 0.5% of cases. Mutations in the 
gap junction protein connexin43 (encoded by GJA1) identified 
in two SIDS cases and causing a loss of function could plausibly 
cause death by arrhythmia.27 Mutations in the adenosine 
triphosphate–sensitive potassium current pore KIR6.1 (encoded 
by KCNJ8) found in two cases of SIDS caused a loss of function,28 
but the link to arrhythmia is less certain than for the other muta-
tions described here.

Congenital Arrhythmia and Sudden Infant 
Death Syndrome: How Frequent?

A comprehensive study12 investigating seven LQTS genes found 
mutations in 26 of 201 SIDS cases (12.9%) and concluded on the 
basis of molecular phenotype that 19 of these (9.5%) were patho-
genic. Table 98-1 summarizes data from cohort studies,* and 
adding BrS, CPVT, short QT syndrome, and “other” to LQTS, 
brings the total incidence of channelopathies in SIDS to16.5%. 
More studies are necessary to verify this number in additional, 
larger, and diverse cohorts. This number probably represents a 
minimum, because new gene discoveries could increase it. Since 
this chapter was first written in 2009, the total incidence has 
grown from 11.1% to 16.5% with new gene discoveries since that 
time.15,15,27,28 In 2007 it was estimated that 75% of cases of LQTS, 
50% to 60% of CPVT cases, and 20% of cases of BrS could be 
attributed to the known arrhythmia genes.20 As new arrhythmia 
genes are discovered for these inherited arrhythmia syndromes, 
they will become candidates for SIDS as well. Moreover, chan-
nelopathies unique to SIDS may be discovered. The pattern for 
the incidence of certain genes in SIDS already diverges sharply 
from that in non-SIDS congenital arrhythmia syndromes (see 
Table 98-1). For example, GPD1L mutations are rare compared 
with SCN5A mutations as a cause of BrS, but GPD1L is a promi-
nent BrS mutation for SIDS. No BrS-like SCN5A mutations have 
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common polymorphisms in potassium channel genes (K897T in 
KCNH2, R1047L in KCNH2, and G38S in KCNE1) either were 
no different in SIDS or, in one instance (R1047L), were actually 
lower in SIDS cases.12 However, as noted earlier, K897T in 
KCNH2 was associated with SIDS in a single family.19

In addition to channelopathies, genes for serotonin trans-
porter, the autonomic nervous system, nicotine metabolism, 
inflammation, metabolism, and thermoregulation3 all have been 
implicated in SIDS in accordance with hypotheses generated by 
clinical and epidemiologic data. These data support the common 
view that SIDS is likely to be a heterogeneous disorder, but they 
also suggest that lethality associated with arrhythmia in infancy 
could involve an intersection of several genetic factors causing 
predisposition to SIDS and contributing to the development of 
arrhythmia. Finally, early death by arrhythmia could be influ-
enced by environmental factors such as respiratory acidosis (see 
Figure 98-1). This association provides a rationale for the appar-
ent success of the move to prone sleeping in the “Back to Sleep” 
campaign.39 The so-called triple risk hypothesis involving 
complex interaction of genetic background, developmental state, 
and environmental triggers remains an important model for the 
etiology of SIDS and can link disorders of different systems in 
causing SIDS.

Implications for Screening, Therapy, and 
Further Research

Primary genetic screening of all infants for channelopathies is not 
yet practical. Not only do issues of expense and low yield need 
to be addressed, but such screening would uncover many rare 
variants of unknown significance. For example, in healthy popu-
lations of different racial and ethnic backgrounds, approximately 
3% of screened subjects have been found to harbor a mutation 
in SCN5A.38 The possible significance of these variants in asymp-
tomatic populations is not immediately apparent. On the other 
hand, a screen for channelopathies would appear to be useful for 
SIDS victims and their families. An important unanswered ques-
tion is how often channelopathies in SIDS are sporadic or de 
novo in the affected infant and not present in the parents. This 
consideration has important implications for inheritance and 
recurrence in siblings.

Primary ECG screening in neonates for LQTS, as suggested 
by Schwartz,40 can be a practical and cost-effective measure.41 
Issues of sensitivity and specificity and cost effectiveness have 
been raised, but with the increasing evidence for the importance 
of channelopathies in SIDS and the prominent role of LQTS in 
these channelopathies, the impetus for neonatal screening is 
increasing.42 With the predominance of SCN5A LQTS muta-
tions in SIDS, the possible effectiveness of blocking of the late 
sodium current43,44 in treating the primary biophysical abnormal-
ity suggests a potential pharmacologic therapy, in addition to 
other therapies such as β-blockade and use of implanted 
defibrillators.

This chapter has focused on ion channelopathies as a cause or 
contributing factor to SIDS, and such channelopathies appear to 
occur in 10% to 15% of defined SIDS cases, with the possibility 
that more channelopathies and a higher frequency of channelo-
pathies in SIDS may be discovered as research continues. The 
possibility also exists that arrhythmia unrelated to channelopa-
thies but related to other genetic or developmental factors could 
also contribute to SIDS. How these channelopathies contribute 
to such early death compared with the non-SIDS channelopa-
thies requires further study. Investigation of the overall contribu-
tion of channelopathies and arrhythmia in SIDS is a part of the 
wider search into causes for SIDS.

been found in cohort studies of SIDS despite extensive screening 
of SCN5A. CAV3 and SNTA1 mutations are rare causes of 
LQTS in inherited arrhythmia syndromes, but are relatively 
common in SIDS. SCN5A mutations cause only 5% to 10% of 
cases of LQTS; however, in SIDS, SCN5A accounts for 47% of 
the LQTS-type mutations identified so far (see Table 98-1). 
Thus, the relative frequency of genetic defects in non- 
SIDS inherited arrhythmia syndromes appears to be a poor pre-
dictor of their relative frequency in SIDS. Finally, novel gene 
discovery in SIDS has the potential to increase dramatically the 
percentage of SIDS cases that could be potentially explained by 
channelopathies.

Congenital Arrhythmia in Sudden Infant 
Death Syndrome: Triple Risk Hypothesis

Are channelopathies in SIDS fundamentally different from those 
in non-SIDS? What accounts for their early lethality? The triple 
risk hypothesis29 for SIDS states that (1) a vulnerable infant 
(genetically predisposed), (2) a critical development period, and 
(3) an environmental trigger or stressor constitute the elements 
that come together to cause SIDS. The explanation for increased 
and early lethality could potentially be pertinent at each level of 
risk. A point of interest is that abnormalities in the sodium 
current through mutations in SCN5A, GPD1L, and CAV3 
account for approximately 70% of channelopathies in SIDS and 
for nearly 8% of SIDS cases overall (see Table 98-1). What 
implication does this finding have for the early lethality of SIDS? 
At the genetic level, the severity or character of the biophysical 
phenotype itself could account for the early lethality. For example, 
common LQT3 mutations such as ΔKPQ30 and R1623Q31 show 
slow inactivation of the late sodium current, which accumulates 
at more rapid rates, thereby mitigating QT prolongation and 
predisposing to arrhythmia at slower rates, when QT is longest. 
Two mutations unique to SIDS, A997S and R1826H,11 did not 
show this slow inactivation. Perhaps this feature accounts for the 
early lethality. A unique interaction with the environment could 
account for a more severe biophysical phenotype, as for those 
mutations in SCN5A such as S1103Y4 and R680H and Δ5865 that 
result in an augmented late sodium current at low pH. The 
magnitude of the dysfunction in low pH, however, was not more 
severe than that for defects described in non-SIDS arrhythmia 
mutations. Although this is an attractive hypothesis for interac-
tion of genetic background and environment (see Figure 98-1), 
it alone does not account for early lethality. Overall, the studies 
to date suggest that the severity of the biophysical phenotypes 
for SIDS mutations appears to be similar to that for non-SIDS 
mutations. Why such early deaths in SIDS with channelopathies? 
Does this effect merely represent the leading edge of the non-
SIDS cases? The epidemiology of SIDS (deaths concentrated in 
months 3 to 5) and the different distribution of channelopathies 
and genetic defects between SIDS and non-SIDS suggest other-
wise. Nevertheless, the mechanism for early lethality at the level 
of biophysical dysfunction remains unknown.

The early lethality could come from other genetic interac-
tions. The common SCN5A polymorphism H558R markedly 
affects wild type SCN5A32 and modifies the function of other 
mutations in SCN5A,33,34 and it has been associated with atrial 
fibrillation, BrS, and long QTc.35-37 The allelic frequency of 
H558R was twofold that expected (44% versus 21%) in SIDS 
cases with SCN5A mutations,12 suggesting a “double hit,” but the 
allelic frequency of H558R was no greater in SIDS cases overall 
when patients without an SCN5A mutation were considered. 
The S1103Y mutation is a common polymorphism in the black 
population,38 with homozygosity associated with SIDS.4 Three 
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broad-based accumulation of clinical and population data avail-
able at the time, rather than direct epidemiologic studies provid-
ing national statistics that included representation from various 
regions of the country. During the first decade of the twenty-first 
century, conflicting statements have been put forward regarding 
the current incidence of SCD (Figure 99-1, A). These newer 
estimates were derived from retrospective death certificate analy-
ses and extrapolations from SCD incidences identified in specific 
communities. For example, an estimate from the American Heart 
Association’s statistical handbook,2 based on data from the 
National Center for Health Statistics (NCHS) and the National 
Heart, Lung, and Blood Institute, suggested an annual incidence 
of less than 250,000 SCDs. An additional analysis from the Seattle, 
Washington, emergency medical system database, extrapolated to 
total U.S. population numbers, calculated 184,000 cardiac arrests 
nationwide in the year 2000,3 which is a significant decrease com-
pared with 1980 statistics. Another community-based study from 
Oregon, based on prospective medical examiner data plus other 
sources of data, also yielded a national extrapolation of less than 
200,000.4 In contrast, a death certificate–based study, also from 
the NCHS, has suggested that more than 50% of all cardiac 
deaths are sudden and estimated the total annual incidence of 
SCD to be in the range of 460,000.5 The most recent statistical 
update from the AHA,6 combining statistics from several sources, 
returns to the rate of 300,000 to 350,000 SCDs annually.

The large discrepancy between the two estimates from NCHS 
death certificate data stems from differences in definitions of 
SCD used and population sources. The American Heart Associa-
tion restricted its application of the NCHS data solely to coro-
nary heart disease–related deaths, based only on International 
Classification of Diseases–Ninth Revision codes 410 to 414 (see 
Figure 99-1, B), whereas the cumulative NCHS data included 
almost all causes of SCD (see Figure 99-1, C). The much broader 
range of inclusion in the latter study resulted in the much larger 
estimate, perhaps overestimating the true incidence. The Seattle 
data include only SCDs involving emergency rescue responses, 
whereas the Oregon study population is not necessarily represen-
tative of the incidence variations within the entire U.S. popula-
tion. National estimates remain uncertain because of the hazards 
of relying on death certificate classification and extrapolations 
from a few large population centers of excellence that might not 
be representative of smaller metropolitan statistical areas consti-
tuting the majority of the U.S. population. This limitation could 
affect appropriateness of regional response strategies and out-
comes, in addition to knowledge of the true population burden.

This notion is relevant to the observation that the strongly 
emphasized reduction in age-adjusted risk of coronary heart 
disease mortality during the past 40 to 50 years, when translated 
to total number of events and size of populations at risk for future 
events, cannot be interpreted to mean that the absolute burden 
of SCD events has decreased.7 It is likely that general preventive 
therapies and lifestyle modifications for controlling risk factors 
for coronary heart disease, plus interventions in acute coronary 
syndromes, have contributed to a population effect on evolution 
of disease and the reduction in age-adjusted mortality rates. 
However, it has also been demonstrated that they have not had 
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Sudden cardiac death (SCD) is defined as death following a sudden 
cardiac arrest (SCA) in a patient with either known or previously 
undetected cardiac abnormalities, in whom the mode and time of 
death are unexpected. In addition, transient endogenous or exog-
enous influences on cardiac physiology, such as electrolyte distur-
bances or drug effects, can contribute to unanticipated risk. 
Although unexpected is a key feature of the SCD definition, clinical 
markers that identify enhanced predisposition to cardiac arrest, 
such as heart failure or transient ischemia, have been identified. In 
contrast to these predictors, a high proportion of SCDs occur first 
as clinical events, as in patients with previously unrecognized 
ischemic heart disease or inherited arrhythmogenic disorders.

The generally accepted temporal definition is bracketed by an 
interval of up to 1 hour between the onset of an abrupt change 
in clinical status and loss of consciousness.1 This time period 
defines the onset of SCA used in population studies and clinical 
analyses, rather than the absolute definition of biologic death, 
which could be delayed for days to a month or more by life-
support interventions after central nervous system injury result-
ing from the cardiac arrest.

Sudden Cardiac Death as a Public  
Health Burden

For the last 30 years of the twentieth century, the incidence of 
SCD in the United States has been estimated at 300,000 to 
350,000 events per year. These estimates were derived from a 
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Substrate-based causation refers to the presence of vascular, myo-
cardial, or molecular substrates that associate with SCD. In paral-
lel, expression risk refers to the identification of mechanisms that 
contribute to the clinical expression of the risk predisposed by 
the substrate. In the case of SCD owing to coronary heart disease, 
these are suggested by the plaque transition and acute syndrome 
modules in Figure 99-2 (plaque disruption and thrombogenesis), 
and their subsequent expression as an arrhythmic event  
(arrhythmogenic module) in the susceptible individual. The 
arrhythmogenic category of pathophysiology can also be viewed 
to include modifiers of molecular-based risk that drive individual 
expression.

Among the general population in the Western hemisphere, 
coronary heart disease is the most common substrate for SCD. 
Although estimates vary, it is generally agreed that approximately 
75% to 80% of all SCDs in the United States and Western 
Europe are associated with this underlying substrate.1 The second 
most frequent category of disorders associated with SCD is car-
diomyopathy. Most definitions of this category have included 
both dilated cardiomyopathy (DCM) and hypertrophic cardio-
myopathy (HCM), but the hypertrophic form is more appropri-
ately counted among the rare genetic syndromes associated with 

a proportional effect on SCD incidence, especially in low-risk 
subsets with large denominators and high absolute numbers of 
events. Based on existing data, it appears that the total numerical 
burden of SCD has not changed significantly over the past 30 
years, although underlying disease burden has, and SCD accounts 
for an increasing proportion of cardiovascular deaths, constitut-
ing 50% of cardiac deaths in the United States and Northern 
Europe.8,9 The limitations in the various sources and reliability 
of currently available data10 suggest that a prospective epidemio-
logic study, designed to provide accurate counts of SCDs and its 
specific mechanisms, including proportional representation from 
metropolitan statistical areas of different sizes, would be a wise 
investment to help future health needs planning, community 
response system designs, and clinical research targets.

Structural Substrates and Clinical Expressions 
Associated with Sudden Cardiac Death

The etiologic basis for SCD can be partitioned into two general 
categories: substrate-based causes and expression-based triggers. 

Figure 99-1.  Conflicting estimates on the incidence of sudden cardiac death 
(SCD) in the United States. Recent estimates range from less than 185,000 to 
greater  than  450,000  SCDs  annually.  A,  Estimates  over  time.  Most  of  the 
estimates are derived from retrospective analysis of death certificate data, and 
none is based on a prospective analysis of a population representative of the 
entire country. Each study used different inclusion criteria. B, The data avail-
able in the American Heart Association (AHA) Statistical Handbook are limited 
to  out-of-hospital  cardiac  arrest  with  a  diagnosis  of  coronary  heart  disease, 
using  specific  International  Classification  of  Diseases  (ICD-9)  codes  (410  to 
414). This source estimated 250,000 SCDs annually in 2001, and in the range 
of 300,000 to 350,000 in 2012. C, Using a broader range of etiologic definitions 
for SCD (note the ICD-9 codes used), the National Center for Health Statistics 
demonstrated that only 62% of all SCDs have a primary diagnosis using the 
ICD-9 codes on which the AHA estimates are based, and reported an annual 
frequency  of  more  than  450,000  SCDs.  A  prospective  study  using  uniform 
criteria  is  desirable  for  clarifying  the  actual  incidence  of  SCD  in  the  United 
States.  ASHD,  Arteriosclerotic  heart  disease;  CM,  cardiomyopathy;  HD,  heart 
disease; HF, heart failure; SCA, sudden cardiac arrest. 

(A and B, Modified and updated from Myerburg RJ: Scientific gaps in the predic-
tion and prevention of sudden cardiac death. J Cardiovasc Electrophysiol 
13:709–723, 2002. C, Modified from Zheng ZJ, Croft JB, Giles WH, Mensah GA: 
Sudden cardiac death in the United States 1989 to 1998. Circulation 104:2158–
2163, 2001.)

SUDDEN CARDIAC DEATH Conflicting Incidence Estimates

ATTRIBUTED CAUSE (ICD-9) DEATHS (%) [N = 456,076]
Acute ischemic HD (410-411) 26.9

62
Chronic ischemic HD (412-414) 35.3

Cardiovascular disease, unspecified (429.2) 12.1

Cardiomyopathy/arrhythmias (425-427) 9.3

Hypertensive HD (402, 404) 5.1

Heart failure (428) 6.7

Carditis, valvular HD (420-424, 429.1-.2) 2.2

Pulmonary HD (415-417) 1.0

All others (390-398, 429.3-.9) 1.4

Reported 1° Cause Reported 2° Cause Edited 1° Cause Adjudication

ICD-9 ICD-9 ICD-9Condition Condition Condition SCD Count

410-414 427.5 ICD-9ASHD SCA ---- YES

427.5 410-414 410-414SCA ASHD ASHD YES

427.5 –None Provided– ----SCA ---- NO

425 427.5 ----CM SCA ---- NO

428 427.5 ----HF SCA ---- NO

427.5 425 425SCA CM CM NO

Source

Conventional U.S. Estimate
(Derived from clinical and epidemiological studies)

300,000-350,000

Incidence

AHA Statistical Update, 2001
(Derived from death certificate data – ICD9:410-414)

250,000

National Center for Health Statistics, 2001
(Derived from death certificate data – all cause)

456,000

Seattle Emergency Rescue Data, 2002
(Derived from large EMS system data)

Oregon Community Population Study, 2004
(Prospective, multi-source design)

<200,000

AHA Statistical Update, 2012
(Estimate extrapolated from CAD-SCD and ROC data)

>300,000
A

B

C
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Figure 99-2.  Pathophysiology  of  cardiac  arrest  caused  by  coronary  heart  disease.  Four  pathophysiological  substrates  contribute  to  arrhythmic  risk  and  sudden  cardiac 
death  (SCD)  in  coronary  artery  disease. These  include  transient  ischemia,  acute  coronary  syndromes,  scar-related  pathophysiology,  and  ischemic  cardiomyopathy. The 
pathophysiology, clinical implications, and long-term risk of each are described in the text. 

(Modified from Myerburg RJ: Implantable cardioverter-defibrillators after myocardial infarction. New Engl J Med 359:2245–2253, 2008. with permission of the publisher. Copyright 
© Massachusetts Medical Society, 2008.)
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SCD risk, for both clinical and epidemiologic reasons. The 
DCMs collectively account for 10% to 15% of all SCDs. Many 
studies of SCD risk and interventions fail to distinguish between 
DCM as an etiology and congestive heart failure (CHF) as a 
clinical expression.

The various infiltrative, inflammatory, and valvular diseases 
constitute the underlying cause in most of the remaining SCDs. 
One such disorder is viral myocarditis, which can be associated 
with SCD whether manifest or silent clinically. Its frequency is 
uncertain because of the difficulty validating its presence, even 
histopathologically. It has been considered to be among the more 
common causes of SCD in adolescents and young adults,11 but 
its incidence is debated because many of the estimates came from 
studies that predated the consistent definitions established by the 
Dallas criteria. More recently, the recognition of persistence of 
viral DNA fragments in myocytes of SCD victims, even without 
inflammatory markers, further confounds the issue.12

SCD can be sporadically associated with virtually all the less 
common systemic conditions that can have cardiac involvement. 
These include chronic granulomatous diseases, the autoimmune 
disorders, infiltrative diseases, various cardiac tumors, and proto-
zoan infestations. Among the granulomatous diseases, sarcoidosis 
is most prominent because of the frequency of a SCD association. 
The risk of SCD has been related to ambient arrhythmias, such 
as nonsustained ventricular tachycardia. It had been suggested 
that amyloidosis involving the heart can also cause SCD. An 
incidence of 30% has been reported.

Only a small proportion of SCDs in middle-aged and older 
adults are due to the rare genetically determined disorders, such 
as long QT syndrome, Brugada syndrome, HCM, right ventricu-
lar dysplasia, or the developmental congenital disorders, such as 
aortic stenosis and anomalous origins of coronary arteries. 

Cumulatively, these rare disorders account for no more than 1% 
of the total SCD burden, but the proportionate contributions of 
these disorders are distinctly age-related. Among adolescents and 
young adults, these disorders (including myocarditis), are domi-
nant causes of SCD, whereas coronary heart disease and the 
dilated cardiomyopathies dominate beyond the age of 35 years. 
A transition occurs in the age range of 30 to 45 years, in which 
the rare disorders comingle with increasing prevalence of coro-
nary heart disease (Figure 99-3). Entities such as Brugada syn-
drome and right ventricular dysplasia, in addition to long QT 
syndrome with expression owing to proarrhythmic drug expo-
sures and electrolyte disturbances, are those that are most likely 
to blend with the progressively increasing prevalence of coronary 
heart disease and nonischemic cardiomyopathies in this age 
range. For the general population older than 35 years, the average 
mortality rate is subgrouped into pockets of higher and lower risk 
densities, based on numbers and power of risk factors. However, 
currently available profiling strategies do not have sufficient 
power to identify small groups with high risk density that would 
permit meaningful individual risk prediction (Figure 99-4).

The spectrum of patterns of clinical expression of the SCD 
syndrome ranges from anticipated events in high-risk patients 
with identified advanced heart disease to those with unrecognized 
or new-onset conditions in which SCD is the first clinical mani-
festation (Figure 99-5). An intermediate category of patients has 
known heart disease, but is considered to be at low risk based on 
extent and stability of disease. Among the highest-risk categories 
are subgroups characterized by low ejection fractions, with or 
without heart failure, following myocardial infarction or nonisch-
emic cardiomyopathies. Various other myocardial or valvular con-
ditions are also associated with high risk. Among these groups of 
patients, the probability of a potentially fatal cardiac arrest is high, 
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Figure 99-3.  Age-related risk for sudden cardiac death (SCD). A, For the general population 35 years of age and older, the risk of SCD is 0.1 to 0.2 percent per year (1 per 
500 to 1,000 population), and the age risk curve  is steep  (middle curve). For the same population, subgrouped for advanced heart disease,  the  latter blunts the age-risk 
relationship (top curve). Among adolescents and young adults, the risk is 1 per 100,000 population, or 0.001% per year, and the age-risk relationship is inverse (bottom curve), 
with a higher risk at the younger end of the range because of enhanced expression of inherited disorders after puberty. In the age range between 30 and 45 years, a transi-
tion occurs  in both  incidence and the usual causes  in the younger adults  to those  in the middle-aged and those  in older adults; evaluation for causes should account  
for this. 

(Modified from Myerburg RJ, Castellanos A: Cardiac arrest and sudden cardiac death. In Zipes D, Libby P, Bonow RO, Braunwald E, eds: Heart disease: a textbook of cardiovascular 
medicine, ed 7. Philadelphia, 2004, Saunders, 2004, pp. 865–908.)
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Figure 99-4.  Stratified risk density curves for the general population older than 35 
years of age. The commonly cited average risk in the range of 1 to 2 SCDs per 1000 
patient years reflects the cumulative effects of higher and lower risk strata. Identi-
fication of the discriminating risk factors would allow for more accurate risk profil-
ing  for  individual patients within  the general population, but current markers of 
risk  do  not  have  sufficient  power  to  yield  effect  sizes  sufficient  to  significantly 
improve individual risk prediction. 

(From Myerburg RJ, Junttila MJ: Sudden cardiac death caused by coronary heart 
disease. Circulation 125:1043–1052, 2012.)
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but the positive and negative predictive accuracies of most 
methods of profiling risk for individual patients is still somewhat 
limited.13 At the other end of the risk spectrum, patients with 
known heart disease but low-risk markers (e.g., ejection fractions 
greater than 40 percent, no heart failure, no arrhythmias) contrib-
ute a large proportion of SCDs. In addition, cardiac arrest is com-
monly the first clinical manifestation of the underlying disease in 
subjects without previously identified heart disease. Previously 
silent disease in such subjects is often advanced. The last two 
categories account for approximately two thirds of all SCDs.

Pathologic Substrates in Sudden Cardiac 
Death Victims

Much of the information available on the pathologic anatomy in 
SCD victims reflects the predominance of coronary heart disease 
as the major underlying etiologic disorder. Both the extent of 
coronary artery disease and the resulting abnormalities in ven-
tricular myocardium have been well described. It has been rec-
ognized for many years that extensive coronary atherosclerosis is 
the primary anatomic hallmark of coronary heart disease–related 
SCDs.1 Also recognized in recent years, however, has been a close 
association of SCD with the presence of plaque fissuring or 
erosion, platelet aggregation, and acute thrombosis within the 
matrix of coronary atherosclerosis. This feature of coronary 
artery anatomy, superimposed on chronic lesions, does not differ 
among the three primary expressions of acute coronary 
syndromes—namely, SCD, acute myocardial infarction, and 
unstable angina pectoris. Various studies have demonstrated the 
presence of one or more active coronary lesions in up to 90% of 
SCD victims.14 The active plaque state and its consequences 
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categories: population-based risk prediction and individual risk 
prediction. Conventional epidemiologic markers provide insight 
into probabilities for the development of coronary heart disease 
within a general class of subjects, but the limitations of individual 
risk prediction constrict the ability to profile risk and apply pre-
ventive strategies to the specific individual in the clinical setting. 
The inverse relationship between the incidence of SCD and 
absolute numbers of events in the various epidemiologic or clini-
cal categories is important to appreciate (Figure 99-6), especially 
when the intent is to use therapeutic interventions.17 Among the 
general population aged 35 years and older, the estimated SCD 
incidence of 0.1% to 0.2% per year incorporates all the sudden 
deaths that occur annually in the United States. However, the 
low individual event rate among the general population, 
unselected except for age, limits the range of applicable thera-
peutic approaches. If patients who fall into categories of high risk 
for development of coronary atherosclerosis and unselected 
patients with established coronary heart disease are included, 
event rates are higher but still have limited power of individual 
risk prediction. In contrast, patients with heart failure or ejection 
fractions less than 35%, cardiac arrest survivors, and the specific 
high-risk post–myocardial infarction patients have higher event 
rates, but constitute decreasing absolute numbers of events and 
a much smaller component of the total population burden of 
SCD.7 The importance of recognizing this principle relates to 
the magnitude of population benefit for various preventive inter-
ventions. For example, the high-risk patient categories studied in 
the clinical trials of implantable defibrillators (see Figure 99-6) 
constitute only a small part of the total universe of SCDs, and 
the reported benefits apply only to those small subgroups. This 
observation highlights the importance of finding specific risk 
markers for more general segments of the population, from 
which the potential for greater public health impact can emerge. 
Moreover, the improving outcomes in patients with acute myo-
cardial infarction, likely attributable in large part to the benefits 
of early and effective interventions, appear to be decreasing the 
proportion of such subjects who are at more easily identified as 
high risk, without affecting the low-risk subgroups from which 
the largest number of SCD events emerge.

The foregoing concepts can be viewed in the context of clini-
cal patterns preceding cardiac arrest in patients with coronary 
heart disease. A number of studies suggest that 50% or more of 
all SCDs resulting from coronary heart disease occur as the first 
clinical event, and that up to 30% more are associated with clini-
cal markers suggesting a low risk for an event (see Figure 99-5). 
A major effect on SCD as a population problem will require the 
development of strategies to identify high-risk subgroups among 
the general population.

Magnitude of risk of SCD is a complex epidemiologic and 
clinic function, even within subgrouped categories of risk (see 

(plaque disruption with hemorrhage into the plaque or intralu-
minal thrombosis) are more important than the degree of chronic 
occlusion in the pathophysiology of acute coronary syndromes, 
including SCD. It has been demonstrated that active plaques are 
not restricted to the apparent culprit vessel in acute coronary 
syndromes, including SCD. Thus, a 70% to 80% obstruction 
without a fresh thrombus, coexisting with lesser lesions in the 
active state, might not be the true culprit.15

Myocardial pathology reflects the presence and extent of 
chronic coronary atherosclerosis, in that myocardial scars, owing 
to healed myocardial infarction, are common.1 Both clinically 
recognized and unrecognized scars are associated with SCD risk, 
and the magnitude of risk appears equivalent based on a recent 
cardiac magnetic resonance imaging study.16 This observation has 
implications for potential screening techniques for victims in the 
category of SCDs that are first clinical events. Evidence of acute 
myocardial infarction is far less common, probably because the 
pathophysiological mechanism leading to that expression is inter-
rupted by a fatal arrhythmia. However, even among cardiac arrest 
survivors studied during the prethrombolytic or percutaneous 
coronary intervention era, evolution to acute transmural myocar-
dial infarction was less common. An association between the 
number of involved coronary arteries and the extent of ventricular 
hypertrophy in SCD victims also has been recognized. A correla-
tion between extensive coronary artery disease and left ventricular 
hypertrophy might be a consequence of longstanding hyperten-
sion as a risk factor in coronary heart disease patients or of post–
myocardial infarction remodeling. Regardless of the mechanism, 
myocardial scars and left ventricular hypertrophy are considered 
factors in arrhythmogenesis during transient ischemia.1,7

Among the less common causes of SCD, pathologic anatomy 
reflects the underlying etiology. In the DCMs, the pathologic 
findings are nonspecific, characterized by interstitial fibrosis and 
myocyte degeneration. In HCMs, the anatomy depends on the 
specific form of the disease. Obstructive, nonobstructive, apical, 
and concentric hypertrophy patterns are all observed. Although 
risk is increased in all forms, it is greater in the obstructive 
pattern. One common feature observed in HCM is myocyte 
disarray, which is common to most but not all genetic forms of 
the disease. The association between HCM expression and SCD 
risk is complex because of patterns of inheritance involving mul-
tiple gene loci and variable expression.

Prediction and Strategies for Prevention  
of Sudden Cardiac Death

The clinical usefulness and effects of SCD risk predictors  
are complex. Risk analysis must be divided into two general  

Figure 99-5.  Clinical status of sudden cardiac death victims. Effectively pre-
dicting cardiac arrest among a high percentage of potential victims is difficult, 
because  approximately  80%  of  cardiac  arrests  occur  as  first  clinically  mani-
fested events (50%) or in the clinical setting of known disease in the absence 
of strong risk predictors. Less than 20% of the victims have high-risk markers 
based on arrhythmic or hemodynamic parameters. Persons at high risk con-
stitute a proportionately  smaller  segment of  the population base. The  total 
exceeds 100% because of overlap between the first event and low risk catego-
ries with the acute coronary syndrome group. AP, Angina pectoris; MI, myo-
cardial infarction. 

(Modified and updated from Myerburg RJ: Sudden cardiac death: exploring the 
limits of our knowledge. J Cardiovasc Electrophysiol 12:369–381, 2001.)0
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tification of the structural abnormality does not reveal the 
vulnerability of plaques or specific markers of arrhythmic risk.

Much of the progress that has been made to date in profiling 
risk of SCD has been based on clinical markers, which primarily 
identify the extent of disease either at a myocardial level or at a 
vascular level (see Table 99-1). Ischemic cardiomyopathy identi-
fies high risk for SCD, which is particularly notable when accom-
panied by a history of clinical heart failure. The use of LV ejection 
fraction as the primary indicator of risk is regarded as less specific 
than previously thought. Other indicators, such as myocardial 
scarring revealed by cardiac magnetic resonance (CMR) imaging 
and left ventricular volumes, are emerging as markers of potential 
interest.

To achieve better profiling of arrhythmic risk, two approaches 
appear promising for application in future studies. One approach 
is prediction of transient risk, which is intended to identify 
patients who are at risk for the events that trigger fatal arrhyth-
mias in a shorter time frame7,17,19 (see Table 99-1). Pathophysi-
ological elements that may contribute to transient risk include 
control mechanisms mediated through autonomic nervous system 
functions, such as heart rate variability or baroreceptor sensitiv-
ity, measures of repolarization alterations, such as T wave alter-
nans, and inflammatory markers that are being evaluated as a 
predictor of risk for plaque destabilization.18 Whereas the inflam-
matory markers for plaque disruption generally can provide 
higher resolution of risk for acute coronary syndromes,20,21 indi-
vidual risk predictors, such as familial or genetic profiling, can 
potentially provide even greater resolution for SCD risk in spe-
cific persons.

The ability to identify the individual patient at risk for plaque 
disruption, in advance of an acute coronary syndrome, could 
provide a powerful method for identifying individuals at potential 
risk of SCD. In recent retrospective studies of men22 and women23 
in whom both cholesterol levels and indices of inflammation 
could be correlated with risk of coronary events, it was observed 
that each appeared to provide an independent predictive value, 
and this combination had the strongest power of prediction of 
relative risk increase. However, because the outcomes were 
expressed as relative increases of a baseline risk among the sub-
jects in the lowest terciles of cholesterol and inflammatory marker 
concentration, the absolute contribution of inflammatory markers 
(compared with cholesterol markers) remains to be determined. 

Figure 99-3). Increasing age is a powerful risk predictor among 
the adult population that becomes blunted in the presence of 
advanced heart disease, when it is overwhelmed by higher-risk 
clinical factors. The general population is viewed as being com-
posed of a gradient of risk, depending on the number of risk 
factors present (see Figure 99-4). However, the risk gradient 
based on current methods is still insufficient and it is likely that 
pockets of increased risk density will eventually be identifiable 
with better profiling methods.7,18

Prediction of Risk of Sudden Cardiac Death  
in Coronary Heart Disease

The evolution and expression of SCD resulting from coronary 
heart disease involves a multitiered cascade of pathophysiology, 
operating in different time domains7,13 (see Figure 99-6). The 
cascade includes the elements of initiation and progression of 
disease in the coronary arteries, transition of vascular lesions 
from quiescent to active states, initiation of acute coronary syn-
dromes, and, finally, acute arrhythmogenesis. In the early years 
of attention to the epidemiology of SCD, the conventional risk 
factors for coronary artery disease were the major focus for SCD 
risk prediction (Table 99-1; see also Figure 99-6). From a statisti-
cal and public health standpoint, this approach was and remains 
reasonable because of the large proportion and numbers of SCDs 
that are attributable to coronary artery disease.

This concept is limited, however, by the fact that these risk 
factors largely predict the evolution of the substrate-based risk 
over time and identify orders of magnitude of risk that are too 
low for specific antiarrhythmic interventions. Furthermore, these 
risk factors do not provide a specific marker of risk for arrhythmic 
deaths. Other methods for identifying the presence of structural 
abnormalities in coronary arteries have been suggested as poten-
tial strategies to provide greater sensitivity and specificity (see 
Table 99-1). For example, anatomic disease screening using 
calcium scoring and coronary computed tomographic angiogra-
phy have been suggested as methods for large-scale screening to 
identify abnormal coronary arteries. Although this technology 
identifies structural changes in coronary arteries with an accept-
able degree of accuracy, its value is limited by the fact that iden-

Figure 99-6.  Relationship among population subsets, incidence 
of  sudden cardiac death, and total population burden  for each 
group. With increasing incidence, based on subgroup profiling, a 
decrease in proportion of the total sudden death burden is seen. 
This effect relates to the population impact of known evidence-
based  outcomes  of  various  prevention  therapies,  and  it  high-
lights  the challenge of  the  low-risk, high-numbers  subsets. The 
incidence statistics cited in the original versions of this descriptor 
have changed over time because of changes in medical care. 

(Modified from Myerburg RJ, Junttila MJ: Sudden cardiac death 
caused by coronary heart disease. Circulation 125:1043-1052, 2012; 
and Myerburg RJ, Interian A Jr, Mitrani RM, et al: Frequency of 
sudden cardiac death and profiles of risk. Am J Cardiol 80:10F–19F, 
1997.)
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Tachyarrhythmic and Bradyasystolic or 
Asystolic Cardiac Arrest Mechanisms

Ventricular tachyarrhythmias, including ventricular fibrillation 
and pulseless ventricular tachycardia, are no longer the most 
common electrophysiological mechanisms of cardiac arrest 
leading to SCD.27 Estimates for the proportions of tachyarrhyth-
mic and nontachyarrhythmic mechanisms in the out-of-hospital 
environment vary according to specific sites (e.g., home versus 
public sites),28 but the overall statistics suggest that initial ven-
tricular fibrillation or pulseless ventricular tachycardia account 
for 25% and 50%.27,29,30 The proportion is somewhat higher in 
public sites and lower in the home environment. Nontachyar-
rhythmic mechanisms include pulseless electrical activity (PEA), 
asystole, and bradycardia severe enough to result in loss of ade-
quate cerebral and other organ perfusion. The proportions of 
these mechanisms are in the range of 50% for bradyasystole, and 
25% for PEA.27-30

The distinction between tachyarrhythmic mechanisms and 
the other (nonshockable) mechanisms is important both clinically 
and epidemiologically. The probability that an event will be 
tachyarrhythmic has an effect on the potential value of antitachy-
cardia strategies, such as ICDs and automated external defibril-
lators. Moreover, survival statistics are far more encouraging for 
tachyarrhythmic events in all clinical settings (i.e., both in-hospital 
and out-of-hospital). However, outcomes after bradyasystolic 
arrest and PEA vary according to specific clinical circumstances. 
The worst outcome occurs with PEA or asystole following defi-
brillation (i.e., secondary PEA–asystole), and the best outcome 
occurs among those with PEA or asystole associated with non-
cardiac causes, such as acute respiratory insufficiency and acute 
severe volume loss. There is new evidence suggesting that longer 
durations of life support efforts provide better outcomes in non-
tachyarrhythmic events than previously thought.31

Defining the initial rhythm can be difficult because of  
spontaneous changes between ventricular fibrillation–ventricular 
tachycardia and the nontachyarrhythmic mechanisms. This dif-
ficulty can confound attempts to correlate primary electrophysi-
ologic mechanisms with outcome. For example, the time between 
onset of a ventricular tachycardia and deterioration to asystole or 
PEA can be brief, limiting the potential benefit of interventions. 

A recent observation suggesting that complex plaques are mul-
tiple, possibly indicating a generalized or systemic susceptibility 
to plaque disruption (rather than plaque-specific risk) and a 
higher recurrent event rate after myocardial infarction,15 supports 
the notion of inflammation-based susceptibility. Other direct and 
indirect markers of risk of plaque destabilization from inflamma-
tory processes could also contribute to this theory of risk 
prediction.

Sudden Cardiac Death Risk in Nonischemic 
Dilated Cardiomyopathy

Sudden cardiac death among patients with nonischemic cardio-
myopathies, including the familial dilated cardiomyopathies,24 is 
more difficult to predict. Although LV ejection fraction is a 
general risk predictor among patients who have DCM, a better 
association with functional capacity has been proposed.25 For 
example, among patients with DCM who are functional class I, 
the risk of dying is low, but the proportional probability that a 
death will be sudden, if it occurs, is relatively high. The fact that 
this category encompasses a large number of patients at relatively 
low risk limits the predictive power for benefit from interven-
tions. At the other end of the spectrum, functional class III and 
class IV patients are at a higher risk of death generally and at a 
higher risk for SCD in terms of absolute numbers of deaths,25 
although the proportional risk of sudden death is lower. More-
over, among patients who experience sudden death in this cate-
gory, many have nonshockable rhythms, and some shockable 
rhythms are secondary to the hemodynamic state and resistant to 
defibrillation, possibly limiting the practical benefit of implant-
able cardioverter defibrillators (ICDs) in this group as well.

For this etiologic category of sudden cardiac death, discrimi-
nators of risk across the entire spectrum of disease expression, 
from early to advanced, are inconsistent. The importance of this 
limitation resides in the fact that the absolute number of SCDs 
counted among the relatively low-risk subgroups, which do not 
justify advanced interventions on a statistical basis, is disturbingly 
high. Future research must focus on discrimination of risk within 
the larger lower-risk population subsets,26 as well as SCDs that 
occur in the familial forms of DCM.24

Table 99-1. Indicators of Risk for Arrhythmic Sudden Cardiac Death (SCD)*

Target Examples Goal Sensitivity

ASHD risk factors Framingham risk index Predict evolution of disease Very low

Anatomic screening Electron beam tomography Identify CAD Very low

Clinical markers EF; angiography; AM; EPS
AM/EPS combined with EF

Define extent of disease
Identify arrhythmia markers
Define high-risk subgroups

Variable with extent of disease; 
low specificity

Low to intermediate for screening
High for specific groups
Primary predictive value unknown

Transient risk predictors T wave alternans; QT dispersion
Pathophysiologic controls (e.g., HRV, BRS)
Inflammatory markers

Identify ECG markers of risk
Quantify autonomic regulation
Predict unstable plaques

Unknown, potentially high

Individual risk predictors Familial/genetic profiles Predict specific SCD risk before 
disease expression

High potential for future profiling
Uncertain; some measures 

useful(?)

AM, ambulatory monitor; ASHD, arteriosclerotic heart disease; BRS, baroreflex sensitivity; CAD, coronary artery disease; ECG, electrocardiogram; EF, ejection fraction; 
EPS, electrophysiologic studies; HRV, heart rate variability; QT, QT interval.
*The conventional risk factors and anatomic disease screening have some general use for predicting risk, but sensitivity is very low and nonspecific for arrhythmic deaths. 
Transient risk predictors and individual risk predictors offer the hope for more powerful individual prediction of SCD.

From Myerburg RJ: Sudden cardiac death: Exploring the limits of our knowledge. J Cardiovasc Electrophysiol 12:369–381, 2001.
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another. Furthermore, each pathway appears to be under unique 
genetic controls. Genetic factors in atherogenesis, plaque desta-
bilization, and the thrombotic cascade, added to the genetics of 
ion channel function, potentially have definable effect on indi-
vidual risks and responses to pathophysiological states.7 The 
notion that a few common genetic variants would have the power 
to predict SCD with some degree of sensitivity and accuracy 
came and went quickly in recent years. Although variants influ-
encing molecular electrophysiology might make significant con-
tribution to risk profiling, the remainder of the cascade depends 
on major interactions with conventional risk factors, such as 
diabetes mellitus, hypertension, cigarette smoking, and hyperlip-
idemias. Genetic markers for these basic risk factors are evolving, 
but the basis for lesion initiation remains problematic.

As an expanded epidemiologic approach evolves, it will initiate 
a conceptual transformation of the sequential pathophysiological 
cascade (see Figure 99-7) into a complex system analysis model.39 
The need for this approach derives from the fundamental limita-
tion of the ability of conventional risk factors to identify specific 
persons at high risk for SCD (or other manifestations of coronary 
artery disease) from among the general population. Because a 
majority of SCDs occur in people without easily identifiable high 

Conversely, an initial bradyarrhythmic event can change to  
ventricular fibrillation–ventricular tachycardia, with or without 
therapy, and in this circumstance the probability of successful 
defibrillation appears to be reduced.32 Finally, data from emer-
gency rescue responses to cardiac arrest can be misleading in 
regard to initial mechanisms. Higher proportions of asystole and 
PEA at initial contact could reflect delayed 9-1-1 calls by wit-
nesses, and shortening such delays can yield higher proportions 
of victims found in ventricular tachycardia at initial contact. Even 
among hospitalized patients, a differential survival benefit has 
been reported for early defibrillation, defined as occurring at 2 
minutes or less after onset of the arrhythmia, compared with 
delayed defibrillation, defined as occurring beyond 2 minutes 
(39% versus 22%).33

Inherited Basis of Sudden Cardiac Death  
Risk in Adults

Familial clustering of SCD risk has been observed across the 
entire list of causative diseases and the spectrum of age, ranging 
from infancy to middle aged and late adulthood. Across the age 
range, there is a transition from direct causation by inherited 
disorders that directly affect arrhythmogenesis to indirect influ-
ences of genetic variants that express how diseases present. 
Regarding SCD as the initial manifestation of coronary heart 
disease, two population-based studies34,35 and two clinical and 
pathologic studies36,37 suggest that SCD is a patient-specific 
response to acute coronary syndromes. Each of these studies 
demonstrated a pattern of familial clustering of SCD, with an 
excess risk of sudden death as the specific initial manifestation of 
an acute coronary syndrome when a family history was positive 
for SCD in one parent and even higher when both sides of the 
family are affected.35,36 Although familial clustering could be 
environmental in part, ongoing studies are seeking mutations or 
polymorphisms that can predispose to abnormal electrophysio-
logical function in the presence of acute ischemia, even if the 
affected person is phenotypically normal at baseline. Support for 
the general concept of genetic variations that do not affect base-
line phenotype, but are associated with expression of effects 
during a transient event, has been emerging.38

Epidemiologic Paradigms for Sudden  
Cardiac Death Prediction

Limitations in the ability to identify individuals at risk of  
SCD from among the general population compose the major 
reason why SCD remains an important public health problem. 
The variations in definitions of SCD, inconsistencies in access to 
data, and differences in pathophysiological mechanisms and their 
clinical recognition result in persisting questions about the 
balance between population-attributable risk and individual risk 
prediction. To address these limitations, conventional epidemio-
logic concepts must be supplemented by the integration of new 
epidemiologic paradigms (Box 99-1), including the emerging 
fields of genetic epidemiology (Box 99-2) and interventional epi-
demiology, the latter being a term coined to define the population 
dynamics of clinical trial design and outcomes.

The most prominent paradigm shift has occurred in percep-
tions of the epidemiology of coronary heart disease. The conven-
tional model is a cascade progressing sequentially from coronary 
atherogenesis, to plaque destabilization, initiation of acute coro-
nary syndromes, and triggering of fatal arrhythmias (Figure 
99-7). These elements can be viewed as modules, each containing 
defined pathophysiological pathways that interact with one 

Box 99-1 Epidemiologic Paradigms for Population and 
Individual Risk Prediction of Sudden Cardiac Death

Conventional Epidemiology
• Population risk and primary prevention (e.g., atherogenesis)
• Secondary and tertiary prevention

Transient Risk Prediction
• Acute coronary syndrome, hemodynamic changes, electrical 

instability, autonomic predictors

Interventional Epidemiology
• Predictors derived from clinical trials
• Long-term surveillance observations for safety

Genetic Epidemiology
• Individual (personalized) risk
• Prediction of specific expression

Box 99-2 Genetic Epidemiology of Risk for Sudden 
Cardiac Death

Genetically Based Primary Arrhythmia Disorders
• Congenital long QT syndrome
• Brugada syndrome
• Idiopathic (catecholaminergic) ventricular 

tachycardia–fibrillation

Inherited Structural Disorders with Risk of  
Arrhythmic SCD
• Hypertrophic cardiomyopathy
• Right ventricular dysplasia/cardiomyopathy

Genetic Predisposition to Drug- and Electrolyte-Induced 
Arrhythmias and SCD
• Acquired long QT syndrome

Genetic Modulation of Complex Acquired Diseases
• Coronary artery disease, acute coronary syndromes
• Congestive heart failure, dilated cardiomyopathies
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When viewed from the perspective of a complex system  
containing voluminous bioinformation, both the difficulty and 
the opportunity become evident. Genetic, environmental, and 
acquired pathophysiologic states all can have roles. The value of 
genetically based analysis of risk is the fact that it has the potential 
to provide predetermined predictors in advance of clinical events. 
Acquired characteristics may be more difficult to identify with 
sufficient lead time for practical interventions.

The components of a complex biologic system leading to 
genetic and genomic epidemiologic models include polymor-
phisms or mutations along multiple steps of the clinical expres-
sion cascade, which together can provide information that can 
enhance the power of risk prediction (see Figure 99-7). The first 
on the list of complexities is the study of interactions among 
genes, which can be directly related, functionally related, or inte-
grated with remotely related functions. The genes that control 
ion channel pore structure (e.g., KCNQ1, KCNH2, SCN5A) 
and those that control their associated modulating peptides (e.g., 
KCNE1, KCNE2, SCN1B) provide examples of direct relation-
ships.26 An example of indirect but related interactions between 
products of multiple genes is envisioned as interactions between 
the expression of ion channel gene variants and genes which 
modulate or modify calcium handling. Identified mutations of the 
latter (e.g., RYR2 and CASQ2) are associated with arrhythmias. 
In addition, KcLQT-1/MinK can interact with RYR2 or CASQ2 
variations, resulting in an association between control of repolar-
ization and calcium handling, a relationship suggested as a mech-
anism for arrhythmogenesis. Finally, a genetically determined 
influence on β-adrenergic receptor function,41 interacting with 
the ion channel–calcium handling complex,42 is an example of a 
remote but integrated gene-gene relationship.

Another component in the complex system for control of ion 
channel function is the interaction between genetic influences 
and pathophysiological functions. Examples include the relation-
ships between genetic channelopathies and β-adrenergic control, 
or benign polymorphisms and transient pathophysiologic 

absolute risks for cardiovascular or total mortality (see Figure 
99-6), and because risk is multifactorial (see Figure 99-7), more 
precise predictors of single-patient probabilities of risk of coro-
nary heart disease generally, and SCD in particular, must be 
sought. This information will have to come from mathematical 
analyses of the interactions between multiple risks or complex 
system analysis.

Despite impressive relative risks identified by some single 
markers, small effect sizes provide only limited power for indi-
vidual risk prediction. In parallel, the relative benefits of some 
interventions targeting specific risk factors studied in controlled 
interventions are impressive for select groups of patients, but they 
provide limited predictive power for absolute risk reduction in 
individual patients. The control groups from most of the primary 
prevention clinical trials, such as the 3-hydroxy-3-methylglutaryl–
coenzyme A reductase trials for cholesterol lowering and prophy-
lactic use of aspirin, are instructive examples of these limitations. 
When the absolute mortality outcomes among the aspirin- or 
statin-treated and control groups in primary prevention studies 
are analyzed, it is notable that the absolute reduction in mortality 
risk for persons in the treatment groups is modest. The reported 
outcomes of such studies emphasize group effect (relative risk 
reduction) rather than their individual effect (absolute benefit).17 
Among three major primary prevention statin trials,40 total mor-
tality rates fell from 3.7% over 5 years to 2.8%, for a reduction 
of approximately 0.9%. Cardiovascular mortality benefit was 
0.5% over 5 years. These figures derive from the fact that the 
absolute mortality risk in the placebo groups is relatively low 
(3.7% over 5 years, or 0.72% per year), even though the benefi-
cial effect in a relative sense is impressively high. However, 
because of the absolute magnitude of the numerators and denom-
inators in these lower-risk groups, the potential benefit of iden-
tifying persons at risk with a higher degree of precision is huge. 
These studies were not powered to identify SCD benefit. In 
order to do so, however, the epidemiologic mission becomes 
much more complex.

Figure 99-7.  Genetic imprints on the coronary heart disease–sudden cardiac death (SCD) cascade. Genetic influences have been identified for multiple inheritance modules 
along the cascade from general  risk  factors  for atherosclerosis to arrhythmic expression  leading to SCD.  Individual risk based on genetic profiles has been  identified for 
atherogenesis, plaque evolution, the thrombotic cascade, and arrhythmia expression, but few of the markers identified thus far have sufficient individual predictive power 
to be clinically useful. Genomic and proteomic strategies can lead to stepwise integration of these modules through complex analytic methods, permitting better individual 
applications.  Ultimately,  treatment  of  these  concepts  as  a  biologic  system  may  offer  even  greater  power  to  the  field  of  genetic  epidemiology,  leading  to  higher-order 
single-patient probabilities for predicting SCD. 

(Modified from Myerburg RJ, Junttila MJ: Sudden cardiac death caused by coronary heart disease. Circulation 125:1043–1052, 2012.)
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gained from each of these sources of data differs regarding popu-
lation effects and individual clinical effect. For example, mining 
of existing databases can identify risk factors or strong associa-
tions. Observations generally are expressed in terms of relative 
risk statements, which can be derived from low absolute event 
rates. Low event rates with large relative differences identify 
effects, but usually with limited individual patient impact. In 
contrast, randomized clinical trials with large absolute differences 
in outcomes are able to better define individual patient benefits. 
Observational studies are limited by their dependence on com-
parisons between anticipated outcomes that influence study 
design, rather than actual measures.

SCD in an unselected adult population includes victims whose 
cardiac arrests occur as a first cardiac event, as well as those whose 
events can be predicted with greater accuracy because they are 
included in higher-risk subgroups. Based on a cumulative inci-
dence of 1 to 2 per 1000 population (0.1% to 0.2%) per year  
in the United States (see Figure 99-6), any intervention  
designed for the general population must be applied to the 999 
in 1000 persons who will not have an event, in order to reach and 
possibly influence the 1 in 1000 who will. Cost and risk-benefit 
uncertainties limit the nature of broad-based interventions and 
demand a higher resolution of risk identification. With each 
group-specific escalation of risk, the probability of an event 
increases, whereas the corresponding absolute number of deaths 
becomes progressively smaller,1 limiting the population effect of 
interventions in high-risk subgroups yet magnifying the indi-
vidual benefit.

All studies of group outcomes of therapy for complex patho-
physiologic states must consider four factors: (1) relative risk 
reduction, (2) absolute risk reduction, (3) residual risk, and (4) 
cumulative benefits of multiple interventions. The primary end-
point reports for all clinical trials of ICD therapy, and for most 
other large clinical trials, focus largely on reduction in relative 
risk,17 because this measure identifies the effect of the 

modifiers.26 The third, and most challenging, is the construct of 
the pathophysiological cascade itself, leading from atherogenesis 
to plaque characteristics to the thrombotic cascade and then to 
specific arrhythmic expression. Within each module of the 
cascade resides evolving clusters of information on genetic influ-
ences, potentially contributing to risk prediction. These features 
offer the opportunity for the cascade to evolve into a complex 
system for simultaneous interactive analysis of multiple gene 
influences, rather than a sequence of independent variables. 
Complex systems analyses can then be used to integrate genetics 
into epidemiology, providing a stepwise amplification of risk pre-
diction, based on individual probability profiles. Within each 
element in the cascade—atherogenesis risk undergoing transition 
to risk for an active plaque state, followed by genetic properties 
of the thrombotic cascade, and finally triggering of arrhythmias—
genetic influences feed into an integrated pool of characteristics 
that determine individual probabilities.

Higher-order or personalized single-patient probabilities (for 
example, 1 in 10 risk versus 1 in 1000 annual risk), derived from 
integration of properties at multiple levels of pathophysiology, 
will complement the power of risk expression for specific com-
ponents of the SCD cascade. The ultimate goal is to profile 
individual risk at multiple steps in the SCD cascade, generating 
probability figures that are powerful enough to be useful for 
preventive strategies far in advance of clinical events.

Interventional Epidemiology of Sudden 
Cardiac Death Risk

The outcomes of randomized clinical trials, observational inter-
ventional studies, and the results of epidemiologic surveys all 
contribute to the development of strategies for the management 
of risk for SCD.7 However, the application of the knowledge 

Figure 99-8.  Evidence-based indications for  implantable cardioverter defibrillator (ICD) after surviving myocardial  infarction. Each of these four primary prevention trials 
had a qualifying ejection fraction (EF) cutoff (green circle), above which patients were not randomized (gray box). The EFs of enrolled patients create uncertainties for sub-
groups within the study populations, despite overall benefits of ICD therapy in the studies. In each study, the EF subgroup that dominated enrollment (shown with red dots 
and bars mean ± SD [MADIT, MADIT-2] or median and 25th, 75th percentile [MUSTT, SCD-HeFT]) achieved a clear benefit from ICD therapy, whereas those that extended 
back to the upper limit of entry criterion for EF (blue cross-hatched boxes) were underrepresented, achieved no benefit, or were indeterminate. AM, Ambulatory monitor; 
EPS, electrophysiological study; HF, heart failure. 

(From Myerburg RJ: Implantable cardioverter-defibrillators after myocardial infarction. New Engl J Med 359:2245–2253, 2008, with permission of the publisher. Copyright © 
Massachusetts Medical Society, 2008.)
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99 
in clinical trial designs because it requires larger study popula-
tions, and it has not been used prospectively in any of the ICD 
or antiarrhythmic trials. Post hoc subgroup analysis can be used 
to suggest added benefit of a secondary strategy, but this does not 
replace stratifying the multiple interventions.

A final consideration in the epidemiology of interventions is 
the comparison of entry criteria against actual enrollment (Figure 
99-8). In many of the ICD trials, the range of ejection fractions 
and functional classifications were unintentionally biased toward 
certain values, thereby limiting the interpretation and proper 
application of the outcomes. Ejection fraction entry criteria were 
largely in the range of 30% to 40% or less, but enrollment was 
dominated by lower ranges.13 Therefore, the benefit to patients 
with ejection fraction values at the higher end of the range is  
not clear.

intervention. Relative risk reduction, however, does not quantify 
the benefit for the individual patient. To do so, a measure of 
absolute risk reduction is required, such as the absolute numerical 
difference in risk observed in the test and control groups, or 
calculations of a number of patients needed to be treated in order 
to save a life.

Other measures of group effects that do not commonly receive 
attention include residual risk and cumulative benefit. Residual 
risk refers to the absolute outcome among the treated group or 
test group in a clinical trial population, which identifies the com-
ponent of total mortality risk that does not respond to the tested 
therapy. If residual risk is high, the absolute and relative risk 
reduction benefits are correspondingly limited. Cumulative benefit 
refers to the increment in benefit from integration of multiple 
interventions; despite its importance,17,43 this is rarely stratified 
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Clinical Presentation
Duchenne is the most common muscular dystrophy. Symptoms 
typically begin before the age of 5 years with proximal muscle 
weakness that is progressive, leading to a loss of ambulation and 
later to respiratory failure. Invasive ventilation and spinal surgery 
has improved outcomes with a median survival of 35 years. 
Becker muscular dystrophy is less common, has a more variable 
presentation of skeletal muscle weakness, and has a better 
prognosis.

The majority of patients with Duchenne muscular dystrophy 
develop a cardiomyopathy, but clinical recognition can be masked 
by severe skeletal muscle weakness.1 Cardiac magnetic resonance 
(CMR) imaging detects early myocardial fibrosis. Predilection 
for involvement in the posterobasal and posterolateral left ven-
tricle has been observed. Electrocardiograms are abnormal in 
90% of patients with Duchenne muscular dystrophy, demonstrat-
ing a distinctive pattern of tall R waves and increased R/S ampli-
tude in V1 and deep narrow Q waves in the left precordial leads 
related to the regional ventricular involvement. Up to 40% of 
individuals have PR intervals less than 120 ms. Cardiac involve-
ment in Becker muscular dystrophy is more variable, ranging 
from none or subclinical to severe cardiomyopathy requiring 
transplant. Electrocardiographic abnormalities similar to that in 
Duchenne muscular dystrophy are present in up to 75% with 
echocardiographic abnormalities in 50%. The severity of cardiac 
involvement does not correlate with the degree of skeletal muscle 
weakness.

Arrhythmia Manifestations
Persistent or labile sinus tachycardia is the most common rhythm 
abnormality observed in Duchenne muscular dystrophy. Atrial 
arrhythmias including fibrillation and flutter occur in the setting 
of a dilated cardiomyopathy or as a preterminal rhythm. Com-
plete heart block requiring pacing is rare but has been reported. 
Ventricular arrhythmias primarily ventricular premature beats are 
seen on ambulatory monitoring. Monomorphic ventricular tachy-
cardia has been described. A primary cardiac etiology for death 
occurs in approximately one fourth of individual with an equal 
distribution of death from progressive heart failure and sudden 
death. Whether the sudden death is due to arrhythmias is unclear. 
The presence of left ventricular systolic dysfunction is a risk factor 
for all-cause mortality. Arrhythmia manifestations in Becker mus-
cular dystrophy correspond to the degree of associated cardiomy-
opathy, but are poorly characterized. Complete heart block has 
been observed. The prevalence of ventricular arrhythmias is not 
well documented. Bundle branch reentry tachycardia has been 
reported in a patient with cardiomyopathy.

Treatment and Prognosis
Duchenne muscular dystrophy is a progressive disorder with 
death from respiratory or cardiac failure. Steroids delay the pro-
gression of skeletal and cardiac muscle dysfunction. Angiotensin-
converting enzyme inhibitors and β-blockers delay the onset of 
and can possibly improve left ventricular systolic dysfunction. 
The role of implantable cardioverter defibrillators (ICDs) or 
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Arrhythmias occur in patients with neurologic disorders because 
of associated cardiac involvement. Electrophysiologists are asked 
to evaluate and treat these patients and need to understand the 
clinical presentations, appropriate therapies, and outcomes in the 
diseases. This chapter will review the cardiac and arrhythmia 
consequences observed in muscular dystrophies, Friedreich’s 
ataxia, periodic paralyses, mitochondrial disorders, Guillain-
Barré syndrome, myasthenia gravis, epilepsy, and acute cerebro-
vascular disorders.

Muscular Dystrophies

The muscular dystrophies are a group of inherited disorders 
affecting skeletal muscle that can also affect cardiac muscle. 
Genetic tests are available for all the disorders. The muscular 
dystrophies are classified into:

1. Duchenne and Becker muscular dystrophies
2. Type 1 and type 2 myotonic dystrophies
3. Emery-Dreifuss muscular dystrophies and associated 

disorders
4. Limb-girdle muscular dystrophies
5. Facioscapulohumeral muscular dystrophy

Duchenne and Becker Muscular Dystrophies

Genetics and Cardiac Pathophysiology
Duchenne and Becker muscular dystrophies are X-linked reces-
sive disorders caused by mutations in the dystrophin gene. The 
dystrophin protein and dystrophin-associated glycoproteins 
provide a structural link between the myocyte cytoskeleton and 
extracellular matrix. Dystrophin is nearly absent in Duchenne 
muscular dystrophy, whereas dystrophin is present but reduced 
in size or amount in Becker muscular dystrophy. This leads to 
the characteristic early presentation and rapidly progressive 
muscle disease in Duchenne and the more benign course in 
Becker muscular dystrophy.
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without an appropriate escape rhythm, has been considered a 
probable cause. Sudden death can occur despite pacemakers 
implicating ventricular arrhythmias. Patients with myotonic dys-
trophy type 1 are at risk for bundle branch reentry tachycardia 
because of associated conduction disease. Arrhythmias are 
observed in patients with myotonic dystrophy type 2, but are less 
frequent and occur later in life. Unexplained sudden death has 
been reported.5

Treatment and Prognosis
Neurologists and neuromuscular specialists appropriately refer 
myotonic patients to cardiology or electrophysiology for assess-
ment and treatment. In patients with symptoms consistent with 
arrhythmias, electrophysiological evaluation to determine an eti-
ology is mandatory. Annual electrocardiograms and consider-
ation for 24-hour ambulatory monitoring have been recommended 
as screening evaluations in asymptomatic patients. In a large, 
myotonic dystrophy type 1 cohort, the presence of severe elec-
trocardiographic conduction abnormalities (non–sinus rhythm, 
PR interval ≥ 240 ms, QRS duration ≥ 120 ms, or second- or 
third-degree atrioventricular block) and a clinical diagnosis of 
atrial arrhythmias were independent factors predicting sudden 
death.3 The 2008 guideline update for device-based therapy of 
cardiac rhythm abnormalities has recognized that asymptomatic 
electrocardiographic conduction abnormalities, including first 
degree atrioventricular or fascicular block in neuromuscular dis-
eases such as myotonic dystrophy, warrant special consideration 
for prophylactic pacing.6 Electrophysiological study for determi-
nation of the severity of His-Purkinje disease has been recom-
mended. In a retrospective observational evaluation performed 
in a referred myotonic dystrophy type 1 cohort, an invasive strat-
egy using electrophysiologic study to guide pacing if the H-V 
interval is 70 ms or greater decreased the frequency of sudden 
death compared with a noninvasive strategy observational group.4 
Sudden death occurs despite pacemakers, and the ICD may be 
the preferential therapy in patients being considered for a pro-
phylactic device.7 In patients with wide complex tachycardia, an 
electrophysiologic study with particular evaluation for bundle 
branch reentry tachycardia should be done.

Anesthesia in patients with myotonic dystrophy can increase 
the risk of conduction block and other arrhythmias. Careful 
monitoring during the perioperative period with a low threshold 
for temporary pacing is recommended.

Respiratory failure owing to progressive neuromuscular 
disease is the most common cause of death in myotonic dystro-
phy. Nonambulatory patients and those receiving respiratory 
support should be considered high risk for pulmonary complica-
tions of procedural sedation. Prophylactic devices might not be 
justifiable if the likelihood of long-term survival is poor.

Emery-Dreifuss Muscular Dystrophies and 
Associated Disorders

Genetics and Cardiac Pathophysiology
Emery-Dreifuss muscular dystrophy is an inherited disorder in 
which skeletal muscle involvement is often mild, but with cardiac 
and arrhythmia involvement that is common and life threatening. 
The disease is classically inherited in an X-linked recessive 
fashion, but heterogeneity is observed with an autosomal domi-
nant inheritance that is, in fact, more common. The gene abnor-
mality responsible for the X-linked recessive Emery-Dreifuss 
muscular dystrophy is a deficiency in a nuclear membrane protein 
termed emerin. Mutations in the LMNA gene found on chromo-
some 1 encoding two other nuclear membrane proteins, lamin A 
and C, have been identified as responsible for a multitude of 
degenerative disorders collectively termed laminopathies with a 

biventricular pacing in Duchenne patients with heart failure  
and left ventricular systolic dysfunction is unclear. Fatal  
respiratory failure after sedation for ICD placement has been 
reported. Patients with Becker muscular dystrophy benefit from 
angiotensin-converting enzyme inhibitors and β-blockers and 
may be better candidates for ICDs or biventricular pacing than 
Duchenne patients because of better respiratory status; however, 
little has been published. Cardiac transplant has been reported 
in highly select patients primarily with Becker muscular 
dystrophy.

Type 1 and Type 2 Myotonic Dystrophies

Genetics and Cardiac Pathophysiology
The myotonic dystrophies are autosomal dominant disorders 
characterized by myotonia, which is a delayed muscle relaxation 
after contraction, weakness, and atrophy of skeletal muscles, and 
systemic manifestations that include cardiac involvement. Two 
distinct mutations are responsible for the myotonic dystrophies. 
In myotonic dystrophy type 1, a trinucleotide, cytosine-thymine-
guanine (CTG) repeat expansion occurs in an untranslated region 
of chromosome 19. In myotonic dystrophy type 2, also called 
proximal myotonic myopathy, a tetranucleotide, CCTG repeat 
expansion occurs on chromosome 3. The mechanism responsible 
for the similar phenotype despite two different mutations is that 
the amplified DNA repeat sequence is transcribed into an ampli-
fied RNA that affects nuclear RNA binding proteins (RNA toxic 
gain-of-function) and subsequent downstream protein synthesis. 
A recent study suggests that cardiac pathology in both myotonic 
dystrophies is related to gap junction and calcium channel protein 
overexpression.2 The cardiac pathology observed includes pref-
erential degeneration of the conduction system from the sinus 
node to the His-Purkinje fibers. Degenerative changes are 
observed in other atrial and ventricular tissue, but progression to 
a symptomatic structural cardiomyopathy is less common. Myo-
cardial fibrosis and conduction system degeneration is progres-
sive, leading to an age-dependent risk of arrhythmias. Although 
the pathology appears similar in types 1 and 2, type 1 typically 
has earlier and more severe cardiac involvement.

Clinical Presentation
Myotonic dystrophy is the most common inherited muscular 
dystrophy in adults with type 1, significantly more prevalent than 
type 2. In type 1, the age at onset of symptoms and diagnosis 
averages 20 to 25 years, and patients often die prematurely in the 
fifth or sixth decade.3 In type 1, a congenital presentation marked 
by severe involvement including neurocognitive abnormalities 
can occur. Patients with type 2 and less affected patients with type 
1 live longer.

Arrhythmia Manifestations
Patients with myotonic dystrophy type 1 demonstrate a wide 
range of arrhythmias. Electrocardiograms are abnormal in 60% 
of middle-aged adults primarily showing abnormalities in con-
duction with prolonged PR interval and QRS duration. On an 
electrophysiological study, a prolonged His-ventricular interval 
is often present.4

Conduction system disease can progress to symptomatic heart 
block and necessitate pacing. The prevalence of pacemakers 
varies widely between studies based on referral patterns and indi-
cations.3,4 Atrial arrhythmias, primarily fibrillation and flutter, are 
common. Patients with atrial arrhythmias are often asymptomatic 
possibly because of a controlled ventricular response from con-
comitant conduction disease. Up to one third of individuals with 
myotonic dystrophy type 1 die suddenly. The mechanisms leading 
to sudden death are not clear, but are believed to be related pri-
marily to arrhythmia. Asystole, owing to complete heart block 
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glycoproteins, sarcomeric proteins, sarcolemma proteins, nuclear 
membrane proteins, and cellular enzymes. An autosomal domi-
nant limb-girdle muscular dystrophy (subtype 1B) with a high 
prevalence of arrhythmias and a late dilated cardiomyopathy is 
caused by mutations encoding lamin A/C, similar to in Emery-
Dreifuss muscular dystrophy. An autosomal recessive or sporadic 
limb-girdle muscular dystrophy associated with a progressive 
dilated cardiomyopathy is caused by mutations affecting the func-
tion of the dystrophin-glycoprotein complex, including sarcogly-
can and fukutin-related proteins (subtypes 2C-F, 2I). An 
autosomal recessive limb-girdle muscular dystrophy associated 
with a variable onset of a dilated cardiomyopathy is caused by a 
mutation in a sarcolemmal repair protein termed dysferlin 
(subtype 2B). Other subtypes of limb-girdle muscular dystrophy 
are not commonly associated with cardiac or arrhythmia 
abnormalities.

Clinical Presentation
The onset of muscle weakness is variable but typically occurs 
before 30 years of age. Patients have initial difficulty walking or 
running because of pelvic girdle involvement. Disease progres-
sion is often similar to that observed in Duchenne muscular 
dystrophy.

Arrhythmia Manifestations
Arrhythmias occur in limb-girdle muscular dystrophy limited to 
specific genetic subtypes. In subtype 1B, the cardiac phenotype 
is similar to Emery-Dreifuss muscular dystrophy. Progressive 
conduction disease occurs commonly requiring pacing.11 Sudden 
death occurs, including in those with a pacemaker. Risk factors 
for sudden death and appropriate ICD therapy include nonsus-
tained ventricular tachycardia, left ventricular ejection fraction 
less than 45%, male sex, and lamin A or C non-missense muta-
tions.10 A late dilated cardiomyopathy can be seen. The primary 
clinical manifestation of the subtypes of limb-girdle muscular 
dystrophy affecting the dystrophin-glycoprotein complex (sub-
types 2C to 2F, 2I) is a dilated cardiomyopathy. Specific arrhyth-
mias have not been reported, but it is anticipated that there is 
risk associated with the cardiomyopathy. A dilated cardiomyopa-
thy can occur in subtype 2B (dysferlinopathy).

Treatment and Prognosis
Routine screening of the electrocardiogram and echocardiogram 
in the subtypes of limb-girdle muscular dystrophy associated with 
cardiac disease is indicated. Patients with a dilated cardiomyopa-
thy should be treated with standard heart failure therapy. Pro-
phylactic implantation of a cardioverter-defibrillator rather than 
pacemaker is recommended in patients with limb-girdle muscular 
dystrophy subtype 1B when cardiac conduction disease is 
present.10,11

Facioscapulohumeral Muscular Dystrophy

Genetics and Cardiac Pathophysiology
Facioscapulohumeral muscular dystrophy is an autosomal domi-
nant disorder. The primary genetic mutation occurs at chromo-
some 4q35 with a contraction of a D4Z4 repeat sequence. The 
repeat sequence is required to suppress transcription of adjacent 
genes, and its contraction results in inappropriate protein expres-
sion. Genetic heterogeneity with a second mutation has been 
reported.

Clinical Presentation
Facioscapulohumeral muscular dystrophy is a common muscular 
dystrophy. Weakness typically follows a slowly progressive course. 
Serious cardiac disease including dilated cardiomyopathy is 
reported but rare.

cardiac phenotype similar to that of the X-linked Emery-Dreifuss 
muscular dystrophy.8 Less than half of patients with Emery-
Dreifuss muscular dystrophy have mutations in emerin or lamin 
A/C, and mutations affecting other nuclear membrane proteins 
have been identified. The nuclear membrane proteins provide 
structural support for the nucleus and interact with the cell’s 
cytoskeleton. Abnormalities in the nuclear proteins might not 
allow the nucleus and cell to tolerate mechanical stress (the 
nuclear fragility mechanism), and chromatin structure and sub-
sequent downstream proteins can be adversely affected (the gene 
expression mechanism).9 Pathologic studies have shown fibrotic 
replacement of cardiac muscle and conduction tissue.

Clinical Presentation
A triad of early contractures of the elbow, Achilles tendon, and 
posterior cervical muscles, slowly progressing muscle weakness 
and atrophy, and cardiac involvement characterizes Emery-
Dreifuss muscular dystrophy. There is a significant variation in 
the phenotypic expression of the various other subtypes of lami-
nopathies.8 Both arrhythmias and a dilated cardiomyopathy occur 
in Emery-Dreifuss muscular dystrophy and the associated disor-
ders. Often the first manifestation is conduction disease and heart 
block requiring pacing. The dilated cardiomyopathy tends to be 
observed later.

Arrhythmia Manifestations
Abnormalities in impulse generation and conduction are common 
in Emery-Dreifuss muscular dystrophy and associated disorders. 
Electrocardiograms are typically abnormal by 20 to 30 years of 
age, with an early manifestation of first-degree atrioventricular 
block. The atria are involved before the ventricles, with atrial 
fibrillation or flutter or classically, with permanent atrial standstill 
and a junctional bradycardia. A need for pacing support is typical 
by 35 to 40 years of age. Sudden death is common in Emery-
Dreifuss muscular dystrophy and associated disorders, including 
in those who have received pacemakers. Ventricular tachycardia 
and fibrillation occur. Risk factors for sudden death and appropri-
ate ICD therapy include nonsustained ventricular tachycardia, 
left ventricular ejection fraction less than 45%, male sex, and 
lamin A or C non-missense mutations.10 Female carriers of 
X-linked Emery-Dreifuss muscular dystrophy are at risk of 
cardiac conduction disease and sudden death, typically occurring 
late in life.

Treatment and Prognosis
Affected patients should be monitored carefully for electrocar-
diographic conduction abnormalities and left ventricular dys-
function. Ambulatory monitoring can reveal asymptomatic 
ventricular arrhythmias that have prognostic significance. Pacing 
support is recommended once conduction disease is evident, 
although the severity at which pacing should be instituted is not 
clear. Dual-chamber pacing might not be possible if atrial stand-
still is present. An ICD rather than bradycardia protection alone 
is the preferred prophylactic therapy.10,11 Pharmacotherapy for 
dilated cardiomyopathy and heart failure in these diseases has not 
been studied, but it would be appropriate given the known 
progression.

Limb-Girdle Muscular Dystrophies

Genetics and Cardiac Pathophysiology
Limb-girdle muscular dystrophies are a group of disorders with 
a limb–shoulder and pelvic girdle distribution of weakness, but 
otherwise with heterogeneous inheritance and clinical features. 
Autosomal recessive (subtypes 2A to 2P), dominant (subtypes  
1A to 1H), and sporadic inheritance has been observed.12 
Genes involved include those encoding dystrophin-associated 
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channel genes.18 They can be classified into hypokalemic and 
hyperkalemic periodic paralyses and Andersen-Tawil (long QT 
7) syndrome. In addition, acquired hypokalemic periodic paraly-
sis can complicate thyrotoxicosis, especially in men of Asian 
descent. All these paralyses can manifest with episodic attacks of 
flaccid paralysis precipitated by variable environmental stimuli. A 
late-onset fixed myopathy can occur in hypokalemic and hyper-
kalemic periodic paralyses.

In hypokalemic periodic paralysis, attacks are precipitated by 
carbohydrate load or rest after exercise and are associated with 
decreased serum potassium levels at onset. Penetrance is incom-
plete, especially in women. Hypokalemic periodic paralyses is 
caused by point mutations in the α1-subunit of the dihydropyridine-
sensitive calcium channel (CACNA1S) or in the α-subunit of the 
skeletal muscle sodium channel (SCN4A). Approximately 20% 
of cases are of uncertain genetic cause. One third of thyrotoxic 
hypokalemic periodic paralysis is associated with mutations in an 
inward rectifier potassium channel, Kir2.6, which is regulated by 
thyroid hormone. In hyperkalemic periodic paralysis, episodic 
weakness is precipitated by exercise and fasting, with symptoms 
worsening with potassium supplementation. Myotonia can also 
be seen. Complete penetrance is observed. Potassium levels are 
usually high, but can be normal during an attack. Hyperkalemic 
periodic paralysis is caused primarily by point mutations in the 
α-subunit of SCN4A. Genetic heterogeneity is observed. 
Andersen-Tawil syndrome is a distinct periodic paralysis charac-
terized by dysmorphic features of low-set ears, micrognathia, 
hypertelorism, clinodactyly, long QT interval, and ventricular 
arrhythmias.19 Episodic weakness can be triggered by hyperkale-
mia, hypokalemia, or normokalemia. Response to potassium 
supplementation is inconsistent. Mutations in the KCNJ2 gene 
encoding an inward rectifier K+ channel (Kir2.1) that is expressed 
in skeletal and cardiac muscle is the cause in approximately 60% 
of cases. What genes are involved in KCNJ2-negative families is 
uncertain. Andersen-Tawil syndrome has been given an alterna-
tive nomenclature of long QT 7.

Arrhythmia Manifestations
The periodic paralyses are associated with ventricular arrhyth-
mias. Most arrhythmias occur with hyperkalemic periodic paraly-
sis and Andersen-Tawil syndrome. Bidirectional ventricular 
tachycardia has been observed independent of digitalis toxicity. 
The bidirectional ventricular tachycardia occurs without relation 
to attacks of muscle weakness, generally does not correlate with 
serum potassium levels, and can convert to sinus rhythm with 
exercise. Ventricular ectopy is often seen interspersed with bidi-
rectional tachycardia. The tachycardia tends to be slow (less than 
150 beats/min) and tolerated. It can be frequent enough to be 
the cause of a tachycardia-mediated cardiomyopathy. A pro-
longed QT interval may be observed. In some reports, it is epi-
sodic and associated with weakness, hypokalemia, or antiarrhythmic 
therapy. In other cases, prolonged QT interval is constant. Thy-
rotoxic hypokalemic periodic paralysis often demonstrates the 
electrocardiographic findings of sinus tachycardia, prolonged 
QT-U intervals, and first-degree atrioventricular block.20 In 
Andersen-Tawil syndrome, a prolonged QT interval can be 
observed, although a prolonged QU interval with prominent and 
wide U wave is more frequent. Serious ventricular arrhythmias 
including torsades de pointes leading to syncope, cardiac arrest, 
and sudden death have been reported in the periodic paralyses. 
The characteristics that predict an increased risk of life-
threatening arrhythmias are not clear. In Andersen-Tawil syn-
drome, the likelihood of malignant ventricular arrhythmias 
appears to be less than in the other long QT syndromes.

Treatment and Prognosis
The episodes of weakness commonly respond to measures that 
normalize potassium levels. Weakness in hyperkalemic periodic 

Arrhythmia Manifestations
Arrhythmia involvement in facioscapulohumeral muscular dystro-
phy is reported, but it does not constitute as significant a problem 
in prevalence or severity as in other muscular dystrophies. In a 
patient series evaluating cardiac abnormalities, 5% to 12% of 
patients were noted to have arrhythmias in the absence of cardio-
vascular risk factors.13 Arrhythmias reported included supraven-
tricular, atrioventricular block, and ventricular tachycardia. Many 
of the patients were asymptomatic or had mild palpitations.

Treatment and Prognosis
A screening electrocardiogram and a discussion with the patient 
regarding arrhythmia-related symptoms are prudent.

Friedreich’s Ataxia

Genetics and Cardiac Pathophysiology
Friedreich’s ataxia is an autosomal recessive spinocerebellar 
degenerative disease characterized by ataxia of the limbs and 
trunk, dysarthria, loss of deep tendon reflexes, sensory abnormali-
ties, skeletal deformities, and cardiac involvement.14 The primary 
genetic abnormality is an expansion of a trinucleotide repeat, 
guanine-adenine-adenine in an intron of a gene that encodes a 
210-amino acid mitochondrial protein called frataxin. Loss of 
frataxin effects mitochondrial iron homeostasis making the cell 
susceptible to oxidative stress. Friedreich’s ataxia is associated with 
a concentric hypertrophic cardiomyopathy. More rarely, asym-
metric septal hypertrophy or a late dilated cardiomyopathy occurs.

Clinical Presentation
Neurologic symptoms typically manifest at puberty and almost 
always before 25 years of age. Most neurologically symptomatic 
patients have cardiac abnormalities, primarily findings of ven-
tricular hypertrophy. Approximately 70% of patients will have an 
abnormal echocardiogram, with the majority showing increased 
wall thickness and, more rarely, systolic dysfunction.15

Arrhythmia Manifestations
Arrhythmias occur in the setting of Friedreich’s ataxia but are 
rarer than what might be expected compared with other inherited 
hypertrophic cardiomyopathies. Atrial arrhythmias, including 
flutter and fibrillation, can be associated with progression to a 
dilated cardiomyopathy. Clinically relevant disorders of impulse 
or conduction are not frequent despite histopathologic evidence 
of conduction system fibrosis. Ventricular tachycardia in the 
setting of dilated cardiomyopathy has been observed. Sudden 
death can occur with a mechanism that has not been well char-
acterized. The use of ICDs has been reported both for primary 
and secondary prevention of sudden death.

Treatment and Prognosis
Idebenone, a free radical scavenger related to coenzyme Q10, has 
shown variable efficacy in decreasing cardiac hypertrophy.16 Indi-
viduals progressing to a dilated cardiomyopathy should be treated 
with standard heart failure pharmacotherapy, but they tend to do 
poorly. Heart failure is the most common cause of death.17 
Arrhythmias can complicate heart failure. The role of ICDs in 
Friedreich’s ataxia is unclear.

Periodic Paralyses

Genetics, Cardiac Pathophysiology, and Clinical Presentation
The primary periodic paralyses are rare, nondystrophic, autoso-
mal dominant disorders that result from abnormalities in ion 
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sudden death have been observed in patients with Kearns-Sayre 
syndrome. Implantable cardioverter-defibrillators have been rec-
ommended in patients with both conduction disease and a dilated 
cardiomyopathy. In LHON, a screening electrocardiogram eval-
uating for the presence of preexcitation is prudent. In MERRF 
and MELAS, screening electrocardiography, echocardiography, 
and cardiology follow-up is warranted.

Guillain-Barré Syndrome

Clinical Presentation
Guillain-Barré syndrome is an acute inflammatory demyelinating 
neuropathy characterized by peripheral, cranial, and autonomic 
nerve dysfunction.24 In two thirds of affected patients, a viral 
or bacterial illness, typically respiratory or gastrointestinal,  
precedes the onset of symptoms by up to 6 weeks. Patients have 
pain, paresthesias, and progressive weakness. One fourth of 
patients require assisted ventilation. Up to 15% of hospitalized 
patients die.

Arrhythmia Manifestations
Arrhythmias occur in Guillain-Barré syndrome related to involve-
ment of the autonomic nervous system.25 Life-threatening 
arrhythmias occur almost exclusively in severe cases requiring 
assisted ventilation. In a prospective study of 100 patients, serious 
arrhythmias occurred in 11 of 33 patients requiring ventilation.26 
This study included asystole in six, bradycardia of less than 30 
beats per minute in one, rapid atrial fibrillation in two, and  
ventricular tachycardia or fibrillation in two. Thirteen deaths 
occurred with four were arrhythmia related. Asystole was often 
triggered with tracheal suctioning.

Treatment
In addition to supportive care, early plasmapheresis or intrave-
nous immunoglobulin improves outcome. Patients requiring 
ventilation require cardiac rhythm monitoring. Patients with 
serious bradycardia can require temporary or permanent pacing. 
Atropine or isoproterenol before tracheal suctioning has been 
shown to decrease bradycardia.

Myasthenia Gravis

Clinical Presentation and Cardiac Pathophysiology
Myasthenia gravis is an autoimmune disorder of neuromuscular 
transmission resulting from the production of antibody targeted 
against the nicotinic acetylcholine receptor. The primary 
symptom, fluctuating weakness, usually begins with the eye and 
facial muscles and later can involve the large limb muscles. 
Patients can present at any age, most commonly at a younger age 
in women and an older age in men. Myasthenia gravis is typically 
associated with hyperplasia or a tumor (thymoma) of the thymus 
gland. A myocarditis is associated with myasthenia gravis, espe-
cially that occurring with a thymoma. Cardiac muscle autoanti-
body may be responsible.

Arrhythmia Manifestations
Approximately 10% of patients with myasthenia gravis have 
arrhythmia complications not explained by another etiology. 
Manifestations included atrial fibrillation, atrioventricular  
block, asystole, and unexplained sudden death. Cardiac abnor-
malities were more common in thymoma patients. Autopsy  
findings are consistent with myocarditis. Patients treated with 
anticholinesterase agents can develop sinus bradycardia and  
heart block.

paralysis can respond to mexiletine. Weakness in hypokalemic 
periodic paralysis can respond to acetazolamide. Treatment of 
electrolytes usually does not improve arrhythmias; if it does, the 
effect is transient. Improvement in symptomatic nonsustained 
ventricular tachycardia associated with a prolonged QT interval 
has been reported with β-blocker therapy. Amiodarone has been 
observed to decrease episodes of sustained polymorphic ventricu-
lar tachycardia in Andersen-Tawil syndrome. Flecainide has been 
observed to decrease episodes of bidirectional ventricular tachy-
cardia in Andersen-Tawil syndrome.21 The use of ICDs has been 
reported. Normalization of thyroid indices corrects both the epi-
sodic weakness and electrocardiographic abnormalities in thyro-
toxic hypokalemic periodic paralysis.

Mitochondrial Disorders

Genetics and Cardiac Pathophysiology
The mitochondrial disorders, also termed mitochondrial myopa-
thies or encephalomyopathies, are a heterogeneous group of disor-
ders resulting from abnormalities in mitochondrial DNA and 
respiratory chain proteins. The number of distinct disorders is 
extensive. Mitochondrial DNA is inherited maternally, and the 
majority of these disorders are thus transmitted from mother to 
offspring of both genders. Sporadic cases from new mutations 
can occur. Because nuclear DNA also encodes gene products 
necessary for mitochondrial function, some of the disorders are 
inherited in an autosomal dominant or recessive fashion. Mito-
chondrial disorders with associated cardiac and arrhythmia  
manifestations present as several clinical phenotypes. Chronic 
progressive external ophthalmoplegia includes the Kearns-Sayre 
syndrome and is typically a sporadic disease. Myoclonus epilepsy 
with red ragged fibers (MERRF); mitochondrial myopathy, 
encephalopathy, lactic acidosis, and strokelike episodes (MELAS); 
and Leber’s hereditary optic neuropathy (LHON) are maternally 
inherited disorders.

Clinical Presentation
Cardiac involvement in mitochondrial disorders is common. In 
Kearns-Sayre syndrome, conduction abnormalities are typical, 
with a dilated cardiomyopathy reported, but less common. In 
MERRF and MELAS, left ventricular hypertrophy, systolic dys-
function, or diastolic dysfunction can be observed.22 LHON is 
characterized by painless, subacute bilateral visual loss, more 
commonly occurring in males than females. A hypertrophic car-
diomyopathy has been observed.

Arrhythmia Manifestations
The clinical triad of progressive external ophthalmoplegia,  
pigmentary retinopathy, and onset before 20 years of age  
characterizes Kearns-Sayre syndrome. Cardiac involvement pri-
marily manifests as progressive conduction disease resulting in 
heart block.23 Heart block typically appears after eye involve-
ment. The His-ventricular interval is prolonged. Pacing can  
be required before 20 years of age. A short PR interval and  
pre-excitation syndromes have been observed by some but not  
all investigators evaluating patients with LHON. Despite  
the presence of left ventricular hypertrophy or dilatation  
and heart failure, arrhythmias are uncommon in MERRF  
and MELAS. Preexcitation has been described with both 
diseases.

Treatment and Prognosis
In Kearns-Sayre syndrome, the prophylactic implantation of a 
pacemaker has been advocated when distal conduction disease is 
evident although the severity that warrants pacing is not  
clear. Pacing improves survival. Ventricular arrhythmias and 
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Acute Cerebrovascular Disease

Cardiac Pathophysiology

Cardiac abnormalities including life-threatening arrhythmias 
occur in acute cerebrovascular disease including subarachnoid 
hemorrhage, other stroke syndromes, and head injury.29 The mech-
anism responsible for cardiac involvement is related to autonomic 
nervous system dysfunction with both increased sympathetic and 
parasympathetic output accompanying intracranial pathology. 
Hypothalamic stimulation reproduces the electrocardiographic 
changes observed in acute cerebrovascular disease. Electrocardio-
graphic changes associated with hypothalamic stimulation or blood 
in the subarachnoid space can be prevented with spinal cord tran-
section, stellate ganglion blockade, vagolytics, and adrenergic 
blockers. In some cases, acute cerebrovascular disease can be associ-
ated with the clinical picture of takotsubo cardiomyopathy.30

Arrhythmia Manifestations
Cardiac and arrhythmia involvement is most common in patients 
with subarachnoid hemorrhage. Electrocardiographic abnormal-
ities are observed in up to 80% of patients with a higher risk in 
those with more severe neurologic injury.31 Peaked and inverted 
T waves and a prolonged QT interval are seen. Hypokalemia is 
observed in up to half of patients increasing the likelihood of QT 
interval prolongation. Bradycardia with sinoatrial block, sinus 
arrest, and atrioventricular block can occur. Ventricular tachycar-
dia including torsades de pointes and ventricular fibrillation have 
been reported. Prolongation of the QT interval and hypokalemia 
are risk factors for ventricular arrhythmias.

Stroke syndromes other than subarachnoid hemorrhage are 
associated with abnormal electrocardiograms, but it is unclear 
whether these are related to the stroke syndrome or underlying 
cardiac disease. Closed head trauma and subarachnoid hemor-
rhage can cause similar electrocardiographic abnormalities, 
including a prolonged QT interval. Ventricular arrhythmias asso-
ciated with a prolonged QT interval have been observed with 
closed head trauma. Bradycardias are less common in stroke 
syndromes other than subarachnoid hemorrhage.

Treatment and Prognosis
Life-threatening arrhythmias occur primarily in the first 24 hours 
following a neurologic event. Continuous electrocardiographic 
monitoring during this period is indicated. Monitoring of potas-
sium levels especially in patients with subarachnoid hemorrhage 
is warranted. β-Adrenergic blockers are effective in controlling 
supraventricular and ventricular tachycardias and in decreasing 
myocardial damage associated with subarachnoid hemorrhage 
and head trauma. β-Adrenergic blockers can increase the likeli-
hood of bradycardia. Temporary pacing may be required. Stellate 
ganglion blockade has been reported to control refractory ven-
tricular arrhythmias effectively.

Treatment and Prognosis
Myasthenia gravis is treated with anticholinesterase and immu-
nosuppressive agents. If anticholinesterase agents cause symp-
tomatic bradycardia, pacing may be required. Thymectomy is 
often recommended. It is unknown whether immunosuppressive 
agents or thymectomy improve cardiac disease.

Epilepsy

Clinical Presentation and Cardiac Pathophysiology
Epilepsy is a complex brain disorder characterized by recurrent 
seizures. Patients with epilepsy are at an increased risk of sudden 
death of unknown cause that has been termed sudden unexpected 
death in epilepsy.27,28 A recommendation for labeling the death 
as sudden, unexpected, seizure-induced death reflects that most 
events occur during or in proximity to a seizure. Sudden unex-
pected death is a frequent cause of premature mortality in  
epilepsy with, an incidence varying from 0.09 to 9.3 per 1000 
patient-years, depending on the population studied.27 Adults 
with longstanding epilepsy are at the highest risk. The mecha-
nisms leading to sudden death in epilepsy are not clear and likely 
vary. Central or obstructive apnea, excessive respiratory secre-
tions, acute pulmonary edema, and arrhythmias could all be 
involved.

Arrhythmia Manifestations
Sinus arrest and asystole during the periictal period was observed 
in 21% of patients with poorly controlled epilepsy who were 
undergoing long-term rhythm monitoring with an insertable 
loop recorder.28 The findings are not consistent with other studies 
because severe bradycardia was observed in less than 0.5% of 
patients undergoing video electroencephalographic monitoring 
at referral epilepsy centers. Peri-ictal bradycardia is more 
common in patients with temporal lobe seizures. Primary ven-
tricular arrhythmia disorders such as long QT syndrome or right 
ventricular dysplasia can appear with symptoms suggestive of 
epilepsy and could be responsible for a small proportion of 
sudden deaths. Risk factors for sudden unexpected death in epi-
lepsy include a higher seizure frequency, earlier onset, and longer 
duration of epilepsy, and the need for three or more antiepileptic 
drugs.

Treatment and Prognosis
Primary arrhythmia disorders should be considered in the  
differential diagnosis of epilepsy. Patients with poorly controlled 
epilepsy require treatment in a tertiary epilepsy center.  
Nighttime supervision of the epileptic patient can decrease  
the risk of sudden death. Permanent pacing should be  
considered in the epileptic patient with documented peri-ictal 
bradycardia.
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can be the result of overdose or drug interactions in such highly 
sensitive patients in whom usual drug dosages lead to extreme 
elevations in plasma concentration. The latter most commonly 
occurs when the culprit drug is eliminated by a single metaboliz-
ing pathway. If this pathway is susceptible to inhibition by the 
administration of a second drug, inhibited by coadministration 
of other drugs or by genetic factors, marked elevation of drug 
concentrations and electrophysiological toxicity can result. This 
was the case with terfenadine4 and cisapride, both of which are 
eliminated as noncardioactive metabolites by the intestinal  
and hepatic P-450 system, CYP3A4. Many commonly used  
drugs are potent CYP3A4 inhibitors, such as erythromycin,  
ketoconazole, and some calcium channel blockers, notably  
mibefradil, which has been withdrawn from the market. Of  
note, grapefruit juice markedly inhibits the activity of intestinal 
but not hepatic CYP3A4. Although CYP3A4 is the most impor-
tant drug-metabolizing enzyme expressed in the liver and else-
where, some drugs use other pathways. Among other members 
of the CYP superfamily, genetically determined polymorphisms 
have been described in three: CYP2D6, CYP2C9, and CYP2C19. 
A subset of the population absolutely lacks catalytic activity, so 
that plasma concentrations of substrate drugs are much higher in 
such “poor metabolizer” patients. The activity of the P-450 
CYP2D6, for example, is absent in approximately 7% of whites 
and in persons of African heritage. In a situation in which 
CYP2D6 is the sole eliminating pathway, patients with this “poor 
metabolizer” trait can therefore display markedly aberrant drug 
concentrations.

Genetic Predisposition

Administration of a drug can unmask a subclinical (forme fruste) 
monogenic arrhythmia syndrome. Mutations in genes (KCNQ1, 
KCNH2, and SCN5A) causing congenital forms of the long QT 
syndrome have been identified in patients with acquired forms of 
long QT syndrome. The exact contribution and mutation fre-
quency cannot be estimated. Mutations in the relevant genes have 
only a minor role, and rare variations in genes responsible for 
congenital long QT syndrome seems to be frequent in drug-
induced long QT syndrome.5 A subclinical form of the Brugada 
syndrome can similarly predispose affected patients to the devel-
opment of drug-induced forms of the Brugada syndrome 
(www.brugadadrugs.org),6 as a consequence of polymorphisms or 
mutations in SCN5A or other genes. In these monogenic syn-
dromes, penetrance of the electrocardiographic phenotype can 
be highly variable, an effect often attributed to unidentified mod-
ifier genes. In addition, genetic polymorphisms can increase the 
risk for drug-induced sudden cardiac death. For example, approx-
imately 10% of African Americans carry a variant in their sodium 
channel gene that results in a tyrosine (Y) rather than a serine (S) 
at position 1103 of the protein.7 Study of this variant protein in 
vitro indicates that it confers changes consistent with the sodium 
channel–linked variant of long QT syndrome. Similarly, the 
polymorphisms resulting in T8A and Q9E in the KCNE2 gene 
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Overview

Drug-induced ventricular tachyarrhythmias can be caused by car-
diovascular drugs, noncardiovascular drugs, and even nonpre-
scription agents. They can also result in arrhythmic emergencies 
and sudden cardiac death.1 Development of a new arrhythmia, or 
aggravation of an existing arrhythmia, during therapy with a drug 
at a concentration usually considered not to be toxic is defined 
as proarrhythmia. This condition occurs in patients with or 
without structural heart disease. Major causes of proarrhythmia 
include direct pharmacologic effects on ion channels of the heart. 
Cardiac glycosides, QT-prolonging agents, and sodium channel–
blocking drugs all have been implicated in this proarrhythmic 
category. In addition, certain drugs can cause a cardiomyopathy 
that ultimately leads to ventricular tachyarrhythmias—specifically, 
ventricular tachycardia. Others can cause coronary vasoconstric-
tion and acute myocardial ischemia.

The proportion of patients with proarrhythmia that initially 
manifests as sudden death, and the extent to which proarrhythmia 
contributes to the overall problem of sudden death, are unknown. 
Nevertheless, the experience with terfenadine or cisapride and 
the Cardiac Arrhythmia Suppression Trial (CAST)2 has illus-
trated the potential for drugs to result in unusual severe adverse 
effects, which can be difficult to detect. General treatment guide-
lines focus on avoidance of drug treatment in high-risk patients, 
recognition of the syndromes of drug-induced proarrhythmia, 
and withdrawal of the culprit agents. Specific therapies often are 
based on anecdotal evidence or experimental studies.

Pharmacokinetic Risk Factors

The arrhythmogenic potential can manifest in patients who are 
especially sensitive to the electrophysiological effects of a particu-
lar drug (i.e., pharmacodynamic sensitivity).3 This phenomenon 

http://www.brugadadrugs.org
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have been associated with unusual in vitro characteristics and a 
higher incidence of proarrhythmia during drug therapy.

Drug-Induced Long QT Syndrome

Drug effects are the most common cause of acquired long QT 
syndrome. Although syncope occurring soon after the initiation 
of quinidine therapy was recognized as early as the 1920s, it was 
not until the advent of continuous electrocardiographic monitor-
ing that “quinidine syncope” was recognized to be due to poly-
morphic ventricular tachycardia. In recent years, it has become 
apparent that in addition to antiarrhythmic drugs, a large spec-
trum of noncardiac drugs (Table 101-1) can cause QT prolonga-
tion and torsades de pointes. Dessertenne7a used the term torsades 
de pointes initially to describe this characteristic undulating pattern 
of tachycardia in 1966. It is characterized by a polymorphic, 
usually unsustained, pause-dependent ventricular tachycardia 
that almost always only develops in association with an exces-
sively prolonged QT interval. It can be associated with syncope 
or degenerate into a sustained ventricular tachycardia or ven-
tricular fibrillation. An ECG recorded just before or after termi-
nation of a polymorphic ventricular tachycardia helps to 
distinguish torsades from other polymorphic ventricular tachy-
cardias mainly occurring in patients with structural heart disease. 
Features that are diagnostic for torsades de pointes include a 
prolonged QT interval, the presence of U waves before the onset 
or after the termination of the arrhythmia, relatively long cou-
pling intervals, and a typical initiating sequence. In drug-induced 
long QT syndrome, short-long-short cycle length changes con-
stitute the typical pattern of initiation of torsades de pointes and 
can be regarded as a warning sign of an impending episode of 
torsades. Premature ventricular beats often are found to arise 
from exaggerated T/U waves after longer intervals, such as after 
extrasystolic pauses (Figure 101-1).

Torsades de pointes is a major safety concern with drugs that 
are submitted for regulatory approval. Of concern is that the 
proarrhythmic risk for many of the drugs that can prolong repo-
larization, thereby causing torsades de pointes, is not detected 
during the developmental phase and is recognized only after such 
drugs have been on the market for many years. In larger series 
of cases of torsades de pointes, the death rate was up to 16%. In 
a survey in the United Kingdom and Italy, noncardiovascular 
drugs that have proarrhythmic potential (i.e., an official warning 
regarding risk for QT prolongation or torsades de pointes, or 
with published data on QT prolongation, ventricular tachycardia, 
or class III effect) represented 3% and 2% of total prescriptions 
in both countries, respectively.8 The growing awareness of drug-
induced long QT syndrome over the past several years has 
resulted in a marked increase in the number of spontaneous 
reports. However, the spontaneous reporting most likely under-
estimates the true incidence of serious adverse reactions, so that 
the true incidence of drug-induced torsades de pointes is still 
uncertain. Although torsades de pointes preferentially occurs 
shortly after initiation of therapy, it can also develop during long-
term treatment. The late occurrence has been linked to changes 
in dose, reinitiation of the drug after short discontinuation, and 
transient electrolyte disorders such as hypokalemia or hypomag-
nesemia. The incidence of torsades de pointes associated  
with sotalol has been estimated to range between 1.8% and 
almost 5%.

The torsadogenic potential of drugs is extremely variable, 
even within the same class of drugs.9 Some drugs can provoke 
torsades de pointes only in the setting of overdose or with con-
comitant administration of other QT-prolonging drugs, or in the 
presence of risk factors such as hypokalemia, whereas others can 
induce torsades de pointes when used alone, even at therapeutic 

levels, and in the absence of additional risk factors. In an attempt 
to provide a systematic classification of QT-prolonging drugs, a 
classification of the torsadogenic potency of proarrhythmic drugs 
(Box 101-1 and Box 101-2) has been proposed.10

Risk Factors for Torsades De Pointes

Drug-induced torsades de pointes is a complicated phenomenon 
related not just to a particular drug and its dose, but also to drug-
drug interaction and a variety of patient factors, including age, 
sex, the presence of structural heart disease, and genetic predis-
position. Patients who developed drug-related torsades de pointes 
were found to have a borderline or prolonged (more than 0.44 
second) QTc before drug administration. The fact that the QT 
interval is longer in women than in men has been suggested to 
account for the twofold to threefold higher incidence of abnor-
mal QT prolongation and torsades de pointes in females. The 
potential mechanisms are significant differences in ion-channel 
subunit composition.11 Besides, QT prolongation and torsades de 
pointes are more frequent in older patients who are also often 
exposed to polypharmacy.

One hypothesis to explain the development of torsades de 
pointes is that normal repolarization is accomplished by multiple 
ion channels, providing a safety reserve for repolarization. In the 
presence of an otherwise subclinical impairment in the repolar-
ization mechanisms (i.e., reduced repolarization reserve), patients 
can have a certain propensity for the development of torsades de 
pointes. Patients with a history of drug-related torsades de 
pointes are highly likely to experience additional episodes on 
exposure to any other QT-prolonging drug.12 Controlled expo-
sure to sotalol successfully identified patients with normal QTc 
intervals but altered myocardial repolarization.13 Hypokalemia 
and hypomagnesemia prolong repolarization. An occasionally 
overlooked cause for hypokalemia can be ingestion of licorice.

Clinical but also experimental data suggest that potassium 
channel downregulation or aberrant intracellular calcium han-
dling predispose patients to the development of arrhythmias 
when a QT interval–prolonging drug is superimposed. The 
importance of underlying structural heart disease as a potential 
risk factor for torsades de pointes is not clear. Acquired abnormal 
QT prolongation and torsades de pointes have been observed in 
patients with various types of heart disease and in patients without 
detectable heart disease. In larger series, arterial hypertension 
was present in a significant proportion of patients. In addition, 
there is experimental evidence that heart failure is a risk factor 
for drug-induced torsades de pointes.14 Any combination of risk 
factors will additionally reduce the repolarization reserve and 
thereby prolong the action potential and the QT interval. In 
addition, therapies used in heart failure can increase the risk. 
Diuretics, for example, can decrease serum potassium and  
potentiate QT prolongation by direct block of potassium  
channels. Other risk factors that can affect repolarization and 
reduce the repolarization reserve, apart from the congenital long 
QT syndrome and drugs, are listed in Box 101-2. Knowledge of 
the clinical risk factors that identify patients with an increased 
propensity for development of drug-induced torsades de pointes 
and of the drugs known to provoke such arrhythmias 
(www.torsades.org) can help to prevent the occurrence of drug-
induced proarrhythmia.

Mechanisms of Drug-Induced Torsades de Pointes

A large number of experimental and molecular studies have 
resulted in a better understanding of the mechanisms of torsades 
de pointes. Acquired forms of QT prolongation and 

http://www.torsades.org
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Table 101-1.	 Drugs	That	Can	Cause	QT	Prolongation	or	Torsades	de	Pointes

Drug Class Drug
Potency to Provoke 

Torsades

Antiarrhythmic	drugs Ajmaline B

Almokalant A

Amiodarone B

Azimilide B

Disopyramide A

Dofetilide A

Dronedarone D

Ibutilide A

Procainamide A

Propafenone B

Quinidine A

Sotalol A

Tedisamil C/D

Antihistaminics Astemizole B

Diphenhydramine B

Loratadine D

Terfenadine B

Antimicrobial	and	
antimalarial	drugs

Amantadine C

Azithromycin C

Clarithromycin B

Chloroquine B

Erythromycin B

Fluconazole C

Grepafloxacin B

Halofantrine B

Itraconazole C

Drug Class Drug
Potency to Provoke 

Torsades

Ketoconazole C

Pentamidine B

Sparfloxacin B

Trimethoprim-
sulfamethoxazole

C

Psychiatric	drugs Amitriptyline B

Chlorpromazine C

Chloral	hydrate B

Citalopram B

Doxepin B

Droperidol B

Haloperidol B

Imipramine B

Lithium C

Maprotiline B

Pimozide B

Sertindole C

Thioridazine B

Zimelidine B

Ziprasidone C

Vasodilators Bepridil A

Lidoflazine A

Prenylamine B

Miscellaneous Cisapride B

Domperidone B

Cesium C

Data	derived	from	non-randomized	studies	of	the	literature.	This	list	is	not	comprehensive;	rather,	it	gives	examples	of	how	drugs	may	be	classified	according	to	the	
criteria	proposed	in	Box	101-1.	The	reader	is	recommended	to	review	the	literature	on	any	of	these	agents	or	drugs	of	the	same	drug	group	before	making	decisions	that	
relate	to	their	administration.	Please	see	also	www.torsades.org.

proarrhythmia are frequently related to drug effects on the same 
ion channels involved in genetic forms of long QT syndrome. 
Prolongation of the action potential can be achieved by a reduc-
tion of the outward currents, particularly the outward delayed 
rectifier potassium currents IKr and IKs or enhancement of the 
inward currents during phases 2 and 3 of the action potential. 
Among the potassium currents, IKr is most susceptible to phar-
macologic influence. In all known cases of drug-related acquired 
long QT syndrome, the blockade of IKr current is at least in part 
responsible for action potential prolongation and proarrhythmia. 
Blockade of IKr results in a reduction in the net outward current, 
a prolongation of the action potential, and the possible develop-
ment of T/U wave abnormalities. The prolongation of repolar-
ization can allow subsequent activation of an inward depolarization 
current (ICa,L and INa), which could generate early afterdepolariza-
tions and promote triggered activity at the end of repolarization. 
Other mechanisms for drug-induced QT prolongation include 
blockade of both IKr and IKs by, for example, azimilide or inhibi-
tion of HERG trafficking to the cell membrane by pentamidine 

and arsenic trioxide. Of note, fluoxetine, an antidepressant, has 
been found to prolong QT by two mechanisms: direct block of 
IKr and disruption of HERG trafficking to the cell membrane.

Boulasksil et al.15 showed that focal activity may be the domi-
nant mechanism involved in the perpetuation of drug-induced 
torsades de pointes in chronic atrioventricular (AV) block dogs. 
Prolongation of phase 2 repolarization by augmenting the INa 
current, rather than phase 3 of repolarization, could reduce the 
propensity to induce early afterdepolarizations and torsades de 
pointes. The cardiac membrane is relatively inexcitable during 
phase 2 compared with phase 3, which is the phase prolonged by 
most drugs causing torsades de pointes. Prolongation of phase  
3 allows a longer time interval for the development of early 
afterdepolarizations and triggered activity. In an in vitro model 
of torsades de pointes, Milberg et al.14,16 demonstrated that QT 
prolongation mainly by phase 3 prolongation (triangulation of 
the action potential) corresponded to the occurrence of torsades 
de pointes, whereas “rectangulation” of the action potential had 
no proarrhythmic effects and even suppressed torsades de pointes.

http://www.torsades.org
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related to slowing of conduction. Antiarrhythmic drugs are the 
most common precipitants, although other agents (e.g., antide-
pressants, cocaine) can produce some of their toxic effects through 
their sodium channel–blocking properties. Sodium channel–
blocking drugs with slower rates of dissociation from the sodium 
channel (e.g., flecainide, propafenone, quinidine) tend to gener-
ate these adverse effects more commonly. These drugs tend to 
prolong QRS duration even at normal heart rates because of the 
slow dissociation rate. The drug dose does not have to be toxic, 
but must be large enough to slow conduction velocity.

In contrast with the occurrence of torsades de pointes, which 
is promoted by a slow heart rate, induction of a ventricular tachy-
cardia by a class IC drug is promoted by a fast heart rate, which 
can aggravate a preexisting slowing of conduction. In the CAST 
study,2 the mortality rate was higher among patients receiving 
flecainide for frequent ventricular ectopy after a myocardial 
infarction than among patients receiving placebo. Subgroup 
analyses of CAST data suggest that the lack of β-blocker therapy, 
which avoids high rates, was accompanied by a higher mortality. 
Among patients in whom the index myocardial infarction was a 
non–Q wave event and who therefore have a high incidence of 
recurrent ischemia, an 8.7-fold increase in mortality was observed, 
compared with a 1.7-fold increase in patients with transmural 
infarctions. Based on the CAST findings,2 class I antiarrhythmic 
drugs are contraindicated in patients with a history of previous 
myocardial infarction, but this has largely been extended to other 
forms of structural heart disease.

Genetic factors can also have a role. An SCN5A promoter 
polymorphism common in Asians was found to modulate the 
duration of the PR and QRS intervals. The extent of QRS widen-
ing after challenge with sodium channel–blocking drugs is geno-
type dependent.

Sodium channel blockers can also convert atrial fibrillation to 
slow atrial flutter, which can show 1 : 1 AV conduction with wide 
QRS complexes. This drug-induced arrhythmia can be confused 

Calcium channel blockade also can diminish the induction of 
early afterdepolarizations and torsades de pointes,14 a property 
that helps to explain the low torsadogenic potential of quinidine 
in a fixed combination with verapamil and most likely of amioda-
rone. In the case of amiodarone (incidence of torsades de pointes 
of less than 1%), the ability to diminish or eliminate dispersion 
of repolarization could also be important.17

Prevention of Acquired Torsades de Pointes

Prevention of drug-related torsades de pointes, especially by non-
cardiovascular drugs, is a major challenge for the physician, for 
researchers engaged in the development of new drugs, and regu-
latory agencies. In general, available strategies for reducing the 
risk of drug-induced proarrhythmia include the exclusion by 
regulatory agencies of drugs with unfavorable risk-to-benefit 
profiles. Early identification of a potentially adverse response of 
the QT interval to a drug requires careful and regular observation 
of the ECG.18 Apart from analysis of the QT intervals, special 
attention should be directed to excessive QT prolongation, QT 
dispersion,19 and developing changes in T wave morphology 
(e.g., negative or notched or biphasic T waves and appearance of 
prominent U waves). Of note, inhibition of the Na+/Ca2+ 
exchanger has been shown to reduce action potential duration, 
early afterdepolarizations, and torsades de pointes in the setting 
of both HERG-blocking and SCN5A-activating drugs (mimick-
ing LQT2 and LQT3, respectively). 20

Sodium Channel Blocker–Related Toxicity

Compared with torsades de pointes, which is related to abnor-
malities in repolarization, sodium channel–related toxicity is 

Figure	101-1.  Monitor strip showing long-short ventricular cycle, pause-dependent QT prolongation with abnormal and gradually augmented T/U waves (asterisk) leading 
to a self-terminating episode of torsades de pointes demonstrating the typical “twisting” morphology. Ventricular premature beats are followed by a postextrasystolic pause. 
The initial beat starts from the peak of the U wave. This patient was taking a combination of clarithromycin and ketoconazole. 
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Box 101-1	 Torsadogenic	Potency	of	Drugs:	
A	Possible	Classification

Class A: High Torsadogenic Potency
Class	A	drugs	are	potent	blockers	of	currents	prolonging	
myocardial	repolarization	(mainly	IKr).	Action	potential	
prolongation	and	the	induction	of	early	afterdepolarizations	
have	been	documented.	The	IC50	for	this	effect	is	in	the	same	
range	as	for	the	IC50	for	therapeutic	action.	QT	prolongation	
has	been	documented	at	therapeutic	doses	and	
concentrations,	and	cases	of	torsades	de	pointes	induced	by	
the	drug	alone	(in	the	absence	of	concomitant	therapy	
prolonging	repolarization	or	hypokalemia)	have	been	
documented.

Class B: Medium–High Torsadogenic Potency
Class	B	drugs	prolong	myocardial	repolarization	(i.e.,	cardiac	
action	potential	duration	and	QT	interval)	at	higher	doses,	or	
at	normal	doses	with	concurrent	administration	of	drugs	that	
inhibit	drug	metabolism	(e.g.,	by	inhibiting	the	cytochrome	
P-450	metabolism).	Their	IC50	for	this	prolongation	of	
repolarization	is	greater	than	the	IC50	for	the	therapeutic	
effect.	Cases	of	torsades	de	pointes	induced	by	the	drug	
alone	have	been	documented.	This	arrhythmia,	however,	
usually	is	associated	with	metabolic	inhibition	and	the	
presence	of	other	risk	factors.

Class C: Low Torsadogenic Potency
Class	C	drugs	prolong	action	potential	duration	and	QT	
interval	at	high	doses	or	concentrations	that	are	clearly	
greater	than	the	therapeutic	range.	Their	effect	on	
repolarization	becomes	manifest	only	with	overdose	or	
intoxication	or	in	the	presence	of	severe	metabolic	inhibition.	
Cases	of	torsades	de	pointes	have	been	documented.	In	
almost	all	published	cases;	however,	several	factors	that	are	
well	known	to	increase	the	propensity	for	the	development	
of	torsades	de	pointes	(i.e.,	risk	factors)	were	present.

Class D: Torsadogenic Potential Not Clear
Class	D	drugs	block	repolarizing	ion	currents	in	vitro	but	have	
not	been	shown	to	prolong	repolarization	in	other	in	vitro	
models	(e.g.,	papillary	muscle	fibers	or	isolated	hearts),	or		
the	concentrations	necessary	for	this	effect	were	far	above	
the	clinical	concentrations.	Prolongation	of	the	QT	interval		
in	humans	has	not	been	demonstrated	in	systematic	
randomized	studies.	Cases	of	torsades	de	pointes	in	
association	with	treatment	with	the	drug	may	have	been	
reported,	but	the	causal	relation	between	the	event	and		
the	drug	is	not	clear.

IC50,	Half-maximal	inhibitory	concentration.

with a ventricular tachycardia; therefore, when used for atrial 
fibrillation, an AV node–blocking drug should be coadministered 
with a sodium channel blocker to prevent rapid ventricular rates 
in case atrial flutter occurs.

In some patients receiving sodium channel–blocking drugs 
(particularly flecainide and propafenone), mostly a slow, incessant 
ventricular tachycardia can develop that occasionally is resistant 
to cardioversion1 (Figure 101-2). These tachyarrhythmias may be 
hemodynamically tolerated because of the slow heart rate; they 
can also degenerate into a hemodynamically significant ventricu-
lar tachycardia or fibrillation that can be lethal.1 They usually are 

Box 101-2	 Causes	and	Contributing	Factors	Leading	to	
Acquired	QT	Prolongation	and	Torsades	de	Pointes

Electrolyte	abnormalities
Hypokalemia
Hypomagnesemia
Hypocalcemia

Female	gender
Genetic

Asymptomatic/symptomatic	carriers	of	long	QT	syndrome	
mutations

Genetic	polymorphisms
Bradyarrhythmias
Sinus	bradycardia
Atrioventricular	block
“Relative”	bradycardia	resulting	from	frequent	ventricular	

extrasystoles	followed	by	a	compensatory	pause
Congestive	heart	failure,	left	ventricular	dysfunction
Ventricular	hypertrophy
Metabolic	factors
Interaction	with	cytochrome	P-450	system	by	other	drugs	

(drug-specific)
Liver	disease	(drug-specific)
Kidney	disease	(drug-specific)
Hypothyroidism
Altered	nutritional	states

Anorexia	nervosa
Diets,	starvation
Alcoholism

Cerebrovascular	diseases
Intracranial	and	subarachnoidal	hemorrhage
Stroke

Intracranial	trauma

observed with high or toxic doses of the drug or in the setting of 
other pathophysiological conditions that exaggerate the effects of 
the drug on conduction (e.g., acidosis, hyperkalemia, concomi-
tant sodium channel blockade), but they also can occur with 
tricyclic antidepressant overdose. In such instances, the antiar-
rhythmic drug should be discontinued immediately. Hypertonic 
saline or sodium bicarbonate can reverse the conduction slowing 
and terminate or accelerate the arrhythmia (see Figure 101-2). 
Rate slowing also can be beneficial because the magnitude of 
conduction slowing is less at slower heart rates.

Drug-Induced Brugada Syndrome

A prominent transient outward current (Ito)-mediated action 
potential notch and a subsequent loss of action potential dome 
in the right ventricular outflow tract epicardium, but not in the 
endocardium, give rise to a transmural voltage gradient, resulting 
in ST segment elevation in surface ECG leads V1 to V3 and the 
possible induction of subsequent ventricular tachycardia through 
the mechanism of phase 2 reentry. Because the maintenance of 
the action potential dome is determined by the balance of cur-
rents active at the end of phase 1 of the action potential, any 
intervention that increases outward currents (e.g., Ito, adenosine 
triphosphate–sensitive potassium current [IKATP], IKr, IKs) or 
decreases inward currents (e.g., ICa,L, INa) at the end of phase 1 of 
the action potential can accentuate or unmask ST segment eleva-
tion similar to that found in Brugada syndrome. A number of 
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Figure	101-2.  A, Hemodynamically stable,  incessant monomorphic ventricular  tachycardia  (VT)  in a 61-year-old man with a history of an  inferior myocardial  infarction 
12 years earlier. Because of a recurrent monomorphic ventricular tachycardia, an implantable cardioverter defibrillator (ICD) had been implanted 10 months previously, and 
amiodarone therapy was started (loading dose of 1 g/day for 10 days, then 400 mg for 8 weeks, followed by 200 mg daily). Five days before onset of the incessant VT, a 
cluster of VTs occurred; an additional 5 g of amiodarone was given, and continuous ajmaline infusion was started because of numerous recurrent VT episodes. Thereafter, 
the incessant VT began. B, The VT immediately recurred after cardioversion or overdrive pacing. 

drugs and conditions that cause an outward shift in current active 
at the end of phase 1 have been reported to induce transient 
Brugada-like ST segment elevation (www.brugadadrugs.org).5 
Whether this drug-induced form of the Brugada syndrome 
unmasks clinically inapparent Brugada syndrome (forme fruste) 
or merely represents one end of a broad spectrum of responses 
to sodium channel–blocking drugs is not known. In a majority of 
reported cases of acquired Brugada syndrome, however, the char-
acteristic type I Brugada ECG pattern disappeared after with-
drawal of the drugs and could not be reproduced with subsequent 
flecainide testing in these patients.

Among antiarrhythmic drugs, class IC drugs most effectively 
amplify or unmask ST segment elevation secondary to their 

strong effect to block INa, and are therefore used as a diagnostic 
tool in Brugada patients with transient ECG abnormalities. 
Among the class IC drugs, pilsicainide, a pure class IC drug 
developed in Japan, is thought to induce ST segment elevation 
more strongly than flecainide. Class IA antiarrhythmic drugs 
(e.g., ajmaline, procainamide, disopyramide, cibenzoline), which 
exhibit less use-dependent blocking of INa owing to faster disso-
ciation of the drug from the sodium channels, show weaker ST 
segment elevation than that caused by class IC drugs. Of note, 
quinidine, another class IA drug, generally normalizes ST 
segment elevation, because of its relatively strong Ito-blocking 
effect, and has been proposed for pharmacologic treatment of 
Brugada syndrome.

http://www.brugadadrugs.org
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whether a given blood level of digitalis is actually toxic and  
causes arrhythmias. Therefore, the serum concentrations should 
not be used as the only determinant for evaluating toxicity.  
The ECG and gastrointestinal (e.g., nausea, abdominal pain), 
visual (changes in color vision, reduced vision secondary to 
diminished accommodation), neuropsychiatric (hallucinations, 
nightmares, depression), and muscular (fatigue, weakness) com-
plaints are clues to the detection of digitalis toxicity. Because of 
these unspecific symptoms in patients with digitalis intoxication, 
it is essential that ECG findings suggestive of intoxication be 
recognized early.

The arrhythmias of digitalis intoxication are the result of (1) 
a block in conduction, which may be located in the sinus (e.g., 
sinus bradycardia) or AV node, or (2) rapid impulse formation in 
the atrium, AV junction, and ventricular Purkinje system. In 
addition, severe overdose of digitalis may cause hyperkalemia and 
cardiac standstill. In case of abnormal impulse formation, the site 
of origin in the ventricle usually is located in bundle branch 
Purkinje tissue. This fascicular tachycardia results in a relatively 
narrow QRS complex (0.12 to 0.14 seconds) and a right bundle 
branch block–shaped QRS with either marked left axis deviation 
(denoting an origin in the posterior fascicle) or marked right axis 
deviation (reflecting an origin in the anterior fascicle). In addi-
tion, the focus can alternate between the anterior and the poste-
rior fascicles of the left bundle branch, causing the frontal plane 
axis to alternate and giving the tachycardia a bidirectional appear-
ance. Increased sympathetic stimulation, hypokalemia, hypercal-
cemia, hypomagnesemia, diuretics, ischemia, reperfusion, and 
heart failure all facilitate the occurrence of digitalis-related 
tachyarrhythmias; however, arrhythmias of digitalis toxicity also 
can result from the interaction of digitalis with other drugs. 
Amiodarone, for example, increases plasma digoxin concentra-
tion partly because of a decrease in renal and nonrenal clearance 
of digoxin. Clearance of digoxin dose also decreases when digoxin 
and verapamil are combined.

Treatment of digitalis-induced arrhythmias depends on the 
patient’s clinical condition rather than on the serum drug level. 
Management includes, of course, discontinuing the drug, moni-
toring rhythm, and maintaining normal serum potassium. If a 
ventricular tachycardia occurs, especially when a bidirectional 

Several psychotropic drugs, including tricyclic antidepressants 
(e.g., amitriptyline, nortriptyline, desipramine, clomipramine), 
tetracyclic antidepressants (e.g., maprotiline), phenothiazine 
(e.g., cyamemazine), and selective serotonin reuptake inhibitors 
(e.g., fluoxetine) have been reported to unmask Brugada-like ST 
segment elevation, secondary to block of fast INa associated with 
overdoses of these drugs. It has been postulated that this could 
be an important mechanism for drug-related sudden cardiac 
death in patients receiving continued treatment with antidepres-
sants and neuroleptics. One study of intoxication with tricyclic 
antidepressants (defined by plasma concentration greater than 
1 µm/L) in a series of consecutive patients reported a Brugada 
electrocardiographic pattern in 15 of 98 cases (15.3%).21 The 
mortality rate was slightly higher at 6.7% among patients with 
the Brugada ECG pattern, compared with 2.4% among patients 
without it, but the difference did not reach statistical signifi-
cance.21 Of note, the ECG pattern disappeared when plasma 
concentrations of tricyclic antidepressants were less than 1 µm/L. 
Cocaine intoxication (discussed later) also has been reported to 
unmask the characteristic Brugada ECG pattern.22 In addition, a 
number of case reports have demonstrated that fever (hyperther-
mia) can unmask Brugada-like ST segment elevation and provoke 
ventricular fibrillation as a result of reduced INa at high 
temperature.

Digitalis Toxicity

Digitalis has a narrow therapeutic window, and the mortality 
associated with unrecognized digitalis intoxication is high and 
often unacknowledged. Digitalis inhibits the Na+, K+-ATPase, 
thereby interfering with the sodium pump; as a result, Na+ accu-
mulates within the cell, which in turn alters the Na+-Ca2+ 
exchange. The result is an increase in Ca2+ concentration 
within the cell, which explains the positive inotropic effect of the 
drug. To reduce calcium transient, an electrogenic Na+-Ca2+ 
exchange occurs. This Na+-Ca2+ exchange can mediate delayed 
afterdepolarizations resulting in triggered activity, which can 
cause the characteristic tachycardias. Many factors determine 
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C, After administration of 10 mL of sodium chloride (20%), overdrive pacing converted the incessant VT into a different rapid, hemodynamically not 
tolerated VT, which was successfully converted into a stable sinus rhythm. Sodium chloride was given to overcome sodium channel blockade. 
Figure	101-2,	cont’d	
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agents (e.g., 3,4-methylenedioxymethamphetamine, or “ecstasy”), 
as well as with inadvertent vascular administration of catechol-
amines and anaphylaxis because of any one of a wide range of 
drugs.

Anthracycline cardiotoxicity is dose dependent, with intermit-
tent high doses and higher cumulative doses increasing the risk 
of cardiomyopathy.23 Ventricular tachycardia and fibrillation can 
arise secondary to the underlying structural heart disease. This 
form of cardiomyopathy can occur acutely soon after treatment, 
within a few months of treatment (as the subacute form) or many 
years later. Long-term intermittent cardiac assessment of patients 
is therefore necessary, and cardiac decompensation should be 
treated conventionally. Experimental data showed that repolar-
ization reserve is reduced, even at an early stage of anthracycline-
induced cardiomyopathy.24

5-Fluorouracil can cause potentially fatal arrhythmias regard-
less of underlying coronary disease during the acute infusion 
period. Onset of symptoms, with or without corresponding ECG 
changes demonstrating cardiac ischemia, dictates immediate dis-
continuation of the drug. Although this cardiotoxicity is revers-
ible, 5-fluorouracil sensitizes the patient to such effects and 
should be avoided in the future if possible.

Conclusions

The prevention of drug-related torsades de pointes, especially by 
noncardiovascular drugs, is a major challenge not only for the 
physician but also for researchers engaged in the development of 
new drugs and for regulatory agencies. In general, available strat-
egies for reducing the risk of drug-induced proarrhythmia include 
the exclusion by regulatory agencies of drugs with unfavorable 
risk-to-benefit profiles.

tachycardia is present, digoxin antibodies are helpful. In one 
series of 150 severely intoxicated patients, response was rapid (30 
minutes to 4 hours). Approximately half of the patients with a 
cardiac arrest survived hospitalization. Side effects of these anti-
bodies included worsening of the underlying disease (increased 
ventricular rate during atrial fibrillation and exacerbation of heart 
failure) and hypokalemia. Digoxin concentration monitoring is 
unreliable after administration of antidigoxin antibody. Lidocaine 
and phenytoin were used in the past but have almost no role 
today with the available digitalis antibodies.

Other Drug-Induced Toxicity

Cocaine has both QT-prolonging (IKr-blocking) and slow-offset 
sodium channel–blocking properties. It is a local anesthetic with 
a potent sympathetic stimulatory effect. It blocks the reuptake of 
catecholamines at the adrenergic nerve endings, inhibits mono-
amine oxidases, desensitizes peripheral organs to the effect of 
exogenous catecholamines, and exerts a direct cardiotoxic effect. 
It has been reported to cause ventricular fibrillation and torsades 
de pointes. Unlike class III antiarrhythmic drugs, cocaine pro-
duces a rate-dependent increase in the QT interval that is great-
est at high heart rates.

Apart from torsades de pointes, arrhythmias associated with 
cocaine ingestion include monomorphic ventricular tachycardia 
suggestive of sodium channel block (and responding to sodium 
infusion). Cocaine also causes other cardiovascular complications 
that can lead indirectly to arrhythmias, notably myocarditis, and 
coronary spasm. Coronary spasm, which can manifest as ven-
tricular fibrillation, also has been reported with multiple other 
medications: certain anticancer drugs (5-fluorouracil, capecitabine, 
triptans used in the treatment of migraines) and nonprescription 
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afterdepolarization and triggered activity. Advanced hypertrophy 
can be due to chronic pressure overload in left heart obstructions 
and unrepaired TOF. Ventricular dysfunction occurs if the right 
ventricle serves as the systemic ventricle after an atrial switch 
operation for TGA or in congenitally corrected transposition of 
the great arteries (ccTGA). Left ventricular dysfunction may be 
due to longstanding cyanosis if TOF repair is performed at an 
older age or if chronic volume overload after palliative shunting 
has occurred. Furthermore, long-lasting volume overload owing 
to chronic pulmonary regurgitation after initial correction con-
tributes to ventricular dysfunction. Understanding of the differ-
ent mechanism of ventricular arrhythmogenesis in CHD is 
crucial for both risk stratification and treatment. Current data on 
late morbidity and mortality are based on patients who under-
went repair as adolescents. Early surgical intervention and 
changes in the surgical strategy in particular for TOF and TGA 
might not only influence early mortality but can also affect the 
incidence and the potential mechanism of arrhythmias and 
perhaps late morbidity and mortality in adult CHD patients in 
the future. Detailed descriptions of the most common forms  
of CHD related to ventricular arrhythmias are provided in the 
following sections.

Ventricular Arrhythmias as Related to Specific 
Types of Congenital Heart Disease

Tetralogy of Fallot

Developmental and Anatomic Aspects
Tetralogy of Fallot affects approximately 7.5 % of all children 
born with a congenital heart defect. It is characterized by sub-
pulmonary stenosis, a subaortic ventricular septal defect, dextro-
position of the aortic orifice, and right ventricular hypertrophy, 
the latter being a secondary feature to the volume and pressure 
overload of the ventricular septal defect and subpulmonary ste-
nosis, respectively.

During normal development, the outlet portion of the heart 
needs to evolve from a single myocardial tube to a situation where 
the separated aorta and pulmonary trunk achieve their definitive 
positional relationship. This process requires proper septation of 
the outlet portion of the heart. Formation of the aortopulmonary 
septum (future outlet septum), orchestrated by neural crest cells, 
will result in separation of the common trunk into an aorta and 
pulmonary trunk. Asymmetrical, mainly subpulmonary myocar-
dial contributions from the so-called second heart field will result 
in marked lengthening of the subpulmonary myocardium and 
will “push” the pulmonary trunk to its definitive position left 
anterior to the aorta.8 After proper development, the right ven-
tricular outflow tract (RVOT) is characterized by the presence of 
a muscular subpulmonary infundibulum forming a circular mus-
cular tube below the pulmonary valve. The posterior wall of the 
infundibulum, also known as the crista supraventricularis, is situ-
ated between the tricuspid valve and the pulmonary valve. The 
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The reported prevalence of congenital heart disease (CHD) is 
5.8 per 1000, with 11.9 per 1000 children and 4.1 per 1000 adults 
being affected. The prevalence of severe defects is 1.45 per 1000 
children and 0.38 per 1000 adults. Of importance, between 1985 
and 2000 the prevalence of severe CHD increased by 85% in 
adults but only by 22% in children.1 A clear change in mortality 
in CHD has been observed, with better survival in infancy and a 
trend towards death at older age.2 Improvements in survival are 
driven by a decreased mortality in moderate and severe forms of 
CHD in childhood, including tetralogy of Fallot (TOF), truncus 
arteriosus, atrioventricular septal defect, transposition of the 
great arteries (TGA), and univentricular hearts. This is likely the 
result of earlier surgical interventions and improved surgical 
techniques and outcomes. The increasing number of patients 
with repaired congenital heart disease joining the adult popula-
tion requires the training of electrophysiologists with special 
interest in adult CHD as potentially life-threatening ventricular 
arrhythmias and sudden cardiac deaths (SCD) can still occur late 
after surgery.

The incidence of SCD in repaired CHD is 0.9 to 1.4 per 1000 
patient-years, which is 25- to 100-fold higher than for the general 
population.3,4 In one population-based series, 90% of all sudden 
deaths occurred in four main categories of CHD, being TGA, 
TOF, aortic stenosis and aortic coarctation with an apparent 
time-dependent incremental risk in patients with left heart 
obstructions and TOF. Six to nine percent of patients after repair 
of TOF died suddenly after 21 to 35 years of follow-up (2% to 
3% per decade), accounting for up to 50% of all deaths in this 
group.3,5,6 The highest incidence of SCD was found in patients 
with aortic stenosis with SCD rates between 10% and 13% after 
15 to 20 years of follow-up.3,7 The majority of CHD-related SCD 
is presumably due to ventricular arrhythmias, either hemody-
namically not tolerated sustained monomorphic reentrant ven-
tricular tachycardia (SMVT), with a higher prevalence in patients 
who have undergone ventricular incision and patch closure of 
ventral septal defect (VSD), or monomorphic and polymorphic 
VT and ventricular fibrillation (VF) in the absence of surgical 
scars. Although data are lacking, the latter arrhythmia mecha-
nisms may be similar to those observed in other cardiac diseases 
with pathologic hypertrophy, fibrosis, impairment of cardiac 
function, and ultimately heart failure. Impairment of right and 
left ventricular function is likely to result in altered ion channel 
and transporter function. Downregulation of K+ currents and 
APD prolongation, which is a consistent finding in ventricular 
myocytes from subjects with cardiac dysfunction, promotes early 
afterdepolarization. In addition, changes in Ca2+ handling pro-
teins, which are also observed in heart failure, can cause diastolic 
Ca2+ leak from the sarcoplasmic reticulum, resulting in delayed 
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crista supraventricularis forms the summit of the ventriculo-
infundibular fold (VIF), a fold of myocardium at the posterolat-
eral wall of the RVOT, and extends toward the ventricular septum 
into the trabecula septomarginalis (Figure 102-1). The latter 
continues over the interventricular septum and contains the right 
bundle branch. The crista supraventricularis also encompasses 
the outlet septum (the muscular septum separating the aortic en 
pulmonary outlets), situated in between the ventriculo-
infundibular fold and trabecula septomarginalis, which is small 
and not recognizable as a separate structure in the normal heart. 
In TOF, however, there is an anterior deviation of the outlet 
septum that, in contrast to normal, can be recognized as a sepa-
rate structure, which is regarded as a pathognomonic feature of 
TOF (see Figure 102-1). The deviation of the outlet septum 
causes malalignment with the remainder of the ventricular 
septum, resulting in a subaortic, and in most cases perimembra-
nous, ventricular septal defect. The deviation of the outlet septum 
also contributes to the subpulmonary stenosis. The amount of 
displacement and hypertrophy of the outlet septum determines 
the severity of the stenosis. The morphology of TOF encom-
passes a broad spectrum, with on the one end very slight malfor-
mations and cyanosis and on the other end severe forms of the 
disease with pulmonary atresia.

Type and Timing of Surgical Repair and Its Potential Relation 
to Risk Factors for Ventricular Arrhythmias
After the first intracardiac repair of TOF in 1954 by Lillehei in 
a 10 month-old boy, subsequent series of early surgical interven-
tions reported a high perioperative mortality leading to a “two-
stage repair” with a palliative shunt to augment pulmonary blood 
flow, followed by total repair later in childhood.

Total repair included (patch) closure of the perimembranous 
or muscular VSD and relief of the infundibular or valvular RVOT 
obstruction. This repair was initially performed through a verti-
cal or transverse right ventriculotomy often combined with the 
use of an RVOT or a transannular patch to augment the restric-
tive RVOT or to relieve the stenosis of the pulmonary orifice. 
The malformation and type of repair are important determinants 
of potential reentrant tachycardia circuits, which is a common 
underlying mechanism of VT in repaired TOF.8 Areas of dense 
fibrosis owing to surgical incisions, but also patch material and 
the valve annuli, can form regions of conduction block that define 
reentry circuit borders and create intervening isthmuses of myo-
cardial bundles that might contain the critical reentry circuit 
isthmus of a macroreentrant VT. Four anatomic isthmuses related 
to VT in repaired TOF have been identified9: isthmus 1 bordered 
by the tricuspid annulus and the scar or patch in the anterior 
RVOT, isthmus 2 between the pulmonary annulus and the RV 
free wall incision or RVOT patch sparing the pulmonary valve 
annulus, isthmus 3 between the pulmonary annulus and the VSD 
patch or septal scar, and isthmus 4 between the VSD patch or 
septal scar and the tricuspid annulus in patients with muscular 
VSDs (see Figure 102-1).

The right ventriculotomy and the frequent use of a transan-
nular patch with consecutive pulmonary regurgitation and 
chronic volume overload often resulted in RV dilatation and 
dysfunction, which is associated with VT and SCD in the long 
term (Table 102-1). Consequently, a combined transatrial-
transpulmonary approach has been introduced. Currently, patch 
augmentation is avoided or usually limited to the pulmonary 
annulus whenever possible. This approach does not only  
positively affect RV function but can also prevent the anatomic 
isthmuses 1 and 2.

Reentrant tachycardias are promoted by slow conduction. 
Interstitial fibrosis owing to longstanding cyanosis and pressure 
overload, functionally prolongs the pathway for impulse propaga-
tion and can provide the substrate for slow conduction. In addi-
tion, cell-to-cell coupling can be diminished because of decreased 

gap junction density and altered connexin expression and distri-
bution, as observed in clinical and experimental cardiomyopa-
thies also contributing to slow conduction.

Myocardial histopathologic changes, in particular interstitial 
fibrosis of the muscular tissue of the crista supraventricularis, are 
more pronounced in patients who were operated at older age, 
specifically beyond the age of 4 years, and are thus subjected to 
long standing cyanosis (SaO2 < 80%) and higher end-diastolic 
RV pressure (>12 mm Hg).10 The clinical gold standard to detect 
ventricular fibrosis is late gadolinium enhancement (LGE) on 
cardiac magnetic resonance (CMR). Myocardial LGE was present 
in both the RV and LV of adults after repair of TOF and was 
related to increased age, and adverse clinical effects such as ven-
tricular dysfunction and specifically RV LGE were associated 
with atrial and ventricular arrhythmias.11

Histopathologic changes can also contribute to the occur-
rence of complex ventricular ectopy, which has been considered 
a risk factor for fatal ventricular arrhythmias (VA). In particular, 
older age at repair has been associated with a higher grade of 
ventricular ectopy. Only 11% of patients in whom repair was 
performed between the ages of 4 and 15 years showed complex 
ectopy on Holter monitoring 6 to 12 months after operation, 
compared with 39.4% of patients who underwent surgery beyond 
the age of 15 years.10 The age dependency of the occurrence of 
complex ventricular ectopy could also be demonstrated in uncor-
rected patients. No significant ventricular ectopy (defined as 
Lown ≥ 2, <30 uniform PVCs/h) was observed in patients 0 to 7 
years old. In contrast, 58% of patients 16 years or older had 
complex ectopy, with 21% having runs of nonsustained VT. Of 
interest in corrected patients, the relation of complex ventricular 
ectopy and time of repair persisted and was independent of the 
duration of follow-up or of the postoperative hemodynamic 
status.12 Although a higher grade of ectopy and nonsustained VT 
have been associated with VT inducibility, inconsistent data exist 
regarding their association with SCD. Accordingly, treatment of 
asymptomatic complex ventricular ectopy is not recommended.13 
Primary repair in infancy before the age of 18 months is common 
practice since the early 90s and can be performed with low peri-
operative mortality. Avoiding long-standing prolonged hypox-
emia and pressure overload can reduce the histopathologic 
changes and the substrate for slow conduction, complex ventricu-
lar ectopy, and fatal VA.

Despite early operation, progressive pulmonary regurgitation 
occurs in almost all patients after transannular patch repair and 
is an important reason for reintervention. Although often toler-
ated, pulmonary regurgitation ultimately leads to RV dilatation 
and dysfunction, which can be further aggravated by residual 
RVOT obstruction. Moderate to severe PR and abnormal RV 
hemodynamics in particular, and increased RV end-systolic pres-
sure have been associated with VT and SCD. In addition, a wide 
QRS (>180 ms) and an increase in QRS duration have consis-
tently been reported as risk factor for SMVT and SCD.5 In 
particular, RV dilatation but not restrictive RV physiology has 
been associated with QRS prolongation, referred to as mechano-
electrical interaction.14

Impairment of RV function and LV hemodynamics have 
important roles. A moderate to severe left ventricular systolic 
dysfunction—defined as ejection fraction (EF) of less than 39% 
and 20%, respectively—was also more common in patients with 
TOF and (aborted) SCD.15 In addition, an left ventricular end 
diastolic pressure (LVEDP) ≥ 12 mm Hg was a strong and inde-
pendent predictor of appropriate ICD shocks in patients with 
TOF who received an ICD for primary prevention.16

Effect of Pulmonary Valve Replacement and Intraoperative 
Cryoablation on Ventricular Arrhythmias
In selected patients, a reduction in QRS duration after pulmonary 
valve replacement (PVR) was related to a reduction in RV EDV 
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Figure 102-1.  Tetralogy of Fallot (TOF) isthmus. A, Anatomic specimen (A1) and drawing (A2) of the normal heart, right ventricular view. The heart is sectioned parallel 
to the interventricular septum and opened to allow a view into the right ventricle (RV). The fibrous tissues of the tricuspid valve (TV) and pulmonary valve (PV) are separated 
by the muscular tissues of the crista supraventricularis (CS), that consists of the continuum of the ventriculoinfundibular fold (VIF) and trabecula septomarginalis (TSM). The 
outlet septum (location indicated by the asterisk) is also part of the continuum, but cannot be identified as a separate structure in the normal heart. B, Anatomic specimen 
(B1) and drawing (B2) of a heart with unoperated TOF, same view as in A. The outlet septum (indicated by the asterisk), that in this case is small and fibrous, has deviated 
from the other components of the crista supraventricularis in an anterior direction, thus narrowing the ostium of the PV. The dextroposed aorta can be seen through the 
ventricular septal defect (arrow), which has a muscular rim (substrate for anatomic isthmus 4). B3, Electroanatomic voltage map (3-D mapping system, CARTOXP, Biosense 
Webster, USA) for a patient with operated TOF in a modified left posterior view. Voltages are color coded according to the color bar; grey tags indicate unexcitable tissue. 
Anatomical isthmus 4 is indicated. C, Anatomic specimen (C1) and drawing (C2) of operated TOF, same view as in A and B. The VSD patch drawn in place in C2 has been 
folded to the right in C1 to expose the VSD (arrow in C1). Note the hypertrophic crista supraventricularis (CS), at which site an infundibulectomy has been performed (C1). 
C3, Electroanatomic voltage map of a patient with operated TOF in a modified anterior view (same color coding). Anatomic isthmus 3 is indicated. D, Anatomic specimen 
(D1) and drawing (D2) of operated TOF, with a right ventricular outflow tract (RVOT) patch, frontal view. D3, Electroanatomic voltage map of a patient with operated TOF 
in a modified anterior view (same color coding). Anatomic  isthmuses 1 and 2 are  indicated. E, Anatomic specimen and (E1) and drawing (E2) of operated TOF, with a 
transannular patch, frontal view. E3, Electroanatomic voltage map of a patient with operated TOF in a modified anterior view (same color coding). Anatomic isthmus 1 is 
indicated. Ao, Aorta; PT, pulmonary trunk; PV, pulmonary valve; TA, tricuspid annulus. 
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assessed by CMR, which further supports the occurrence of 
mechanoelectrical interaction.17 A QRS duration greater than 
180 ms 6 months after PVR, or no reduction of the QRS dura-
tion postoperatively, were strong predictors of adverse events 
defined as all-cause mortality, reoperation for pulmonary regur-
gitation, heart failure or VT.18 In particular, patients with severely 
prolonged QRS duration that did not change postoperatively had 
the highest incidence of adverse events. Prolonged QRS duration 
can serve as one surrogate marker for the changes in mechanical 
forces that trigger changes on the cellular and subcellular level 
also known as mechanoelectrical coupling associated with 
arrhythmogenesis.

Despite the remarkable reduction of RV volumes and hemo-
dynamic improvement of RV function after PVR,19 simply replac-
ing the valve might not eliminate the substrate for reentrant 
ventricular tachycardias; reentry was the underlying mechanism 
of all VTs that were also associated with a QRS greater than 
180 ms in one series.14 After a late PVR performed in 98 patients 

20 ± 9 years SD after TOF repair, VT occurred in 11, and death 
occurred in 6 patients after a mean follow-up of 2.8 ± 4.3 years. 
The 5- and 10-year measures of freedom of the composite 
outcome of death and VT was 80% and 41%, which was not 
different from a control group (n = 77) matched for age, pulmo-
nary regurgitation, RV dilatation, and QRS duration and who did 
not undergo PVR.20 These data suggest that either PVR was 
performed too late, not leading to a favorable reverse remodeling 
despite a reduction in RV size, or VTs are the result of a  
fixed substrate not influenced by hemodynamic improvements. 
Of interest, five of seven patients who underwent PVR and con-
comitant (not further specified) intraoperative cryoablation  
experienced VT during follow-up. In contrast, map-guided intra-
operative ablation was more effective to control VT recurrence. 
Of 44 patients with documented monomorphic sustained ven-
tricular tachycardia (MSVT), 31 underwent cryoablation applied 
to the macroreentry site as assessed by combined endocardial and 
epicardial mapping during cardioplegic arrest. VT recurred in 

Table 102-1. Risk Factors for Ventricular Tachycardia, Sudden Cardiac Death, and Adverse Events in Tetralogy of Fallot

Risk Factor VT SCD VT+SCD AE

Symptoms of (pre) syncope Yes1 Yes8

History of SMVT Yes8

Age at total repair Yes6,17,21 Yes9,11,20

Presence of transannular patch Yes6 Yes6 No11,14 / Yes13,20

QRS-duration ≥180 ms Yes1,6,7 Yes6,7,8 Yes2

QRS-duration increase per year Yes6 Yes6

QRS-dispersion Yes5

QT-duration Yes5

QT-dispersion Yes5 Yes22

JT(c)-dispersion Yes5 Yes2

PVC on ECG Yes16,17

VA on Holter (PVC >30/min and/or nsVT) Yes15 No3

Non-sustained VT on Holter Yes12

LV longitudinal strain on echo Yes4

LV reduced systolic function Yes8 Yes18

RV dimensions (cm) Yes1 Yes22 Yes4,18,19

RV end systolic pressure (mm Hg) Yes16,17,21

Moderate or severe PVR Yes6 Yes6,8

Inducible for SMVT or SPVT Yes10

VT, Ventricular tachycardia; SMVT, sustained monomorphic VT; SPVT, sustained polymorphic VT; nsVT, nonsustained VT; VA, ventricular arrhythmias; PVC, premature 
ventricular contraction; SCD, sudden cardiac death; PVR, pulmonary valve regurgitation; AE, adverse events.
AE4 = SCD + LTA (sustained VT, resuscitated SCD or appropriate ICD discharge), AE9/11 = mortality, AE12 = appropriate ICD therapy, AE13 = all-cause mortality, AE14 = survival, 
AE18 = death + sustained VT + increase to NYHA III of IV, AE19 = death + VT, AE20 = late death.

1: Balaji et al.; Am J Cardiol; 1997 Jul 15;80(2):160-3. (n=135)
2: Berul et al.; J Cardiovasc Electrophysiol; 1997 Dec;8(12):1349-56. (n=101)
3: Cullen et al.; J Am Coll Cardiol; 1994 Apr;23(5):1151-5. (n=86)
4: Diller et al.; Circulation; 2012 May 22;125(20):2440-6. (n=413)
5: Gatzoulis et al.; Circulation; 1997 Jan 21;95(2):401-4. (n=99)
6: Gatzoulis et al.; Lancet; 2000 Sep 16;356(9234):975-81. (n=793)
7: Gatzoulis et al.; Circulation; 1995 Jul 15;92(2):231-7. (n=178)
8: Ghai et al.; J Am Coll Cardiol; 2002 Nov 6;40(9):1675-80. (n=125)
9: Karamlou et al.; Ann Thorac Surg; 2006 May;81(5):1786-93; discussion 1793. (n=249)

10: Khairy et al.; Circulation; 2004 Apr 27;109(16):1994-2000. (n=252)
11: Murphy et al.; N Engl J Med, 1993 Aug 26;329(9):593-9. (n=163)

12: Khairy et al.; Circulation; 2008 Jan 22;117(3):363-70. (n=68)
13: Nollert et al.; J Am Coll Cardiol; 1997 Nov 1;30(5):1374-83. (n=490)
14: Nollert et al.; Thorac Cardiovasc Surg; 1997 Aug;45(4):178-81. (n=71)
15: Harrison et al.; J Am Coll Cardiol, 1997 Nov 1;30(5):1368-73. (n=210)
16: Garson et al.; Circulation 1979 Jun;59(6):1232-40. (n=207)
17: Garson et al.; J Am Coll Cardiol; 1985 Jul;6(1):221-7. (n=488)
18: Knauth et al.; Heart; 2008 Feb;94(2):211-6. Epub 2006 Nov 29. (n=88)
19: ortega et al.; Am J Cardiol; 2011 May 15;107(10):1535-40. (n=39)
20: Jonsson et al.; Scand J Thorac Cardiovasc Surg; 1995;29(2):43-51. (n=165)
21: Jonsson et al.; Scand J Thorac Cardiovasc Surg; 1995;29(3):131-9. (n=141)
22: Daliento et al.; Heart; 1999 Jun;81(6):650-5. (n=66)
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only three (10%) patients after ablation with a 96% freedom of 
VT after 7.5 years.21

Role of Programmed Electrical Stimulation
A positive programmed electrical stimulation (PES), usually 
defined as inducibility of a sustained monomorphic VT, provides 
an important tool to prove the presence of a substrate for reen-
trant VT, although VT based on triggered activity may also be 
inducible in the electrophysiology laboratory. Accordingly, only 
16% of patients who had documented sustained VT were not 
inducible by PES.22

Consequently, PES has also been used to identify patients 
with TOF who are at risk of potential fatal ventricular arrhyth-
mias. Inducibility of sustained VT is high in patients with pre-
syncope and complex PVCs on Holter monitoring and is more 
likely in patients repaired at older age and when PES is per-
formed late after surgery.23,24 Importantly, inducibility strongly 
depends on the applied induction protocol; MSVT induction 
required three extrastimuli in 70% and isoproterenol in 11%  
of the patients in two series.22,23 Using a complete PES 
protocol (two RV sites, 3 cycle lengths (CL), triples and isopro-
terenol) the diagnostic value (sensitivity, 77.4%; specificity, 
79.5%) and the prognostic significance (relative risk, 5.0 for sub-
sequent clinical VT or SCD) of PES in TOF patients is compa-
rable with the postinfarct population.22 Of interest, the highest 
event rate (SCD, VT, or both) was observed in patients inducible 
for sustained polymorphic VT (SPVT). Although derived from 
a small number of patients, induction of SPVT may not be an 
unspecific finding and may reflect a different but potential fatal 
arrhythmogenic substrate.

Type of Ventricular Arrhythmias and the Underlying Substrate: 
Impact on Treatment
The majority of VA documented in TOF patients is monomor-
phic VT. The prevalence of SMVT was 14.2% in a recently 
conducted multicenter study including 556 TOF patients and 
was markedly increased after the age of 45. In contrast, in only 
0.5% of the population VF could be documented.2 The incidence 
of VF in TOF patients may be underestimated as patients in the 
cohort are survivors. However, in 121 TOF patients who have 
received an ICD for primary or secondary prevention, 81.5% of 
all appropriately delivered therapy was for monomorphic VT. Of 
importance, VTs were fast with a median heart rate of 213 bpm 
(182-264).16

There are no data available on the efficacy of antiarrhythmic 
drugs and only limited data on dosage and toxicity in different 
age groups. In general, anti-arrhythmic drugs initiated to prevent 
recurrence of reentrant VT in structural heart disease have disap-
pointing efficacy and the use of anti-arrhythmic drugs is ham-
pered by potentially serious side effects.

The feasibility of catheter ablation of VT in CHD with the 
majority performed in TOF patients has been reported (Table 
102-2). In most of the earlier series and case reports, the targeted 
VTs were slow, hemodynamically tolerated, and therefore 
approachable by conventional mapping techniques, such as acti-
vation and entrainment mapping during ongoing VT. An inten-
tion to treat analysis was published by the group from the Boston 
Children’s Hospital.25 In this study, acute ablation failure was 
50% because of noninducibility, hemodynamic instability, or ana-
tomic reasons. Two recently published studies used substrate 
mapping techniques to target all inducible and, in particular, fast 
and poorly tolerated VTs, which are common.

Using a noncontact mapping system consisting of a multielec-
trode balloon array that allows simultaneous acquisition of virtual 
unipolar electrograms, the activation sequence of 13 fast or non-
sustained VTs in 10 patients could be obtained.26 Eleven of the 
13 induced VTs were due to macroreentrant circuits, whereas two 
were due to microreentrant circuits. The anatomic location of 

the isthmus could be identified in all patients and was successfully 
targeted by a linear radiofrequency (RF) lesion in eight patients. 
In two patients, RF delivery was withheld because of the proxim-
ity of the His bundle. An alternative approach applies point-by-
point electroanatomic voltage and activation mapping during 
stable sinus rhythm to obtain a three-dimensional reconstruction 
of all potential isthmuses by identifying the anatomic boundaries 
(see Figure 102-1).9 Peak-to-peak bipolar electrogram amplitudes 
can be displayed color-coded and projected on a three-dimensional 
shell of the RV. Electrograms greater than 1.5 mV are considered 
normal voltage. At sites with amplitudes less than 0.5 mV, high 
output pacing (10 mA, 2 ms) can be performed to identify unex-
citable tissue, which is consistent with patch material or surgical 
scars. Connecting the anatomic isthmuses by linear RF lesions 
has been highly effective to treat all VTs, and in particular poorly 
tolerated ones, with promising long-term results. In the largest 
series to date, reporting on VT ablation targeting anatomic isth-
muses in 31 adults with CHD (81% TOF; mean VTCL of 298 
± 74 ms) total procedural success defined as noninducibility of 
any VT was achieved in 22 adults (71%). None of the patients 
in whom complete procedural success was achieved had recur-
rence of a monomorphic VT during 43 ± 28 months of follow-up, 
whereas one patient with poor RV function experienced appro-
priate ICD discharge for VF. These data suggest that macroreen-
trant VTs based on an anatomic substrate can be treated effectively 
with catheter ablation; however, other VA can occur in patients 
with impaired RV function.9

Of importance, inducibility of the clinical arrhythmia and 
hemodynamic tolerance is no longer a prerequisite for successful 
ablation. The association between anatomically defined isth-
muses and macroreentrant VT might also be helpful to guide 
intraoperative ablation in patients who require reoperation for 
PV regurgitation.

Implantable Cardioverter Defibrillator
As discussed earlier, the risk of SCD in patients with surgically 
corrected TOF is estimated to be 1.2% to 1.8% 10 years after 
surgery and 2.5% 20 years after surgery. The SCD risk increases 
to 4% and 6%, respectively, 25 and 30 years after surgery. Several 
factors associated with SCD in patients with TOF have been 
identified (see Table 102-1); however, the prognostic value of 
each factor is limited. According to the AHA/ACC and ESC 
guidelines, an implantable cardioverter defibrillator (ICD) should 
be implanted in SCD survivors.13,27 Furthermore, an ICD should 
be implanted in patients with ventricular arrhythmias after failed 
catheter ablation. ICD implantation can be considered in patients 
after unexplained syncope without a defined and reversible cause. 
However, if symptoms of presyncope of syncope are reported, an 
induction protocol for both VT and supraventricular tachycar-
dias may be helpful. Prophylactic implantation of ICDs is still 
under debate, but could be considered in the presence of LV/RV 
dysfunction, extensive fibrosis, and a QRS greater than 180 ms 
and if VT is inducible during electrophysiological study.13,27 In 
high-risk patients with TOF, ICD implantation has been shown 
to be effective for both primary and secondary prevention, with 
appropriate and effective shocks in more than 30% of patients.16 
Of importance, more than 80% of the treated ventricular arrhyth-
mias were monomorphic and fast VT (median heart rate, 212 
beats/min), but 70% of the patients required ICD shocks to 
terminate the first arrhythmia. These fast VT are currently 
approachable by substrate-based ablation techniques, which 
should be considered in particular in patients with preserved RV 
and LV function. However, long-term efficacy data of catheter 
ablation of fast VT are lacking. Important device-related compli-
cations are inappropriate shocks, which were observed in 25% to 
30% of all patients16,28 (actuarial rate 5.8% of patients per year) 
and are often due to supraventricular arrhythmias and late lead-
related complications occurring in 20%.16
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Table 102-2 Published Data on Ventricular Tachycardia Ablation in Congenital Heart Disease

References CHD Method Patient (n) Sus-VT (n)
VTCL 
Mean (ms)

Acute 
Success Recurrence

Burton et al., 1993 ToF PM 2 2 270 2/2 0/2

Biblo et al., 1994 ToF AM 1 2 430 1/1 0/1

Goldner et al., 1994 ToF PM 1 1 240 1/1 0/1

Cinushi et al., 1995 ToF AM + LL 1 2 420 2/2 0/1

Gonska et al., 1996 ToF 7x, VSD 1x, TGA 
+ VSD 1x, PS 2x

AM 11 11 377 9/11 2/11

Horton et al., 1997 ToF AM + LL 2 2 430 2/2 0/2

Baral et al., 2004 ccTGA + Ebstein + 
TVR

AM (NC) + ENT 1 1 380 1/1 0/1

Rostock et al., 2004 ToF AM + LL 1 1 340 1/1 0/1

Morwood et al., 2004 ToF 8x, VSD 3x, 
others 3x

— 14 Patients
20 Procedures

— — 10/20 4/10

Furushima et al., 2005 ToF/DoRV AM + LL 7 14
Targeted 8

346 4/7 6/7

Kriebel et al., 2007 ToF SSM + LVA (NC) + LL 10 13 269 8/10 2/8

Zeppenfeld et al., 2007 ToF 9x, AVSD 1x, TGA 
+ VSD 1x

SSM + EUS + LL + 
IMG (1/11, CT)

11 15 276 11/11 1/11

Nair et al., 2011 TGA + VSD + sPS SSM + PM +
IMG (CT)

1 1 350 1/1 0/1

Piers et al., 2012 TGA + sPS SSM + AM +
IMG (CT, CMR)

1 1 340 1/1 0/1

CHD, Congenital heart disease; sus-VT, sustained ventricular tachycardia; VTCL, ventricular tachycardia cycle length; TOF, tetralogy of Fallot; PM, pace mapping; AM, 
activation mapping; LL, linear lesions; VSD, ventricular septal defect; TGA, transposition of the great arteries; (cc)TGA, congenitally corrected transposition of the great 
arteries; TVR, tricuspid valve replacement; DORV, double outlet right ventricle; NC, noncontact; ENT, entrainment; DORV, double outlet right ventricle; SSM, substrate 
mapping; LVA, low voltage areas; AVSD, atrioventricular septal defect; EUS, electrically unexcitable scar; IMG, image integration; CT, computed tomography; (s)PS, 
subpulmonary stenosis; CMR, cardiac magnetic resonance imaging.
From Burton et al: Pacing Clin Electrophysiol 16:2319–2325, 1993; Biblo et al: Pacing Clin Electrophysiol 17:1556–1560, 1994; Goldner et al: Pacing Clin Electrophysiol 
17:1441–1446, 1994; Chinushi et al: Pacing Clin Electrophysiol, 18(9 Pt 1):1713–1716, 1995; Gonska et al: Circulation 94:1902–1208, 1996; Horton et al: J Cardiovasc 
Electrophysiol 8:432–435, 1997; Baral et al: J Interv Card Electrophysiol 11:211–215, 2004; Rostock et al: Pacing Clin Electrophysiol 27(6 Pt 1):801–804, 2004; Morwood 
et al: Heart Rhythm 1:301–308, 2004; Furushima et al: J Electrocardiol 39:219–224, 2006; Kriebel et al: J Am Coll Cardiol 50:2162–2168, 2007; Zeppenfeld et al: Circulation 
116:2241–2252, 2007; Nair et al: Indian Pacing Electrophysiol J 11:120–125, 2011; Piers et al: Circ Arrhythm Electrophysiol 5:e38–e40, 2012.

Transposition of the Great Arteries

Developmental and Anatomic Aspects
Transposition of the great arteries is the most common cyanotic 
heart disease in newborns, comprising 5% of all congenital heart 
diseases. It can occur isolated (simple TGA) or in association with 
other congenital malformations (complex TGA). In TGA, there 
is a concordant atrioventricular (AV) connection in combination 
with ventriculoarterial discordance, with the aorta connecting to 
the morphologic right ventricle, and the pulmonary trunk to the 
morphologic left ventricle. There is often a parallel course of the 
great arteries, with a right anterior position of the aorta with 
respect to the pulmonary orifice.29 From a developmental point 
of view, the abnormal position of the great arteries in TGA might 
be related to a deficient lengthening of the outflow tract during 
development, for which contributions from the so-called second 
heart field are necessary.8

Complex TGA is most commonly associated with ventricular 
septal defects (in approximately 40%) and left ventricular outflow 
tract (LVOT) or RVOT obstruction. In cases with infundibular 
VSDs, the outlet septum can often be recognized as a separate 
structure. Obstruction of the RVOT and LVOT are usually 

caused by rightward deviation and leftward deviation of the outlet 
septum, respectively, and can become more pronounced by 
hypertrophy of the outlet septum. In addition, muscle bundles, 
subvalvular fibrous tissues, or abundant AV valve tissues can con-
tribute to narrowing of the RVOT and LVOT.29

Type and Timing of Surgical Repair and Its Potential Relation 
to Risk Factors for Ventricular Arrhythmias
Before the 1980s, most patients underwent a two-stage–repair 
surgical intervention. The Blalock-Hanlon atrial septectomy, 
introduced in 1950 and replaced by the Raskind balloon atrial 
septostomy after 1966, is usually performed acutely after birth. 
This is followed by an atrial switch operation—either the Senning 
or the Mustard procedure—within the first year of life. The 
Senning procedure, first performed in 1959, used the atrial 
septum to create a baffle to redirect the blood flow from the caval 
veins to the left ventricle. The Mustard procedure, introduced in 
1964, used a baffle from pericardium or synthetic material.

Currently, most of the patients seen at the adult outpatient 
clinic have been treated with the atrial switch operation. SCD is 
the leading cause of late mortality and seems to be constant over 
time, with an estimated incidence of 4% ± 7% at 10 years and 
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Type of Ventricular Arrhythmias and the Underlying Substrate: 
Effect on Treatment
The Senning and Mustard procedures result in physiological 
repair, after which the morphologic right ventricle supports  
the systemic circulation with the risk of right heart failure and 
related ventricular arrhythmias over time. Accordingly, more 
than 50% of all VAs prompting ICD therapy in TGA in patients 
receiving implants for primary or secondary prevention were 
polymorphic VT or VF.33 Sustained monomorphic VT is rela-
tively uncommon, with an estimated incidence rate of 0.5% per 
year.3

Simple TGA does not require surgical incisions of the ven-
tricles or patch material, which has been associated with mono-
morphic VT in the TOF population. Surgical incisions or patch 
material are however necessary in complex TGA, which is usually 
defined as the additional presence of a VSD requiring patch 
closure or other lesions like outflow tract obstruction requiring 
surgical intervention.30,34 Surgical scars and patch material can 
serve as anatomic boundaries facilitating macroreentrant VT as 
in TOF (Figure 102-2). In an adult cohort of 149 patients in 
which 107 (72%) had simple transposition, sustained VT was 
documented in seven patients. Four of these seven had complex 
TGA. VT occurred in 9.5% of patients with complex TGA, but 
in only 2.8% of patients with simple TGA.34 Sustained VT is 
rarely observed during childhood. The deterioration of RV func-
tion over time with electrical and structural remodeling, which 
is more often observed in complex TGA (42% vs. 2% at  
20 years),35 is likely to contribute to the late occurrence of VT 
and SD.

There are no specific data on medical treatment of VA in 
TGA, and only four case reports on catheter mapping and abla-
tion of monomorphic VT, all of which were performed in patients 
with complex TGA (see Table 102-2). The underlying mecha-
nism was reentry, and the critical reentrant circuit isthmus was 
located in an anatomic isthmus bordered by the VSD patch and 
the aortic valve in three patients, and in an area of septal trans-
mural scar and at the aortic valve in one patient. In the latter 
patient, preprocedural imaging of the three-dimensional scar 
architecture by LGE CMR and its spatial relationship to the 
aortic valve identified the anatomic isthmus (see Figure 102-3). 
Integration of the CMR-derived anatomic information with the 
electroanatomic mapping data was applied to guide and facilitate 
ablation.36 Substrate imaging and image integration should be 
considered in all patients with CHD with complex anatomy and 
surgical scars.36

Implantable Cardioverter Defibrillator
The risk of SCD in TGA is reported to be 4% after 10 years and 
9% after 20 years (5 to 8 per 1000 patient-years). In the majority 
of patients who have undergone an atrial switch operation, ven-
tricular arrhythmias are the underlying cause of SCD. It is impor-
tant to note that ventricular fibrillation can be preceded by atrial 
arrhythmias in a significant number of these patients.33 Other 
reported risk factors for SCD are RV dysfunction, venous 
obstruction and a QRS duration of 140 ms or greater34; however, 
specific criteria that prompt ICD implantation have not been 
defined. An ICD should be implanted after an SCD episode and 
can be considered in patients with unexplained syncope without 
defined and reversible cause.13,27

In TGA patients after atrial switch, ICD implantation has 
been shown to be effective for secondary prevention. However, 
effectiveness of ICD implantation for primary prevention could 
not be demonstrated, and inducible VT on electrophysiological 
testing did not predict future events, suggesting that risk strati-
fication is limited.33 It is important to recognize that implantation 
of an ICD can be technically challenging because of the presence 
of intraatrial baffles and implantation of the lead in a 

9% ± 4% at 20 years of follow-up.3 In a retrospective study of 47 
patients with sudden death (SCD; 13 aborted), the event occurred 
at a median age of 9.7 years (range, 0.3 to 32 years) and 7.9 years 
(range, 0.3 to 28.8 years) after surgery.30

Of importance, more than 80% of these SCDs occurred 
during exercise, likely because of an inability to increase cardiac 
output as a response to the increased demand, leading to low 
output cardiac failure. The latter can be worsened by coexisting 
conditions such as baffle obstruction, pulmonary vein stenosis, or 
ventricular dysfunction.30 Atrial arrhythmias that preceded 
SCD in 7% of the patients further impair AV transport and 
decrease RV filling. Right ventricular dysfunction may also  
lead to ventricular arrhythmia as a consequence of RV dilatation 
and tricuspid regurgitation, resulting in hemodynamic compro-
mise and mechanoelectrical interaction (i.e., a relation of 
mechanical and electrical properties of the RV, due to which right 
ventricular dilation and life-threatening arrhythmias may  
occur.14 Ischemia of the systemic RV may further contribute to 
ventricular arrhythmogenesis.31 Late enhancement CMR studies 
have indicated the occurrence of myocardial fibrosis in the sys-
temic right ventricle in patients after physiological correction, 
which may be relevant in the occurrence of ventricular 
arrhythmias.32

Although risk stratification is generally limited, symptoms of 
arrhythmias and heart failure and documented atrial flutter or 
fibrillation have been identified as predictors of SCD in patients 
after a Mustard or Senning procedure.30

The implication of supraventricular arrhythmias for the 
occurrence of ventricular arrhythmias is further supported by the 
observation that 50% of all appropriate ICD shocks in primary 
or secondary prevention ICD recipients were preceded by or 
coexisted with supraventricular tachycardia.33 Risk factors as 
identified in patients with TOF are of limited value. Only 1 of 
23 patients who received an ICD for primary prevention experi-
enced appropriate ICD therapy. Implantation was prompted by 
presyncope in 48% of patients, nonsustained (ns) VT in 48%, 
QRS duration ≥ 180 ms in 30%, right ventricular ejection frac-
tion (RVEF) ≤ 35% in 35%, and inducible VT in 30.4%.

However, in a single-center review of 149 adults, the com-
bined endpoint of sustained VT and SD was more likely  
in patients with additional anatomic lesions, impaired RV func-
tion, NYHA class III or greater, and a QRS duration of 140 ms 
or greater.

Since 1975, anatomic correction with the arterial switch oper-
ation has become the treatment of choice. During this procedure, 
the aorta and pulmonary trunk are disconnected from their arte-
rial roots (that will remain in their original position) and 
“switched” to connect to the proper ventricle. This approach not 
only reduces the incidence of postoperative atrial arrhythmias 
and sinus node dysfunction; it is also likely to reduce fatal ven-
tricular arrhythmias as the left ventricle supports the systemic 
circulation. In complex cases of TGA, modification of these 
operations or other operation techniques may be necessary, such 
as the Rastelli operation for treatment of TGA with LVOT 
obstruction.

Role of Programmed Electrical Stimulation
There are few data regarding the role of PES in adult patients 
with TGA. In one series 17 patients underwent PES before ICD 
implantation (10 of 17 patients for primary prevention). Nine 
patients (6 of 9 primary prevention patients) were inducible, but 
with only three for monomorphic VT and six for polymorphic 
sustained VT. During follow-up, none of the inducible but three 
of the noninducible patients, all receiving implants after a spon-
taneous ventricular arrhythmia event, experienced appropriate 
ICD therapy. These data suggest that different substrates and 
underlying mechanisms occur in patients with TGA.
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morphological left ventricle. In addition, after ICD implantation 
the number of inappropriate shocks (6.6% per year) and late 
lead-related complications are high.33,37

Other

In this section, a miscellaneous group of ventricular arrhythmias 
associated with congenital heart malformations will be discussed. 
Although several congenital malformations are associated with an 
increased risk of SCD, not much is known about the substrate of 
these events. Accordingly, risk stratification is limited.

Left Ventricular Outflow Tract Obstruction
Despite surgical repair, aortic stenosis has the highest incidence 
of SCD (5.4 per 1000 patient- years).3 LVOT obstruction com-
prises a variable group of patients with obstruction at the subval-
vular, valvular, or supravalvular level. Valvular stenosis, which 
constitutes the largest group in congenital heart disease patients, 
is usually attributable to a bicuspid aortic valve. Congenital cases 
of subvalvular aortic stenosis are usually the result of a subaortic 
valvular membrane. Supravalvular aortic stenosis is less common 
and is often associated with other congenital malformations or 
syndromes, such as Williams syndrome, or related to previous 

surgery (e.g., the suture site in the ascending aortic wall after 
arterial switch for TGA).

The risk of SD in patients with aortic stenosis seems  
time dependent. Etiologies of SD were variable and included 
arrhythmic SD (often in the presence of significant residual  
valve dysfunction), cerebral and coronary complications  
(often related to aortic valve endocarditis), and low cardiac  
output failure secondary to acute ventricular failure.3 Other sug-
gested mechanisms for the high occurrence of sudden cardiac 
death in this group include ventricular dysfunction and ventricu-
lar hypertrophy. Deficient coronary perfusion during exercise can 
play a role in patients with unoperated severe aortic stenosis. In 
asymptomatic patients with aortic stenosis, QRS duration and 
morphology were independently associated with the risk of 
SCD.38

Coarctation of the Aorta
The reported incidence of SCD in patients’ after repair of coarc-
tation of the aorta is 1.3 per 1000 patient-years.3 Coarctation of 
the aorta can occur at different levels, but it is classically found 
at the so-called isthmus, just below the branching of the left 
subclavian artery. One third of patients have a bicuspid aortic 
valve. Even after surgical resection of the coarctation, patients 
can be remain prone to hypertension and concomitant left ven-

Figure 102-2.  Potential propagation waves.  A,  Electroanatomic voltage  map  of  a  patient with  operated TOF  (closure  of  a  perimembranous ventral  septal defect,  right 
ventricular outflow tract patch sparing the pulmonary vein, resection of infundibular muscle). Bipolar voltages are color coded according to the color bar; gray  indicates 
inexcitable tissue; yellow tag indicates the position of the His bundle. The map is turned counterclockwise from a posterior (A1) to a right lateral (A2) to an anterior view 
(A3). B, Schematic of panel A. Potential anatomic isthmuses are indicated, as are potential directions of wavefront propagation during ventricular tachycardia. Schematic 
drawings in panels B1 to B3 correspond with the electroanatomic voltage maps in A1 to A3. Note that activation of the same isthmus in a counterclockwise or clockwise 
direction results in a different 12-lead electrocardiogram. Example provided for isthmus 3: counterclockwise activation results in VT 1, clockwise activation in VT2. 
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Congenitally Corrected Transposition of the Great Arteries
In ccTGA, there is discordance at both the atrioventricular and 
ventriculoarterial level. In the absence of atrial or ventricular 
septal defects or an open ductus arteriosus, patients will not 
exhibit shunting or cyanosis, and late complications of the disease 
are largely associated with the fact that the RV is the systemic 
ventricle, predisposing for right heart failure, and regurgitation 
of the often abnormal (Ebstein-like) tricuspid valve. Data on the 
occurrence of ventricular arrhythmias in this group are limited. 
Ventricular tachycardia and SCD can be related to ventricular 
dysfunction, AV valve regurgitation, or AV block. In a cross-
sectional study examining the mode of death in patients with 
CHD, mortality in patients with ccTGA was 40% related  
to SCD.39

Univentricular Hearts
Univentricular heart comprises a highly heterogenous group of 
malformations that includes hypoplastic right and left heart 

tricular hypertrophy that can contribute to the increased inci-
dence of SCD in this group.

Atrioventricular Septal Defect
In patients with atrioventricular septal defect (AVSD), the 
reported incidence of SCD is 0.9 per 1000 patient-years.3 AVSD 
is part of a broad morphologic spectrum that includes complete 
AVSD and partial AVSD. Extreme disbalance of the ventricles 
can result in hypoplastic right or left heart syndrome. AVSD  
can occur isolated and in association with other CHD, such  
as left ventricular outflow tract obstruction. AV conduction  
disorders can occur because of an abnormal position and mor-
phology of the AV conduction system. Ventricular arrhythmias 
and SCD are less common and can be related to LVOT obstruc-
tion, the amount and duration of left AV valve regurgitation, the 
amount of ventricular disproportion, complete AV block, and the 
association with complex cardiac anomalies, although data are 
limited.

Figure 102-3.  Transposition of the great arteries  (TGA;  including  image  integration). Ventricular  tachycardia ablation  in a patient with Mustard baffle and resection of a 
subpulmonary stenosis for complex TGA. Preprocedure contrast-enhanced cardiac magnetic resonance imaging (MRI) (A) was followed by image processing to reconstruct 
the anatomy and scar distribution based on signal intensity. Red areas indicate dense scar, and yellow areas indicate scar borderzone (B and C). D, Integration of MRI-derived 
scar projected on the endocardial  surface of  the  right ventricle  (RV) was performed using the position of  the ostium of  the  right coronary artery  (RCA) and circumflex 
branch of left coronary artery (CX) determined by contrast injection through the mapping catheter (E). C, D, and F demonstrate the same posterior view. After two-point 
image integration, limited activation mapping from the aorta (AO) and RV restricted to the area of interest showed a macroreentrant tachycardia (red indicates early activa-
tion,  purple  late activation  ([F1] with middiastolic activity  recorded  from RV and AO  [F2]). The schematic  illustrates  the  identified anatomic  isthmus based on contrast 
enhanced  (CE)-magnetic  resonance  imaging  (MRI),  which  was  bordered  by  septal  scar  tissue  and  the  aortic  root. Transection  of  the  isthmus  required  bipolar  ablation 
delivered between two ablation catheters, one placed in the aortic root and one opposite in the RV as indicated on the map (F1), the schematic (F3), and the fluoroscopic 
image (G2). Radiofrequency (RF) delivery terminated ventricular tachycardia after 3 seconds (not shown). Before RF delivery, the distance between the catheter and the 
ostium of the RCX was estimated based on a contrast injection in the aortic root and was considered safe (G1). 
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Implanted Cardioverter Defibrillator Therapy
Only small studies are available evaluating the cause of SCD in 
patients with ICDs; however, patients with LVOT obstruction, 
aortic coarctation, or univentricular heart are at higher risk of 
SD. The incidence of SCD remains high in postoperative patients 
with congenital aortic stenosis (3% after 10 years, 13% after 20 
years, and 20% after 30 years). Although VA as the underlying 
cause of SCD is likely, only limited data are available. An ICD 
should be implanted after an aborted SCD and can be considered 
in patients with unexplained syncope without defined and revers-
ible cause, similar to other adult structural heart disease guide-
lines.13,27 Complex anatomy and altered venous access (e.g., 
implantation of lead in an anatomic left ventricle, cavopulmonary 
connections) can hamper ICD implantation. Although poten-
tially lifesaving, significant adverse effects on the quality of life 
have been reported in these often young patients, especially after 
ICD shocks.42 In addition, lead failure is relatively high, possibly 
because of a more active lifestyle in young patients.43
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syndromes, extreme forms of Ebstein anomaly, and (rarely) true 
univentricular hearts. Incidence numbers of SCD in this group 
as a whole are unknown. Surgical palliation in most cases includes 
either partial or total cavopulmonary connections. Arrhythmias 
are usually of atrial origin because of right atrial scarring, dilata-
tion, or hypertrophy. Usually, high ventricular rates are poorly 
tolerated.

There is also an increased risk of ventricular arrhythmias that 
might be attributed to the morphology, function, and myocardial 
quality of the systemic ventricle (e.g., dilatation and presence of 
advanced ventricular hypertrophy of the systemic ventricle) 
and associated anomalies (e.g., non-compaction cardiomyopathy 
of the systemic ventricle). Myocardial fibrosis, as can be  
detected by CMR using LGE, was associated with dilatation, 
hypertrophy, and dysfunction of the systemic ventricle, with a 
higher prevalence of nsVT compared with patients without LGE 
on CMR.40

Eisenmenger Syndrome
Patients with Eisenmenger syndrome are at increased risk  
of SCD. In one series of 77 patients, SCD death occurred in  
63% of patients, but was not related to arrhythmias.41 Nonsus-
tained VTs were frequently present in this group, but did not 
result in SCD. Cardiac deaths are probably related to progressive 
heart failure and hypoxemia. Administration of drugs is problem-
atic because many drugs are not tolerated and cause adverse 
events.
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Syncope and AV Block

Syncope
Andrew Krumerman and John D. Fisher

Epidemiology

Syncope is a common clinical problem accounting for 1% to 3% 
of all emergency department visits and 6% of hospital admissions 
in the United States and Europe.1,2 Individuals have a cumulative 
lifetime incidence of syncope of 30% to 40%.3,4 It is estimated 
that $2.4 billion are spent on syncope-related hospitalizations 
annually.5 Reflex syncope is most commonly diagnosed. First 
vasovagal fainting episodes typically occur in characteristic age 
ranges, peaking in early adolescence and again in elderly men and 
women older than 70 years.6 Women are more likely to faint than 
men.7,8 The workup and prognosis associated with syncope is 
dictated by the history, physical examination, and ultimately the 
condition that resulted in syncope.

Prevalence of Syncope

Syncope prevalence varies significantly according to patient age 
and study setting. Despite the fact that referral bias is present 
when comparing populations of individuals in an emergency 
department compared with those in the general population, 
several generalizations can be made. Reflex syncope is most com-
monly diagnosed and found to have an excellent prognosis in 
most studies. Depending on the patient population and study 
setting, either orthostasis or cardiac syncope are the second most 
common etiologies. Studies enrolling patients admitted to the 
hospital for syncope consistently report a 20% prevalence of 
cardiac syncope.9 Although population-based studies tend to 
report higher rates of orthostatic hypotension and lower rates of 
cardiac syncope.10 Epidemiologic data obtained with a survey is 
often dependent on patient recall. Given the fact that almost half 
of individuals with syncope do not seek medical attention, data 
sets taken from general population surveys are often skewed.6 To 
complicate matters further, one must be vigilant for conditions 
masquerading as syncope.

Loss of Consciousness Without Syncope

Several conditions produce a loss of consciousness without com-
plete spontaneous recovery and are the result of something other 
than cerebral hypoperfusion. The definition of what is not 
syncope is perhaps as important as the definition of syncope itself. 
Seizures and trauma such as concussion are not considered 
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Definition

Syncope is defined as a spontaneous transient loss of consciousness 
associated with a loss of postural tone, usually because of global 
cerebral hypoperfusion. Typically, syncope is characterized by 
rapid onset, short duration, and spontaneous complete recovery 
that distinguish syncope from loss of consciousness owing to 
other etiologies such as seizures, concussion, or metabolic abnor-
malities. Thus, syncope is usually a result of tachycardia, brady-
cardia, or abnormal autonomic reflexes. This chapter will attempt 
to define syncope according to pathophysiological mechanism, 
define what is not syncope, and provide a strategy for initial 
evaluation, risk stratification, and treatment of patients with 
syncope.
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syncope. Pseudoseizures, malingering, ethanol or drug intoxica-
tion, hypoglycemia, hypoxia, hypercapnia, and vertebrobasilar 
transient ischemic attack also fall into this category. Drop attacks 
owing to transient vertebrobasilar hypoperfusion cause sudden 
loss of postural tone and collapse, but they do not cause loss of 
consciousness. Transient carotid obstruction can cause syncope 
under conditions that are reproducible (e.g., neck twisting when 
pulling out of a parking place into traffic, stretching to look 
overhead [cathedral ceiling syndrome]). Patients with a loss of 
consciousness not caused by a decrease in global cerebral perfu-
sion are frequently referred to a cardiac electrophysiologist for 
evaluation. A careful history and physical examination often rule 
out neurally mediated or cardiac syncope.

Pathophysiological Classification of Syncope

When approaching a patient with syncope, it is helpful to classify 
them into one of three groups based on pathophysiological  
mechanism: (1) reflex or neurally mediated syncope, (2) syncope 
owing to orthostatic hypotension (OH), (3) cardiovascular 
syncope. Regardless of classification, all diagnoses have a final 
common phenotype: a transient drop in cerebral perfusion due 
to a decrease in blood pressure (BP) resulting from decreased 
cardiac output, decreased peripheral vascular resistance, or some 
combination of both mechanisms. The lack of blood flow to the 
reticular activating system of the brain is what ultimately leads to 
a loss of consciousness.

Syncope and the Causes of Consciousness

If syncope involves a transient loss of consciousness, then what 
causes consciousness? This discussion is often cast in philosophi-
cal or ethical terms, but this chapter is intended to focus on the 
physical or biochemical. There are common denominators for 
the many causes of syncope described elsewhere in this chapter. 
Loss of consciousness is caused by active suppression of neuro–
central nervous system processes needed for wakefulness or 
obtundation of such processes by lack of blood flow that occurs 
with most forms of syncope. The broad spectrum of relevant 
neurologic sites and neurotransmitters are summarized in Table 
101-1. A complete review is available in an on-line article from 
the Canadian Institute or Neurosciences, Mental Health, and 
Addiction (www.cihr-irsc.gc.ca).11

Another parallel mechanism that helps to maintain wakeful-
ness is the inhibition of sleep. The idea of some form of common 
denominator is suggested by electroencephalograph findings 
during syncope. These tend to be the same for all forms of 
syncope, but distinct from changes seen in epilepsy.12 On a more 
basic level, changes in protein conformation governed by 
quantum mechanical forces can play a role in consciousness and 
life itself.13,14 There might be a distinction between loss of con-
sciousness and loss of any memory of events during a specific 
time. This distinction has been studied extensively regarding the 
mechanism of anesthetic agents.15 Nevertheless, a 24-page review 
article ultimately concludes that “a comprehensive explanation of 
the mechanism by which anesthetics cause loss of consciousness 
(LOC) has not yet been developed.”15

Reflex Syncope

Several terms in the literature have been used to describe reflex 
or neurally mediated syncope. The 2006 American Heart 

Association guidelines used the term neurocardiogenic syncope to 
encompass neurally mediated, vasodepressor, and vasovagal 
syncope.16 These entities are characterized by the same patho-
physiological triggers evoking syncope via an efferent signal 
resulting in vasodepressor, cardioinhibitory, or mixed responses 
Vasovagal syncope is defined as the common fainting spell, typically 
provoked by emotion or orthostatic stress. Patients often report 
prodromal symptoms such as nausea and diaphoresis before 
syncope.

Situational syncope occurs when a specific physical activity 
elicits reflexes causing a transient loss of consciousness. Com-
monly reported triggers include exercise, cough, swallowing, 
urination, and defecation. Situational syncope is closely related 
to vasovagal syncope, and often the distinction between the two 
is blurred. Carotid sinus syncope is a rare form of reflex syncope 
typically present in adults older than 40 years. Carotid sinus 
hypersensitivity can be elicited by performing sequential carotid 
sinus massage for 10 seconds in both supine and erect positions. 
A sinus pause for more than 3 seconds or a fall in blood pressure 
greater than 50 mm Hg defines carotid sinus hypersensitivity.17

Syncope Due to Orthostatic Hypotension

Syncope caused by OH is due to impaired peripheral vasocon-
striction. When one stands up, 10% to 15% of the blood volume 
pools in the lower extremities, causing decreased return to the 
heart and a resultant drop in stroke volume; this in turn activates 
baroreceptors allowing for increased sympathetic and decreased 
vagal nerve activity with a resultant increase in vascular tone, 
heart rate, and cardiac contractility. When the autonomic effer-
ent response to standing is insufficient to counteract the drop in 
blood pressure with symptoms of lightheadedness, blurred vision 
and syncope are the result.

Classical OH is defined as an abnormal decrease in systolic 
BP by 20 mm Hg or more or a decrease in diastolic BP by 
10 mm Hg or more within 3 minutes of standing.18,19 The ortho-
static intolerance syndromes include OH that differs from clas-
sical OH in the onset and severity of symptoms. Included in this 
group is the postural orthostatic tachycardia syndrome (POTS), 
typically noted in young women with severe orthostatic symp-
toms usually accompanied by a marked rise in heart rate after 
standing.

Etiologies of OH include primary and secondary autonomic 
failure, drug induced OH, and volume depletion. Primary auto-
nomic failure includes Parkinson’s disease, multiple system 
atrophy (Shy-Drager syndrome) and pure autonomic failure. Sec-
ondary autonomic failure is more commonly observed in patients 
with diabetes, amyloidosis, uremia and spinal cord injuries. An 
uncommon variant that is very difficult to treat is paroxysmal 
withdrawal of sympathetic tone. 20 A complete review of OH and 
autonomic failure is not within the scope of this chapter and may 
be found elsewhere. 21

Cardiac Syncope

Cardiac syncope is syncope due to tachyarrhythmia, bradyar-
rhythmia or structural heart disease. It is the most common cause 
of syncope after neural reflex syncope and OH. According to the 
Framingham Heart Study, 10% of individuals presenting with a 
syncopal episode had a cardiac etiology. Those with cardiac 
disease had a greater prevalence of cardiac syncope when com-
pared to those without cardiac disease, 20% and 5% respectively. 
The risk of death associated with cardiac syncope was doubled 
when compared to subjects without syncope. 6 Other studies, 

http://www.cihr-irsc.gc.ca
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a detailed history and physical examination, orthostatic blood 
pressure measurement, and 12-lead electrocardiogram (ECG). 
Figure 103-1, from the European Society of Cardiology (ESC) 
guidelines, details the approach to patients presenting with 
syncope. Those without true syncope are referred for alternative 
testing and treatment. The remaining patients are divided into 
three groups: (1) syncope, with a certain diagnosis, (2) syncope 
with a suspected diagnosis, and (3) unexplained syncope. Patients 
with rare episodes of unexplained syncope, normal ECG, and no 
significant cardiac history often require reassurance alone. Those 
with more frequent syncopal episodes or those with a high risk 
profile merit further testing and treatment.

History and Physical Examination

The history and physical examination has the highest diagnostic 
yield for determining the cause of syncope. Its importance cannot 

performed in emergency department or special syncope unit set-
tings, report a prevalence of cardiac syncope ranging from 5% to 
37%.9,10,22,23 The differential diagnosis of cardiac syncope can be 
found in Box 103-1.

Arrhythmia related syncope occurs as a result of the inability 
of the heart and vascular system to rapidly compensate for a 
change in cardiac output. There is a continuum between syncope 
and coma. When patients do not regain consciousness following 
syncope, as a result of prolonged hypotension and cerebral hypo-
perfusion, the diagnosis of cardiac arrest must be invoked. 17

Disorders limiting cardiac outflow must be considered in the 
differential diagnosis of cardiac mediated syncope. Syncope is 
often due to a combination of vasoregulatory failure in combina-
tion with an obstruction to cardiac output. Myocardial ischemia 
or infarction, aortic stenosis, hypertrophic obstructive cardiomy-
opathy and mitral stenosis are just a few examples of these enti-
ties. Box 103-2 lists the causes of cardiac syncope. The reader is 
referred to chapters in this text dedicated to the natural history 
and treatment of tachyarrhythmia and bradyarrhythmia for a 
more detailed account of incidence, prevalence, diagnosis and 
treatment of disorders responsible for cardiac syncope.

Diagnosis and Treatment

Treatment of patients with syncope is based on prognosis. Patient 
age, the presence or absence of cardiac disease and other comor-
bidities ultimately determine a patient’s diagnostic and therapeu-
tic course. The approach to the patient with syncope hinges on 

Box 103-1 Differential Diagnosis of Cardiac Syncope

Arrhythmia
Tachyarrhythmia
Ventricular tachycardia and ventricular fibrillation

Left ventricular dysfunction (ischemic/nonischemic)
Myocardial ischemia
Long QT syndrome
Brugada syndrome
Hypertrophic cardiomyopathy
Arrhythmogenic right ventricular dysplasia
Cardiac sarcoidosis
Short QT syndrome
Idiopathic ventricular fibrillation
Drug-induced arrhythmia

Supraventricular tachycardia
Atrial fibrillation
Atrioventricular node reciprocating tachycardia
Atrioventricular reciprocating tachycardia
Wolff-Parkinson-White syndrome

Bradyarrhythmia
Sick sinus syndrome with sinoatrial block or arrest
Atrioventricular block

Structural and Obstructive Heart Disease
Aortic stenosis
Mitral stenosis
Atrial myxoma
Hypertrophic obstructive cardiomyopathy
Myocardial infarction
Pulmonary embolism
Pulmonary hypertension

Box 103-2 Neurologic Sites and Neurotransmitters 
Responsible for Consciousness*

Acetylcholine
Neurons at the junction of the pons and the midbrain project 
axons to the thalamocortical cells of the thalamus and excite 
by means of acetylcholine.

Norepinephrine
Norepinephrine is used by neurons’ cell bodies situated in the 
locus coeruleus to send projections to the cortex and the 
limbic system. Receiving sensory and vegetative signals, 
these noradrenergic neurons promote alertness and play an 
important role in reactions to stress.

Serotonin
The serotonergic neurons of the raphe nuclei also play an 
important role in wakefulness. They block activity of neurons 
from which PGO waves originate during REM sleep.

Glutamate
Neurons producing glutamate are highly active during 
periods of wakefulness and quiescent during non-REM sleep.

Histamine
Histamine is produced in the posterior hypothalamus by 
neurons that become active when awake but are completely 
silent during REM sleep. These neurons send their projections 
throughout the brain and to the other types of wakefulness 
neurons, which they help to activate.

GABA
Neurons in the cortex can also be activated by the removal of 
the inhibition exerted on them by other small cortical 
neurons that use the neurotransmitter γ-aminobutyric acid 
(GABA). During periods of wakefulness, the activity of these 
GABAergic neurons is attenuated by other GABAergic 
neurons located in the posterior hypothalamus and the basal 
telencephalon.

From The Canadian Institute or Neurosciences, Mental Health, and Addiction 
(www.cihr-irsc.gc.ca).11

*Neurons responsible for consciousness are distributed between the 
hypothalamus and the medulla oblongata. Key neurotransmitters are involved 
in wakefulness.

http://www.cihr-irsc.gc.ca


1024 SYNCOPE AND AV BLOCK

(P > .0001). Older patients reported fewer symptoms before and 
after syncope and had a higher prevalence of heart disease as 
compared to their younger counterparts.28 Unexplained falls in 
the elderly are often the result of neurally mediated syncope.29,30 
The high prevalence of cardiac disease combined with a decreased 
frequency of prodromal symptoms makes history less reliable in 
elderly individuals.

The most recently published guidelines ESC/HRS guidelines 
list four essential questions for differentiating true from apparent 
syncope: (1) Was there complete LOC? (2) Was LOC transient 
with rapid onset and short duration? (3) Did the patient recover 
spontaneously, completely and without sequelae? (4) Did the 
patient lose postural tone? Positive answers to questions 1 through 
4 correlate with a high likelihood of true syncope. A single nega-
tive answer should prompt evaluation for other causes of LOC. 17

Once establishing that true syncope has occurred the patient 
and witnesses should be questioned about the event. Healthcare 
providers should focus on the patient’s position and activity just 
prior to syncope. Predisposing factors should be elicited such as 
a sudden change in position, standing for a prolonged period, 
sudden severe pain, and syncope following urination or defeca-
tion. Was there a prodrome or were postictal symptoms noted? 
Did the patient slowly slump over and lose consciousness sug-
gesting a progressive loss of postural tone or did they drop sud-
denly? Following the attack was there incontinence, confusion, 
chest pain or palpitations? Be wary of reports of brief seizurelike 
activity or incontinence as this can occur in patients with neural 
reflex syncope or with seizures. Sheldon and colleagues devel-
oped a questionnaire that allows one to accurately distinguish 
these two entities. 31

A thorough past medical history and family history should be 
obtained. Information regarding the circumstances of previous 
faints may reveal a diagnosis. Special emphasis on the past history 
of cardiac disease, metabolic abnormalities such as diabetes mel-
litus and neurologic ailments like epilepsy or Parkinson’s disease 
is critical. Medications should be carefully reviewed with special 
emphasis on antihypertensive medications, antiarrhythmic 
agents, QT prolonging drugs, ethanol, and illicit drugs. Com-
monly prescribed antibiotics such as azithromycin may result  
in QT prolongation and torsades de pointes, a well described 
phenomenon. 32 Detailed family history of sudden cardiac death 
and fainting should be sought and will influence patient risk 
stratification.

Patients should undergo blood pressure measurement in both 
the supine and standing positions using a manual blood pressure 
cuff. This simple bedside test can unmask OH and or postural 
orthostatic tachycardia syndrome POTS, which is defined as an 
increase in heart rate by more than 28 beats/min in the setting 
of orthostasis.33 A complete cardiac examination with special 
attention to findings consistent with cardiac outflow obstruction 
(e.g., aortic stenosis murmur, diastolic murmur, tumor plop noted 
with atrial myxoma). Check for signs of cerebrovascular disease, 
parkinsonism, and seizure. Evaluate for carotid bruits in prepara-
tion for possible carotid sinus massage.

Electrocardiogram

The ECG can immediately allow for risk stratification of cardiac 
syncope in patients with TLOC. ECG abnormalities associated 
with high-risk cardiovascular events or even SCD include asymp-
tomatic inappropriate sinus bradycardia for less than 50 beats/
min or sinus pauses longer than 3 seconds, Mobitz I AV block, 
Q waves, ventricular preexcitation, bundle branch block, or intra-
ventricular conduction delay with QRSd greater than 120 ms, 
nonsustained VT, long or short QT interval, early repolarization 

Figure 103-1.  Diagnostic  flowchart  in  patients  with  suspected  transient  loss  of 
consciousness. ECG, electrocardiogram.  (With permission  from Moya A, Sutton R, 
Ammirati F, et al: Guidelines for the diagnosis and management of syncope [version 
2009], Eur Heart J 30:2631–2671, 2009.)

DIAGNOSTIC FLOWCHART IN PATIENTS WITH SUSPECTED T-LOC
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be overestimated. Several prospective studies have demonstrated 
that a detailed history alone can lead to a diagnosis in 25% to 
80% of subjects. 24,25 26 A detailed history will allow for differen-
tiation between true syncope and non-syncope in most cases.

Initial evaluation of a patient with syncope should assess 
whether syncope actually occurred. Falls can often be mistaken 
for transient loss of consciousness (TLOC). Head trauma follow-
ing a fall may result in concussion and non-syncopal loss of 
consciousness. When the patient is elderly or a poor informant 
history taking may be a difficult task. One study demonstrated 
amnesia in up to 33% of patients with of TLOC and positive 
HUT tests. 27 Another study of almost 500 patients presenting 
with syncope revealed that history alone led to a diagnosis in only 
5% of patients 65 or older compared to 26% of younger patients 
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100 ms), and HV block during incremental atrial pacing or with 
pharmacologic challenge. Diagnostic findings in patients with 
suspected tachycardia undergoing EPS include induction of 
rapidly conducted SVT accompanied by hypotension and sus-
tained monomorphic VT. Induction of polymorphic VT or VF 
in patients with dilated cardiomyopathy is not diagnostic. 17

Patients with genetic cardiovascular diseases appearing with 
syncope have a high risk of SCD. Data on risk stratification using 
EPS in patients with hypertrophic cardiomyopathy, Brugada syn-
drome, LQTS, SQTS, ARVC, and others are inconclusive.45,46

Tilt Table Testing

A chapter dedicated to HUT testing techniques can be found in 
this text. Detailed indications are clearly defined in the most 
recent ESC and AHA/ACC guidelines.16,17 Because the majority 
of patients with syncope suffer from reflex or situation syncope, 
several points regarding indications and interpretations of HUT 
testing merit review. It is well known that the results of HUT 
testing are specific, but true sensitivity is unknown because there 
is no gold standard for diagnosing reflex syncope. In addition, 
positive responses to HUT testing are frequently not reproduc-
ible, nor do they predict response to therapy.

Key indications for HUT per recent guidelines are as follows. 
Individuals without underlying cardiac disease should be consid-
ered for tilt testing if unexplained syncope is recurrent, is associ-
ated with injury, or has occupational implications. Those with a 
clear history of reflex syncope should not undergo HUT testing. 
Arrhythmia or structural causes of syncope must be ruled out in 
patients with underlying cardiac disease, even when HUT is 
positive. HUT should also be performed when results will guide 
therapy, such as when distinguishing between reflex and OH 
syncope. HUT will also guide therapy for patients with pseudo-
syncope. Such patients demonstrate LOC without any significant 
change in heart rate or BP.

Treatment of Reflex Syncope

Attempts to guide therapy for reflex syncope have been largely 
unsuccessful. The Vasovagal Syncope International Study 
(VASIS) group developed a classification system based on HR and 
BP response to HUT. This approach was used in several reports; 
however, subsequent randomized clinical trials demonstrated the 
futility of this model. Ultimately the VASIS group proposed a 
modified classification consisting of (1) reflex syncope with or 
without significant cardioinhibitory reflex and bradycardia and 
(2) dysautonomic syncope and OH.47

Despite elaborate classification systems, several randomized 
trials have demonstrated the futility of guided therapy based on 
HUT findings. Fludrocortisone and midodrine seem to help 
some patients.48,49 However, more recent studies suggest that 
when investigators are appropriately blinded, there is no signifi-
cant change in syncope burden for midodrine, fludrocortisone, 
β-blocker, and serotonin reuptake inhibitors when compared 
with placebo.31,50 For many years, patients with reflex syncope 
were treated with β-blockers. However, this treatment proved to 
be a disappointment following several randomized studies and 
these β-blockers have been given a class III designation in the 
guidelines.31 Results for α-blocking agents have been mixed. 
Perhaps results from the POST-4 trial—a prospective, random-
ized, placebo controlled trial evaluating the efficacy of midodrine 
therapy in patients with reflex syncope—will shed more light on 
the matter.51

in the inferolateral leads, Brugada sign, or precordial T wave 
inversions and epsilon waves associated suggestive of ARVC. 
Telemetry monitoring should be obtained in patients with any of 
the aforementioned findings on a 12-lead ECG.

Holter Monitor, Mobile Telemetry,  
and Implantable Loop Recorders

Short-term ECG monitoring has a low diagnostic yield. Telem-
etry monitoring should be performed on hospitalized patients to 
rapidly identify and treat those at high risk for arrhythmic events. 
In the outpatient setting, Holter and mobile telemetry monitor-
ing have low diagnostic yields.34 Only 20% of patients with 
syncope of unknown cause and a lifetime history of one or two 
syncopal episodes will experience another event within a 2-year 
period.35 Historical details related to frequency of arrhythmia 
should dictate the type and duration of cardiac monitoring.

Implantable loop recorders (ILRs) have significantly changed 
the field of syncope over the past several years by improving 
diagnostic yield. Several studies, including the Randomized 
Assessment of Syncope Trial (RAST), Eastbourne Syncope 
Assessment Study, and the International Study on Syncope of 
Uncertain Etiology (ISSUE) 1, 2, and 3, have shown these devices 
to be of great use.36-41 In the RAST trial, 60 patients with unex-
plained syncope were randomized to conventional testing using 
ambulatory ECG, tilt and electrophysiologic study (EPS), or 
ILR. A diagnosis was found in only six patients randomized to 
conventional testing compared with 14 patients who received 
ILRs. Following crossover to ILR, diagnoses were made in an 
additional eight patients. Similarly, impressive findings were 
noted in the Eastbourne Syncope Assessment Study and ISSUE 
studies. Recently, one study demonstrated that incorporation of 
remote monitoring into ILRs allowed for more rapid diagnosis 
as well as an increase in diagnostic yield.42

Diagnostic criteria during ECG monitoring are based on the 
correlation of arrhythmia and syncope. When symptoms do not 
correlate with ECG findings, a presumptive diagnosis for syncope 
can be made if there are periods of Mobitz II AV block, third-
degree heart block, or a ventricular pause greater than 3 seconds 
(class I). Other asymptomatic arrhythmia, including sinus brady-
cardia, are considered nondiagnostic.17

Several investigators have advocated the use of ILRs for sus-
pected or unknown syncope before conventional testing.35 Argu-
ments against the use of ILRs include expense, patient preference, 
and possible complications related to implantation. Despite the 
present controversies, patients with convincing but infrequent 
syncope are best monitored using an ILR.

Electrophysiological Testing

The role of the EPS in patients with syncope is controversial. 
EPS is not warranted in all patients with syncope, but is useful 
in patients with structural heart disease or suspected intermittent 
arrhythmia.43 Although many patients with depressed left ven-
tricular ejection fraction and syncope undergo ICD implantation 
without EPS, current practice trends reveal that EPS is used to 
risk stratify patients with syncope who do not meet criteria for 
prophylactic device implantation.44

Patients with suspected intermittent bradycardia because of 
either sinus node dysfunction or evidence of His-Purkinje disease 
on baseline ECG should be considered for EPS. Findings diag-
nostic of syncope include prolonged sinus node recovery time 
(>525 ms), prolonged His-Ventricular (HV) interval (>70 to 
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Prognosis and Risk Stratification and 
Hospitalization

Syncope prognosis varies depending on the patient age, popula-
tion, and underlying cardiac disease. As a rule, older patients or 
patients with cardiac disease tend to have a poorer prognosis. 
Scoring systems that account for medical history, ECG findings, 
and clinical events preceding syncope have been used to risk 
stratify patients effectively. Several scoring systems have been 
developed and tested in emergency department and syncope unit 
settings.61-63 Based on the 2009 ESC guidelines, Brignole et al. 
created a scoring system for determining prognosis and the need 
for hospital admission. These systems are useful guides to aid in 
decision making, but they should not replace clinical judgment 
because variable results have been noted.64

Conclusion

The greatest advances in the diagnosis and treatment of syncope 
syndromes are the recognition that most treatments for neural 
reflex syncope do not work and that effective therapies are often 
common applications of behavioral modifications and physical 
maneuvers.65 Randomized controlled trials have led to the 
evidence-based use of pharmacologic agents and devices. Other 
forms of syncope have benefited from genetic testing and tech-
nology related to mobile telemetry and ILR use. Despite these 
steps, the field of syncope is still in its infancy, and future under-
standing of autonomic reflexes and genetics will certainly allow 
for greater diagnostic and therapeutic accuracy.

The current approach to treating reflex syncope is through 
lifestyle modification. Treatment consists of teaching patients to 
avoid triggers (e.g., crowded areas, volume depletion) and to 
recognize prodromal symptoms early. Physical counterpressure 
maneuvers are emerging as nonpharmacologic treatments for 
syncope and have demonstrated encouraging results in prospec-
tive studies.52,53 These maneuvers include tensing of crossed legs, 
handgrip and arm tensing, abdominal binders, and support stock-
ings. Many of these measures are illustrated in a patient booklet 
published by the European Cardiac Arrhythmia Society and 
reproduced in part in a recent review article.54 The combination 
of reassurance and physical counterpressure maneuvers are the 
only class I therapeutic recommendations in the 2009 ESC 
guidelines.

Class IIa recommendations include cardiac pacing for patients 
with dominant cardioinhibitory, carotid sinus sensitivity, and fre-
quently recurrent reflex syncope after 40 years of age with docu-
mented cardioinhibitory responses during monitoring.17 After 
initial enthusiasm for pacing, several studies have reported mixed 
results in preventing syncope in patients with bradycardia-
induced TLOC.55-59 Double-blinded trials, in which all partici-
pants received pacemakers, revealed a significant placebo effect 
following implantation. 60 Recently, the ISSUE-3 investigators 
demonstrated that pacemaker implantation leads to a significant 
reduction in recurrent syncope in a group of patients who had 
long asystolic pauses recorded on an ILR (mean, 11 seconds).41 
This study demonstrated that ILRs can be used to effectively 
identify a small percentage of patients with reflex syncope who 
truly benefit from pacemaker implantation. It is important to 
remember that pacemaker implantation in patients with reflex 
syncope and no evidence of cardioinhibitory reflexes is not indi-
cated and can be harmful (class III).
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renin-angiotension-aldosterone system also has a role, but over 
a much longer period of time.

In a healthy individual, close to 25% to 30% of the body’s 
blood volume is in the thorax while supine.2 Upon standing, the 
effect of gravity is to displace approximately 300 to 800 mL of 
blood downward to the abdomen and lower extremities. This is 
volume drop of 25% to 30% occurs in the first few moments of 
standing, resulting in a decline in venous return to the heart. As 
a result, the heart can pump only the blood that it receives, which 
produces a decline in stroke volume of approximately 40% and 
a decline in arterial blood pressure. The area around which these 
changes occur is known as the venous hydrostatic indifference point 
(HIP), and it represents the point in the vascular system where 
it is independent of position. The arterial HIP is near the level 
of the left ventricle, and the venous HIP is around the 
diaphragm.

Standing also results in a substantial use of the transmural 
capillary pressure that is present in the dependent areas of the 
body, resulting in a rise in fluid filtration into the tissue spaces. 
This process arrives at a steady state after approximately 30 
minutes of upright posture and can result in a decline in plasma 
volume of close to 10%.

Adequate maintenance of cerebral perfusion during upright 
posture is the product of the interaction of several cardiovascular 
regulatory systems. The exact changes that occur with standing 
(an active process) differ somewhat from those seen during 
head-up tilt (a more passive process). Wieling and van Lieshout2 
have described three phases of orthostatic response: (1) the initial 
response (in the first 30 seconds), (2) the early steady state altera-
tion (at 1 to 2 minutes), and (3) the prolonged orthostatic period 
(after at least 5 minutes upright).

In the first moments following head-up tilt, cardiac stroke 
volume remains constant despite the decline in venous rhythm, 
possibly because of the blood in the pulmonary circulation. After-
ward, there is a gradual fall in both cardiac filling and arterial 
pressure; this results in actuation in two distinct sets of pressure 
receptors compressed by high-pressure receptors in the carotid 
sinus and aortic arch, as well as low pressure receptors in the 
heart and lungs. In the heart are mechanoreceptors connected by 
vagal afferents in each of the four cardiac chambers. These mech-
anoreceptors affect a tonic inhibitory effect on the cardiovascular 
regulatory centers of the medulla (especially the nucleus tractus 
solitarii). The baroreceptor neurons located here can directly 
activate the cardiovagal neurons of the nucleus ambiguous and 
dorsal vagal nucleus, while simultaneously inhibiting the sympa-
thoexcitatory neurons of the rostral ventrolateral medulla.

The reduced venous return and fall in filling pressure that 
occur during upright posture reduce the stretch on these recep-
tors. As the firing rates decrease, there is a change in the systemic 
resistance vessels and the splanchnic capacitance vessels. In addi-
tion, there is a focal axon reflect (the venoarteriolar axon reflex) 
that can constrict flow to the skin, muscle, and adipose tissue; this 
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Since the mid 1980s, there has been a tremendous increase in 
knowledge concerning illnesses that result from disturbances in 
the normal functioning of the autonomic nervous system. Ini-
tially, many of these investigations were principally focused on 
neurocardiogenic (or vasovagal) syncope, primarily as a conse-
quence of the development of head upright tilt table testing as a 
method for uncovering a predisposition to the condition. During 
the course of these investigations, it became evident that a distant 
subgroup of patients experienced a related, yet distinct, auto-
nomic disturbance that resulted in persistent orthostatic tachy-
cardia and orthostatic intolerance.1 This disorder has come to be 
known as postural orthostatic tachycardia syndrome (POTS), and 
seems to consist of a heterogeneous group of disorders that share 
similar clinical characteristics. This chapter will present a review 
of the pathophysiology, diagnosis, and management of this 
disorder.

Autonomic Nervous System

To survive in the world, all organisms must possess the ability to 
make rapid alterations that maintain their internal environments 
stable despite significant changes in their external environments. 
This ability encompasses not only changes in environmental tem-
perature, barometric temperature, and humidity; it also changes 
the capability to respond quickly to sources of possible danger. 
The major natural process through which this homeostasis is 
sustained and regulated are controlled by the hypothalamus and 
its two effects on systems: the autonomic nervous system and the 
endocrine system.

The assumption of upright posture was one of the truly defin-
ing moments in the process of human evolution, but it had the 
effect of placing the organ that most defines our humanity, the 
brain, in a somewhat precarious position in regard to mainte-
nance of constant oxygenation, as the blood pressure regulating 
system had evolved principally to meet the needs of an animal in 
a dorsal position. The autonomic nervous system is the principal 
modality for short- and long-term changes in position. The 
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as palpitations, chest pain, syncope, and near syncope. In addi-
tion, Lewis reported that these patients demonstrated a signifi-
cant postural tachycardia, with heart rates changing from 85 
beats/min (bpm) supine to 120 bpm while upright. In some of 
these patients, there was a significant decline in blood pressure 
while upright, whereas others demonstrated only a modest 
decline.6 Lewis concluded that in these patients “the potential 
reservoir in the veins takes up the blood, the supply to the heart 
falls away, and the arterial pressure falls rapidly,” oftentimes 
accompanied by a compensatory tachycardia. Lewis further wrote 
that the reduction in blood flow “may be sufficient to produce 
cerebral anemia.”

Additional reports appeared,7,8 and this condition was later 
elucidated by Schondorf and Low, who performed extensive 
evaluations of 16 patients who suffered from extreme fatigue, 
exercise intolerance, bowel hypomotility, and lightheadness.9 
During head-upright tilt table testing, these individuals displayed 
distinctly abnormal cardiovascular responses to upright posture, 
with heart rate elevations to as high as 120 to 170 bpm within 
the first 2 to 5 minutes of upright tilt. Some of these patients 
became hypotensive, but the majority remained normotensive, 
and a small percentage became hypertensive. In describing the 
condition, they used the term “postural orthostatic tachycardia 
syndrome” (POTS).10 Later investigations have found that POTS 
is not a single entity; rather, it is a heterogeneous group of dis-
orders with similar clinical characteristics.6,11,12

Definitions

The hallmark of these disorders is orthostatic intolerance, the 
definition of which is the occurrence of symptoms upon standing 
that are generally relieved by becoming supine. As noted earlier, 
these patients will complain of symptoms such as palpitations, 
fatigue, exercise intolerance, lightheadedness, nausea, headache, 
near syncope, and syncope. Because the amount of autonomic 
failure that these patients exhibit is not severe and the physical 
findings are often subtle, they can be misdiagnosed as having 
chronic anxiety or a panic disorder.

Some patients can be so severely affected that the regular 
activities of daily life such as housework, bathing, and eating can 
greatly exacerbate symptoms. Studies have shown that some 
patients with POTS can suffer from the same degree of func-
tional impairment as patients with congestive heart failure or 
chronic obstructive pulmonary disease. Interestingly, the severity 
of the symptoms can be greater in patients with POTS than in 
those with more severe autonomic failure syndromes, such as 
pure autonomic failure. A grading system to classify the severity 
of orthostatic intolerance has been developed (similar to that used 
in congestive heart failure) as noted in Box 104-1.

The effect of the disorder is substantial. It is presently esti-
mated that 500,000 to 1 million people suffer from POTS in the 
United States. Of these, at least 25% are disabled and unable to 
work or attend school. Especially tragic is the fact that the major-
ity of these patients are young and are most symptomatic during 
what is usually the most productive part of a person’s life.

POTS is currently defined as the presence of symptoms of 
orthostatic intolerance associated with a postural change in heart 
rate of 30 bpm (or a rate that exceeds 120 bpm that occurs  
within the first 10 minutes of standing or upright tilt). This 
change should occur in the absence of other chronic debilitating 
conditions, such as prolonged bed rest or medications that  
impair vascular tone. It has been suggested that in children, a 
more appropriate cut off would be an increase at 40 bpm. It 
should be kept in mind that many patients with orthostatic intol-
erance might not display orthostatic hypotension (a drop of 
>20/10 mm Hg upon standing). Indeed, they could have only a 

may contribute up to 50% of the increase in limb vascular resis-
tance seen during upright posture.

During head-up tilt, there is also activation of the high-
pressure receptors in the carotid sinus. The carotid sinus contains 
a group of baroreceptors and nerve endings located in the 
enlarged area of the internal carotid artery, just after its origin 
from the common carotid artery. The mechanoreceptors are 
located here in the adventitia of the arterial wall. The afferent 
impulses generated by stretch on the arterial wall are then trans-
mitted via the sensory fibers of the carotid sinus nerve that travels 
with the glossopharyngeal nerve. These afferent pathways termi-
nate in the nucleus tractus solitarii in the medulla, near the dorsal 
and ambiguous nuclei. The initial increase in heart rate seen 
during the tilt is thought to be modulated by a decline in carotid 
artery pressure. The slow rise in diastolic pressure seen during 
upright tilt is believed to be more closely related to a progressive 
increase in peripheral vascular resistance.

The circulatory changes seen during standing are somewhat 
different from those seen during tilt. Standing is a much more 
active process that is accompanied by contractions of muscles  
of both the leg and abdomen, which produces a compression  
of both capacitance and resistance vessels and results in an  
elevation in peripheral vascular resistance. This increase is suf-
ficient to cause a transient increase in both right atrial pressure 
and cardiac output, which in turn causes an activation of the low-
pressure receptors of the heart. This action provokes an increase 
in neural traffic to the brain, with a subsequent decrease in 
peripheral vascular resistance, which can fall as much as 40%. 
This change can allow a fall in mean arterial pressure of up to 
20 mm Hg that can last for 6 to 8 seconds. The same mechanisms 
used during head-up tilt then compensate for this decline in 
pressure.

The early steady state adjustments to upright posture consist 
of an increase in heart rate of approximately 10 to 15 beats/min, 
an increase of approximately 10 mm Hg, and little or no change 
in systolic blood pressure. At this point, compared with supine 
posture, the blood volume of the thorax has fallen by 30%, 
cardiac output has increased by 30%, and heart rate is 10 to 15 
beats/min higher.

At a given moment, approximately 5% of the body’s blood is 
in the capillaries, 8% is in the heart, 12% is in the pulmonary 
vasculature, 15% is in the arterial system, and 60% is in the 
venous system. The inability of any one of these mechanisms to 
operate adequately (or in a coordinated manner) can result in a 
failure of the body to compensate for an initial or prolonged 
orthostatic challenge. This, in turn, would result in systemic 
hypotension that, if sufficiently profound, could lead to cerebral 
hypoperfusion and subsequent loss of consciousness.

Historical Perspective

By the middle of the nineteenth century, physicians began to 
report on a group of patients who had developed a disorder 
characterized by exercise intolerance, severe fatigue, and palpita-
tions.3 These symptoms would often appear suddenly without 
a discernible cause such as prolonged immobility, blood loss,  
or dehydration. At the time of the American Civil War, DeCosta 
described patients suffering from postural tachycardia and  
orthostatic intolerance, a condition he called “irritable heart 
syndrome”.4

Around the time of the World War I, a condition referred to 
as neurocirculatory asthenia began to be reported. The most 
remarkable of these was a study by Thomas Lewis, who described 
a condition he called the “effort syndrome.”5 He stated that the 
fatigue was “an almost universal complaint” among these patients, 
as well as exercise intolerance in conjunction with symptoms such 
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There is a female predominance in this form of POTS (a 5 : 1 

female-to-male ratio), suggesting a possible causative role for a 
woman’s reproductive hormones. The majority of patients report 
that their symptoms appeared abruptly after a febrile illness (pre-
sumed to be viral). Surgery and pregnancy are also frequently 
related to the onset of symptoms. Trauma (most often from 
motor vehicle crashes) and electrical injuries have also been 
known to precipitate symptoms. Patients will complain of extreme 
fatigue, syncope, near syncope, palpitations, exercise intolerance, 
blurred vision, and a generalized sense of weakness. As men-
tioned previously, many patients will complain of cognitive 
impairment. A significant number of patients will also report 
nausea, bloating, altered bowel habits, abnormal sweating, pain 
in the extremities, and a sensation of always feeling cold. The 
severity of the symptoms often wax and wane. Many women will 
relate that their symptoms increase in the 4 to 5 days preceding 
their menstrual cycles.

Most researchers believe that this form of POTS is often 
immune mediated in nature. Several studies have demonstrated 
that patients with postviral POTS have serum autoantibodies to 
α3 acetylcholine receptors in the peripheral autonomic ganglia.13 
Other autoantibodies await identification. Recent studies have 
suggested a link with mitochondrial disorders, which might also 
be immune mediated. Other etiologies most likely exist as well.

One subtype of the partial dysautonomic form of POTS 
appears to affect adolescents, a group labeled as developmental. 
The usual age of onset is approximately 14 years and often 
follows a period of rapid growth.14 Symptoms reach their peak at 
approximately 16 years of age. Symptoms of orthostatic intoler-
ance, and often migraines, may be of such intensity that the 
patient is disabled. Symptoms will often fade over the ensuing 
years, so that by young adulthood (19 to 20 years of age) approxi-
mately 80% will have experienced a significant recovery. The 
etiology here remains unclear, but is believed to reflect a transient 
period of autonomic imbalance that can occur in rapidly growing 
adolescents.

A second and much less common type of primary POTS is 
referred to as the hyperadrenergic form,15 in which patients tend 
to report a more gradual and progressive onset of symptoms. 
They will often complain persistent tachycardia, tremor, hyper-
hidrosis, and anxiety. Patients frequently complain of always 
feeling “too hot.” The distinguishing characteristic of this group 
is an orthostatic hypertension that occurs in addition to a postural 
tachycardia. A large number of these patients complain of 
migraines, and some will report a significant increase in urinary 
output after only brief periods of upright posture. Most will 
display exaggerated response to isoproterenol infusion. Many 
patients with hyperadrenergic POTS will have significantly ele-
vated serum norepinephrine levels (>600 ng/mL) during upright 
posture.

There is sometimes a family history of the disorder, of which 
there are possibly two forms. The best understood subtype is a 
genetic disorder in which a single-point mutation causes a dys-
function in the norepinephrine reuptake transport protein that 
cleans and recycles norepinephrine spillover in response to a wide 
range of sympathetic stimuli resulting in a hyperadrenergic state 
that can mimic the state caused by a pheochromocytoma.16 A 
second type of hyperadrenergic POTS appears to be autoim-
mune in nature and is characterized by an abrupt onset following 
an acute febrile illness (presumed to be viral). This form can 
overlap with inappropriate sinus tachycardia syndrome. Investi-
gators have isolated autoantibodies to β1 cardiac receptors that 
stimulate the sites without producing a tachyphylaxis.

The term secondary POTS is used to describe the wide variety 
of conditions that result in varying degrees of peripheral auto-
nomic denervation with relative sparing of cardiac innervation.17 
The most frequent cause of secondary POTS is diabetes mellitus. 
It can also be seen as a result of multiple sclerosis, amyloidosis, 

small decline in blood pressure, have no change at all, or have an 
increase in blood pressure upon standing. Some investigations 
have noted that the focus on heart rate can cause many of the 
other autonomic symptoms to be overlooked, such as alterations 
in thermoregulatory, sudomotor, bowel, and bladder function. 
For many patients, these complaints are often more troubling 
than the orthostatic ones.

Classification

In some ways, POTS is best considered as an abnormal physio-
logical state (somewhat akin to the term heart failure) that can be 
caused by a wide range of different disorders. Although differing 
ways of classifying POTS have been proposed, the system that 
follows is clinically useful and conforms with current scientific 
knowledge.6

POTS can be classified as being primary or secondary. The 
primary forms are not associated with other illnesses, and the 
secondary forms occur in association with another known disease 
or disorder. Proper recognition of subtypes is often important in 
management. The primary forms are divided into two major 
subtypes; the first and largest of these is referred to as the partial 
dysautonomia (also called neurogenic) form. These patients are 
afflicted with a mild form of peripheral autonomic neuropathy, 
the principal manipulations of which appear to be an inability of 
the peripheral vasculature to initiate or maintain an adequate 
degree of peripheral vasoconstriction in the face of orthostatic 
stress. The inability results in a much greater than normal degree 
of blood pooling in the depending areas of the body while 
upright, which in turn provokes a compensatory increase in both 
heart rate and myocardial contractibility in an attempt to main-
tain adequate degree of cerebral perfusion. While these responses 
can be initially compensatory, the degree of peripheral vascular 
pooling can increase over time and exceed the compensatory 
effect. Many of these patients will become increasingly depen-
dent on this peripheral skeletal muscle pump to maintain ade-
quate blood pressure until further degrees of peripheral venous 
pooling occurs in the mesenteric vasculature. One of the more 
striking features that these patients might display is the develop-
ment of a deep, mottled (almost blue colored) discoloration in 
the lower extremities upon standing (a finding referred to as acral 
cyanosis). This excessive degree of peripheral vascular pooling can 
result in a state of functional hypovolemia. Some studies have 
suggested that the vascular dysregulation extends to the cerebral 
vasculature’s autoregulatory functions as well, which might help 
to explain the frequent complaint of cognitive impairment that 
many patients report.

Box 104-1 Drugs that Can Cause or Worsen Postural 
Orthostatic tachycardia Syndrome

Calcium channel blockers 
α-receptor blockers
Angiotensin-converting enzyme inhibitors
tricyclic antidepressants
Ethanol
Opiates
Diuretics
Phenothiazines
Nitrates
Sildenafil
Monoamine oxidase inhibitors
β-Blockers
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Increased heart rate responsiveness to isoproterenol is seen in 
both conditions, suggesting that they represent different points 
on the spectrum of the same disease process. The major differ-
ences are that patients with POTS seem to display a greater 
degree of postural change in heart rate, and the resting (supine) 
heart rates infrequently exceed 100 bpm, compared with inap-
propriate sinus tachycardia (resting heart rates greater than 
100 bpm are more common).

It should also be remembered that POTS can occur because 
of another disorder. These patients can exhibit symptoms of 
POTS, but they often also have signs and symptoms of the 
primary disorder. Although some degree of weight loss may be 
seen in patients with POTS, extreme cachexia is uncommon and 
should prompt the search for other disorders (e.g., malignancy, 
diabetes). In some patients with secondary POTS, the underlying 
disorder might not be evident at first and will only become appar-
ent over time.

Treatments must be individualized to meet the particular 
needs of each patient. Any medication that the patient is taking 
that could contribute to the problem should be discontinued 
when possible (see Box 14-1). In addition, underlying conditions 
that could cause POTS-like state should be identified and treated 
(e.g., sarcoidosis, malignancy). Patient and family education as to 
the nature of the problem is critical, in particular relation to 
avoidance of aggravating factors such as extreme heat, dehydra-
tion, and drinking alcohol. Patients with the partial dysautonomic  
(PD) form of POTS are encouraged to increase their fluid and 
sodium intake (at least 2 L of fluid and 3–5 g of salt per day). 
Compression hose are sometimes helpful but must provide 
30 mm Hg counterpressure and be waist high to be effective.

One of the most important aspects of treatment is recondi-
tioning,22 because it augments venous return through enhance-
ment of the skeletal muscle pump. Many patients are often 
deconditioned and find that aquatic activities are better tolerated 
as a starting point. Recumbent bikes are also useful, as are rowing 
machines. The initial goal is to have the patient perform 20 to 
30 minutes of continuous aerobic activity at least three times per 
week, as well as interspersed periods of resistance training.

Regarding pharmacotherapy, treatment must be individual-
ized, and is initiated with the goal of getting patients well enough 
to pursue reconditioning. No drug is currently approved by the 
U.S. Food and Drug Administration for the treatment of POTS; 
therefore, any use of pharmacotherapy is done “off label.” Knowl-
edge of the subtype is important in choosing appropriate phar-
macotherapy (Table 104-1).

For the patients with partial dysautonomic POTS, therapies 
are oriented toward increasing fluid volume and augmenting 
peripheral vesicular resistance. It is common to begin with the 
mineralocorticoid agent fludrocortisone, which promotes sodium 
and fluid and sensitizes peripheral α-receptors to the patients’ 
own catecholamine. Oral desmopressin is also used as a volume-
expanding agent. The next step is to use a vasoconstrictor such 
as midodrine, starting at a dose of 5 mg orally three times per 
day (usually with meals). Dosages can be titrated up to 15 to 
20 mg orally four times per day, if necessary.20 Because patients 
are most symptomatic early in the morning, they are advised to 
take their midodrine dose approximately 15 minutes before 
getting out of bed. Patients are also advised that they can take an 
extra 5-mg dose as needed if severe breakthrough symptoms 
occur. The most common problems encountered with midodrine 
are nausea, goose bumps, and scalp itching. If midodrine is not 
tolerated, methylphenidate can be an effective alternative, espe-
cially because it comes in several long-acting preparations. Some 
investigators have also advocated the use of yohimbine.

A useful agent in managing this form of POTS is pyridostig-
mine, which is an acetyl cholinesterase inhibitor that facilitates 
neural transmission at the ganglionic level in both the sympa-
thetic and parasympathetic nerves.23 Several studies have 

sarcoidosis, systemic lupus erythematosus, Sjögren syndrome, 
alcoholism, Lyme disease, chemotherapy (with the vinca alkaloids 
in particular).18

A particularly noteworthy form of secondary POTS occurs in 
conjunction with the connective tissue disorder known as the 
joint hypermobility syndrome (JHS), or type III Ehlers-Danlos 
syndrome.19 An inherited condition, JHS is characterized by joint 
hypermobility, soft velvety skin with variable hyperextensibility, 
and connective tissue fragility. Patients will also demonstrate easy 
bruising, premature varicose veins, diffuse joint and muscle pain, 
and orthostatic acrocyanosis. Patients with JHS can develop 
orthostatic intolerance because of the presence of abnormally 
elastic tissue in the vasculature, resulting in an increased vessel 
disposability in response to the increase in hydrostatic pressure 
that occurs during orthostatic stress. This change can allow for 
an excessive degree of peripheral venous pooling with a resultant 
compensatory tachycardia. Gazit et al. reported that up to 70% 
of patients with hypermobility syndrome suffer from some degree 
of orthostatic intolerance.19a Many adolescents with the develop-
mental form of POTS will have features of JHS.

At times, POTS is the presenting sign of a more severe form 
of autonomic disorder, such as pure autonomic failure or multiple 
system atrophy. In addition, POTS can be the presenting sign of 
a paraneoplastic syndrome that occurs in association with adeno-
carcinomas of the lung, breasts, pancreas, and ovary. It has been 
found that some of these tumors produce autoantibodies against 
postganglionic acetylcholine receptors in the autonomic ganglia, 
not dissimilar to those that have been found in the postviral 
autonomic neuropathies.20

Evaluation and Management

The first and most critical step is to obtain a detailed history 
followed by a thorough physical examination and a complete 
neurologic examination. It is important to identify conditions 
that can cause orthostatic intolerance (e.g., anemia, dehydration, 
other chronic debilitating illnesses). In addition, any medications 
that could cause or worsen the condition should be identified 
(e.g., vasodilators, tricyclic antidepressants, monoamine oxidase 
inhibitors, alcohol).

A careful physical examination is paramount. Blood pressure 
and heart rate should be obtained in the supine, sitting, and 
standing positions and after 2 and 5 minutes of standing. It is 
helpful to be able to watch the lower extremities for the appear-
ance of mottled bluish discoloration (referred to as acral cyanosis) 
that reflects venous pooling. The results obtained during stand-
ing are quite variable; therefore, it is best to perform tilt table 
testing on most patients, because this setting is more controlled 
with fewer variables and with more reproducible results (i.e., 
better than that seen with neurocardiogenic syncope). Other tests 
of autonomic nervous system function could be useful in select 
patients with POTS as a way of measuring the degree of systemic 
autonomic involvement. Sudomotor function can be determined 
by thermoregulatory sweat testing or by assessment of skin con-
ductance, skin resistance, or sympathetic skin potentials. Serum 
catecholamine levels, both in the supine and upright positions, 
should be obtained in patients suspected of having the hyperad-
renergic form of POTS. Bowel motility studies are useful in 
ascertaining the degree of gastrointestinal involvement. More 
detailed descriptions of autonomic testing can be found 
elsewhere.6,21

An important differential diagnosis is with inappropriate sinus 
tachycardia. There are several similarities between inappropriate 
sinus tachycardia and POTS, in particular with the hyperadren-
ergic form. Clinical presentations are much the same, and inap-
propriate sinus tachycardia is seen more frequently in women. 
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suggested a greater than 50% response rate with the agent. Doses 
range from 60 to 120 mg orally three times daily. Principal side 
effects include nausea and diarrhea.

In some patients, small doses of a β-blocker such as proprano-
lol can be effective in controlling excessive heart rate responses 
to upright posture.24

If patients continue to be symptomatic, add either a serotonin 
reuptake inhibitor or a norepinephrine reuptake inhibitor. 
Although the serotonin reuptake inhibitors are useful in the pre-
vention of neurocardiogenic syncope, the norepinephrine reup-
take inhibitors are somewhat more helpful in patients with 
POTS. Bupropion is used in the XL form starting at 150 mg 
orally each day and titrating to 300 mg daily, if necessary.

In patients who have proved refractory to the aforementioned 
agents, therapy with injected octreotide is often attempted.25 As 
a potent vasoconstrictor of the mesenteric vasculature, it is 
administered by subcutaneous injection. Doses range from 50 to 
200 µg twice daily. A long-acting form lasting 28 days is also 
available. Another agent used in refractory patients is erythropoi-
etin; it augments vascular volume by causing an increase in red 
cell mass and seems to have direct vasoconstrictive effects. 
Because erythropoietin (EPO) must be administered by subcuta-
neous injection and because of its expense, its use is usually 
reserved to refractory patients.26

Before starting EPO, a complete serum blood count (CBC) 
as well as serum iron, total iron binding capacity, and ferritin level 
should be obtained. EPO can be used as long as the hematocrit 
(HCT) is less than 50. The usual starting dose is 10,000 units 
injected subcutaneously once weekly. It usually takes 4 to 6 weeks 
to see the full effect of a particular dose amount. Although the 
red cell augmentation effect and the hemodynamic effect are 
independent, they tend to rise in parallel. Patients appear to 
achieve the best hemodynamic effect when the HCT does not 
exceed 50. If the HCT on EPO therapy goes over this amount, 

the patient can usually skip doses until it drops below 50, and 
then restart EPO at a lower dose (in a manner not dissimilar to 
the way warfarin is managed with respect to the international 
normalized ratio).

The most common complaint of patients receiving EPO 
therapy is pain at the injection site. This pain can be minimized 
by allowing the EPO (which is kept refrigerated) to warm before 
injection. One way to do this is to roll the vial between the hands 
until it becomes warm. An additional way to minimize injection 
discomfort is to place an ice cube on the injection site 3 to 5 
minutes before use; alternatively, a lidocaine patch or cream can 
be applied 15 to 30 minutes before use.

Many patients will require supplemental oral iron for EPO to 
have its best effect. If no clinical improvement is seen from the 
starting EPO dose after 4 to 6 weeks, the weekly dose can be 
increased to 20,000 units. This dose is exceeded rarely in patients 
with POTS. A rare complication of EPO therapy is that the 
patient can develop a serum sickness–like reaction to EPO, char-
acterized by fever, chills, nausea, and a general sense of malaise. 
This has occurred in only a handful of patients over the last 12 
years; it resolves promptly after the agent is discontinued.

In patients who are refractory to all other forms of therapy, 
intermittent intravenous saline therapy can be used. The usual 
dose is 1 L of normal saline solution one to three times per week. 
Although this is effective, problems with obtaining intravenous 
access often require permanent subcutaneous port placement. 
Long-term port use exposes the patient to potentially life-
threatening infections.

For patients with the hyperadrenergic form of POTS, thera-
pies are directed at release or receptor effects of norepinephrine. 
β-Adrenergic blocking agents are useful, but tend to work best 
when combined with an α-blocking effect. Labetalol and carve-
dilol are useful, as is the agent nebivolol. Clonidine is an α2 
receptor agonist that produces a central sympatholytic effect, and 

Table 104-1. therapeutic Options in Postural Orthostatic tachycardia Syndrome*

Treatment Application Effective In Problems

reconditioning Aerobic exercise, 20 min, 3 times/wk PD, H if too vigorous may worsen symptoms

Hydration 2 L qd PD Edema

Salt 2-4 g/d PD Edema

Bupropion 150-300 mg qd PD, H tremor, agitation, insomnia

Clonidine HCi 0.1-0.3 mg bid H Dry mouth, blurred vision

Catapres 0.1-0.3 mg patch/wk

Desmopressin 0.1-0.2 mg qhs PD Hyponatremia, headache

Acetate (DDAVP)

Duloxetine HCi 20-30 mg qd PD, H Nausea, sleep disturbance

Erythropoietin 10,000-20,000 u SC/wk PD Pain at injection site, expensive

Escitalopram oxalate 10 mg qd PD, H tremor, agitation, sexual problems

Fludrocortisone 0.1-0.2 mg qd PD Hypokalemia, acetate edema, hypomagnesemia

Labetalol HCi 100-200 mg bid H Fatigue

Methylphenidate 5-10 mg tid PD Anorexia, insomnia, dependency

Midodrine 5-10 mg tid PD Nausea, itching scalp, supine hypertension

Octreotide acetate 50-200 µg SC tid PD Nausea, diarrhea, gallstones

Pyridostigmine bromide 30-60 mg qd PD Nausea, diarrhea

Venlafaxine HCi 75 mg qd or bid PD, H Nausea, anorexia, tremor

*the u.S. Food and Drug Administration has not approved any drug for treating postural orthostatic tachycardia syndrome.
PD, Partial dysautonomic; H, hyperadrenergic; SC, subcutaneous.
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Conclusions

POTS represents a pathophysiological state affecting the auto-
nomic nervous system, the most prominent features of which are 
postural tachycardia, palpitations, fatigue, weakness, and exercise 
intolerance. These disorders are not new. What has changed is 
the ability to recognize and treat them. Further research will be 
required to improve the understanding of these disorders and 
uncover further therapeutic modalities.

it is useful for treating patients. Some investigators have reported 
that methyldopa can be useful, whereas other groups have sug-
gested that phenobarbital can help in refractory patients.15

It should be remembered that patients with POTS can experi-
ence an inability to pursue normal employment or educational 
opportunities and often suffer significant psychological disrup-
tion. Patients frequently require the services of psychologists, 
social workers, and lawyers to address these aspects of their 
illness. The attitude of the treating physician is crucial. Hope is 
a powerful medicine that should be encouraged by all.
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the cardiac conduction defect deteriorates progressively with age, 
leading to life-threatening conduction blocks only in the elderly.13 
Thus, in the Online Mendelian Inheritance in Man database of the 
U.S. National Center for Biotechnology Information, progres-
sive familial heart block (PFHB) type IA, or Lenègre-Lev disease, 
is classified as a disorder caused by SCN5A mutations on locus 
3p21. PFHB type IB is due to mutations in the gene TRPM4 
on locus 19q13.33, which encodes for the calcium-activated  
nonselective cation channel of the transient receptor potential 
melastatin.

SCN5A as well as mutations in genes encoding for other ion 
channels may also result in isolated or overlapping phenotypes of 
sick sinus syndrome, AV conduction defects, and conditions such 
as the Brugada syndrome, the long QT syndrome (LQTS), 
dilated cardiomyopathy, and multifocal ectopic Purkinje-related 
premature contractions.14-23 Novel gene families associated with 
human conduction and affecting both PR and QRS intervals 
(such as SCN10A) are also being discovered.24-26 Progressive con-
duction disease may be seen with neuromuscular disorders, con-
genital cardiac defects, and Wolff-Parkinson-White syndrome 
secondary to mutations in genes affecting the structure or cou-
pling of conducting myocytes via several mechanisms (see Table 
105-1). Infective and autoimmune disorders may result in pro-
gressive conduction system disease caused by chronic inflamma-
tion and fibrosis, and the osteoblast phenotype of calcific aortic 
stenosis may involve the conduction system at any level.

Clinical Entities

Familial Sick Sinus Syndrome

Both loss- and gain-of-function SCN5A mutations may slow 
pacemaking rates and affect conduction to surrounding atrial 
tissue by promoting tissue degeneration via transforming growth 
factor (TGF)-β1–mediated fibrosis.19,22,27,28 Cases of congenital 
sick sinus syndrome have been ascribed to recessive SCN5A 
mutations that may also lead to bradycardia in the fetus or the 
infant29; in adults bradycardia due to SCN5A mutations has been 
seen in the context of conduction disease and Brugada syn-
drome.16 The pacemaker or funny current (If) is generated by the 
hyperpolarization-activated cyclic nucleotide–gated (HCN) 
channel. Familial sinus bradycardia has been linked to HCN4 
mutations,30 but clinical cases are usually benign with intact chro-
notropic competence and do not necessitate pacemaker implanta-
tion.31 Sinus bradycardia has been noted in other genetic 
syndromes as well, such as catecholaminergic polymorphic ven-
tricular tachycardia.

Idiopathic Isolated Conduction Disease 
(Progressive Familial Heart Block Types IA and IB)

In the 1960s, Lev noticed progressive AV left bundle branch 
block (LBBB) in the elderly population,1 and Lenègre reported 
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Definition

Progressive conduction system disease is a slow, degenerative 
process that affects the cardiac conduction system at any level and 
manifests as sinoatrial exit block, atrioventricular (AV) block at 
the nodal or Hisian level, or bundle branch block of varying 
severity. It was initially described by Lev1 and Lenègre2 as pro-
gressive AV block of unknown origin with myocardial sclerosis 
and loss of conduction fibers that develops over decades.

Clinical Presentation

Patients may present with bradycardia, a long P wave, prolonged 
PR and/or QRS intervals, fascicular blocks, or AV block of 
various types. Clinical and echocardiographic examinations are 
otherwise unremarkable in isolated conduction system disease. 
Progressive conduction disease may also be seen in the context 
of other disorders, with symptoms and signs of the associated 
condition being present (Box 105-1). Patients with prolonged 
QRS duration, even without bundle branch block, are at increased 
risk for future pacemaker implantation and may warrant moni-
toring for progressive conduction disease.3

Pathophysiology

Progressive myocardial degeneration with increased myocardial 
collagen turnover and fibrosis of the conduction system are the 
main histopathologic findings in patients with Lev and Lenègre 
disease.4,5 Lev and Lenègre hypothesized that progressive con-
duction defects were due to a primary degenerative disease of 
unknown origin that was exaggerated by aging. However, fibrosis 
of the conducting system may also be seen in the elderly in the 
absence of conduction defects.6 Evidence suggests that progres-
sive conduction system disease has genetic and autoimmune 
origins (see Box 105-1).7-12

The most common causes of isolated AV conduction disease 
are mutations in the gene SCN5A that encodes for the pore-
forming α-subunit of the cardiac sodium channel (Nav1.5) and 
affects depolarization phase 0 (Table 105-1 and Figure 105-1). 
These mutations result in slowing of conduction and fibrosis, and 



1036 SYNCOPE	AND	AV	BLOCK

loss-of-function mutations of the cardiac sodium channel SNC5A 
in chromosome 3p2138,39 and gain-of-function mutations of the 
gene TRPM4 at chromosomal locus 19q13.340,41 were identified.

Specific loss-of-function SCN5A mutations demonstrate 
varied competing gating effects that reduce sodium current 
density and enhance slow inactivation with selective slowing of 
conduction velocity, in a way that results in isolated conduction 
system disease without provoking tachyarrhythmias.39,42 Histo-
logic examination of the heart of patients with SCN5A mutations 
has revealed severe degenerative changes in the conduction 
system,43 and Nav1.5 deficiency was found to cause tissue degen-
eration via TGF-β1–mediated fibrosis.22 Thus, SCN5A mutations 
may exert additional effects in cellular processes beyond their 
electrophysiological properties. SNC5A mutations cause most 
cases of isolated conduction disease and are usually autosomal 
dominant but with reduced penetrance and variable expressivity. 
Initial electrophysiological studies in mutation carriers with  
AV block revealed prolonged HV but normal AH intervals, thus 
suggesting infra-Hisian block, but progressive AV block due to 
SCN5A mutations can be both supra- and infra-Hisian.7

The TRPM4 gene encodes the transient receptor potential 
cation channel, subfamily M, member 4 (melastatin). A gain-of-
function mutation of the TRPM4 channel that is highly expressed 
in cardiac Purkinje fibers has also been associated with isolated 
progressive cardiac conduction block.40,41 Described families with 
TRPM4 mutations have conduction blocks transmitted with an 
autosomal dominant inheritance and incomplete penetrance. 
Usually these patients present with right bundle branch block 
(RBBB) and prominent R waves in right precordial leads.41 These 
mutations may account for a significant portion of inherited 
forms of RBBB (25%) or AV block (10%).44

Sodium channel β1-subunit (SCN1B) mutations that have 
been associated with Brugada syndrome may also cause pheno-
types of isolated progressive conduction disturbances mainly by 
affecting Purkinje fibers.23 SCN1B encodes for a modulatory 
β-subunit of the sodium channel (Scn1b) and also affects phase 
0 of the action potential.

Disruption of the gap junction protein connexin40, which 
predominantly expresses in the atria and the His-Purkinje 
system,45 results in prolonged AV conduction.46 A novel germ-
like mutation in GJA5, the gene encoding connexin40, has been 
described as a cause of familial progressive heart block, slow heart 
rate, and malignant ventricular arrhythmias. The disease has an 
early onset and is associated with sudden cardiac death.47

defects in the middle and distal portions of both bundle branches 
in relatively younger patients.2 Familial investigation of patients 
with bifascicular or complete AV block suggested that genetic 
factors could be involved in the pathogenesis of the disease,32-35 
and in 1995, a locus for progressive familial heart block was 
mapped to chromosome 19q13.2-13.3.36,37 Subsequently, 

Box 105-1	 Causes	of	Progressive	Conduction	Disease

Inherited	causes
Isolated	(progressive	familial	heart	block	types	IA	and	IB)
Genetic	arrhythmia	syndromes	(Brugada	syndrome,	long	

QT	syndrome	3,	arrhythmia-prone	cardiomyopathy)
Congenital	cardiac	defects	(Holt-Oram	syndrome,	

nonsyndromic	cardiac	defects	such	as	ASD,	tetralogy	of	
Fallot,	VSD,	pulmonary	atresia,	and	subvalvular	aortic	
stenosis)

Wolff-Parkinson-White	syndrome	and	cardiomyopathy
Neuromuscular	disorders	(myotonic	dystrophy	type	1,	

Emery-Dreifuss	muscular	dystrophy,	limb	girdle	
muscular	dystrophy,	desmin	myopathy)

Anderson-Fabry	disease
Familial	amyloidosis
Mucopolysaccharidosis	IV

Calcific	valve	disease	(aortic	stenosis	and	mitral	annulus	
calcification)

Dilated	cardiomyopathy	(ischemic	and	nonischemic)
Autoimmune	and	infective	disorders

Sarcoidosis
Rheumatoid	arthritis
Ankylosing	spondylitis	(HLA-B27)
Systemic	sclerosis
Systemic	lupus	erythematosus
Sjögren’s	syndrome
Wegener’s	granulomatosis
Behçet’s	disease
Chagas’	disease

Kearns-Sayre	syndrome

Figure	105-1.  Proteins and mechanisms related to cardiac con-
duction  system  disease.  Please  see  text  and  Table  105-1  for 
details. 
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Table 105-1.	 Genetic	Causes	of	Conduction	System	Disease

Gene Protein Conduction Defect Associated Conditions Mechanism

Ion channels

SCN5A Nav1.5 AV	conduction	defect,	
sick	sinus	syndrome,	
bundle	branch	
block

Brugada	syndrome	1,	LQTS	3,
AF	3,	dilated	

cardiomyopathy,	
multifocal	ectopic	
Purkinje-related	
premature	contractions

Slowing	of	conduction	velocity	and	
pacemaking	rate,	tissue	degeneration	via	
TGF-b1

TRPM4 TRPM4 AV	conduction	defect Possibly	elevated	density	of	TRPM4	
channels	disables	action	potential	
propagation	down	the	Purkinje	fibers.

SCN1B Scn1b Bundle	branch	block Brugada	syndrome	5 Slowing	of	conduction	velocity	mainly	in	
Purkinje	fibers

KCNJ2 Kir2.1 AV	block,	bundle	
branch	block

Andersen-Tawil	syndrome	
(LQTS	7)

Prolongation	of	action	potential	and	
slowing	of	pacemaking	rate

HCN4 HCN4 Sick	sinus	syndrome Reduction	of	pacemaker	current	If

Structural proteins

GJA5 Connexin40 AV	block,	bradycardia Ventricular	arrhythmias Defective	coupling	of	conducting	myocytes

ANK2 Ankyrin-B Sick	sinus	syndrome LQTS	4,	AF,	CPVT Abnormal	sinoatrial	electrical	activity	due	
to	dysfunction	in	Ankyrin	B-based	
trafficking	pathways

DES Desmin AV	block VT/VF,	cardiomyopathy
Skeletal	myopathy

Desmin-positive	aggregates	and	inability	of	
mutated	desmin	to	interact	with	cellular	
structures.

Mitochondrial	dysfunction

Protein kinases

PRKAG2 γ-2	subunit	of	AMP-
activated	protein	
kinase	(AMPK)

Sinus	bradycardia,	AV	
block

Wolff-Parkinson-White	
syndrome

Glycogen	storage	
cardiomyopathy

Disruption	of	annulus	fibrosus	by	glycogen-
filled	myocytes

DMPK Myotonic	
dystrophy	
protein	kinase

AV	block,	bundle	
branch	block

VT/VF,	cardiomyopthy
Myotonic	dystrophy	type	I

Toxic	mutant	RNA	impairs	conduction	with	
various	mechanisms

TGF-β superfamily

BMP2 Bone	
morphogenetic	
protein	2

AV	block Wollf-Parkinson-White	
syndrome,	cognitive	
defects,	dysmorphic	
features

Disruption	of	annulus	fibrosus

Transcription factors

TBX5 Tbx5 Sinus	bradycardia,	AV	
block	bundle	
branch	block

Holt-Oram	syndrome Defective	development	and	coupling	of	
conducting	myocytes

NKX2-5 Nkx2-5 AV	block,	bundle	
branch	block

VSD,	Fallot,	subvalvar	AS,	
pulmonary	atresia

Defective	development	and	coupling	of	
conducting	myocytes

Nuclear membrane proteins

LMNA Lamin	A/C AV	block VT/VF,	cardiomyopathy
Emery-Dreifuss	muscular	

dystrophy
Limb-girldle	muscular	

dystrophy

Possibly,	hyperactivation	of	mitogen-
activated	protein.	kinase,	and	
interference	with	nucleus	integrity	and	
gap	junctions

EMD Emerin AV	block VT/VF
Emery-Dreifuss	muscular	

dystrophy

Mechanism	poorly	understood

Continued
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Gene Protein Conduction Defect Associated Conditions Mechanism

Lysosomal enzymes

GLA alpha	galactosidase	
(a-GALA)

AV	block Anderson-Fabry	disease Accumulation	of	glycosphingolipids

Ca2+ handling proteins

RYR2 Ryanodine	receptor Sick	sinus	syndrome,	
AV	block

CPVT	1 Altered	calcium	handling

AF,	dilated	cardiomyopathy Mechanism	of	bradycardia	and	block	
unknown

CASQ2 Calsequestrin Sinus	bradycardia CPVT	2 Altered	calcium	handling

Mechanism	of	bradycardia	and	block	
unknown

Table 105-1	 Genetic	Causes	of	Conduction	System	Disease—cont’d

Conduction Disease in the Context of Genetic 
Arrhythmia Syndromes

Both loss- and gain-of-function SCN5A gene mutations may 
cause sick sinus syndrome, Brugada syndrome, LQTS, 
arrhythmia-prone dilated cardiomyopathy, and multifocal ectopic 
Purkinje-related premature contractions with right and/or left 
bundle branch block patterns.14-21,48,49 The same SCN5A gene 
mutation can lead to conduction disease, Brugada syndrome, or 
LQTS 3, although LQTS 3 mutations induce a gain-of-function 
in the sodium channel, whereas conduction disease or Brugada 
syndrome mutations induce loss-of-function in this channel.15,48,49 
Affected individuals may manifest electrocardiographic features 
of both syndromes with QT interval prolongation at slow heart 
rates and distinctive ST segment elevations with exercise.48 Func-
tional analysis has demonstrated that hereditary conduction 
disease may be caused by a haploinsufficiency mechanism (i.e., 
the single functional copy of the gene does not produce enough 
protein), which, in combination with aging, leads to progressive 
alteration in conduction velocity and results in AV block only in 
elder carriers.18 Why haploinsufficiency leads to Brugada syn-
drome in some families and to conduction disease in others is not 
known. Modifier genes, allele penetrance, truncation mutations 
that potentially reduce the sodium current to a greater extent 
than missense mutations,50 and/or environmental factors and 
sex51 may influence both the severity and the phenotype induced 
by an SCN5A mutation. Most of the described mutations in the 
SCN5A gene are autosomal dominant, but recessive mutations 
have also been described. Homozygotes usually present with con-
duction disorders and LQTS, sick sinus syndrome, or ventricular 
arrhythmias.52,53

Sodium channel b1 subunit (SCN1B) mutations have been 
associated with conduction disturbances in the context of Brugada 
syndrome. Mutations were located in b1 or in the newly described 
transcript b1B, and coexpression of mutant b-subunits with 
Nav1.5 resulted in diminished sodium current.23

Mutations in KCNJ2 are found in the autosomal dominant 
Andersen-Tawil or long QT 7 syndrome.54 KCNJ2 encodes for the 
inward rectifier potassium channel (Kir2.1) and affects phases 3 
and 4 (i.e., terminal repolarization and resting potential). Inacti-
vation of the inward rectifier potassium channel results in action 
potential prolongation and slowing of heart rate and conduc-
tion.55 Besides QT interval prolongation, potassium-sensitive 
paralysis, and hypoplastic mandible, patients may present with 
conduction abnormalities, such as AV block, bundle branch 
block, or nonspecific intraventricular conduction delay.56

Congenital Heart Deformities

Mutations affecting the transcription factor 5 (Tbx5) and the 
homeobox factor (NKX2-5) that facilitate development of the con-
duction lineage57 result in defective expression of gap junction 
connexin proteins such as Cx40 and incomplete development of 
the entire AV conduction system.58-60 Mutations in Tbx5 cause 
Holt-Oram syndrome.61 Patients with Holt-Oram syndrome mani-
fest variable degrees of progressive conduction system dysfunc-
tion, such as sinus bradycardia and atrioventricular block, even 
in the absence of atrial septal defect (ASD) or other overt struc-
tural heart disease. Mutations in the gene encoding factor NKX2-
5 cause nonsyndromic, congenital heart disease, mainly secundum 
atrial septal defects, as well as tetralogy of Fallot, ventricular septal 
defects (VSDs), pulmonary atresia, and subvalvular aortic stenosis and 
hypoplasia of the conduction system.62 These mutations are asso-
ciated with progressive AV node dysfunction and other diffuse 
conduction system abnormalities. Absence of heart block in other 
major structural heart defects, as well as the presence of AV block 
in the absence of other malformations in mutation carriers, sug-
gests that both NKX2-5 and TBx5 have specific roles in conduc-
tion system development and integrity, independent of their roles 
in structural heart development.

Wolff-Parkinson-White (WPW) Syndrome and 
Cardiomyopathy

In a small percentage of cases, WPW syndrome is familial and is 
associated with cardiac hypertrophy albeit without the character-
istic features of hypertrophic cardiomyopathy. A missense muta-
tion in the gene PRKAG2 that encodes the regulatory γ-subunit 
of adenosine monophosphate (AMP)-activated protein kinase 
(AMPK) has been identified.63 Patients with mutations on the 
PRKAG2 gene have a variable combination of glycogen storage 
cardiomyopathy, progressive conduction system disease includ-
ing sinus bradycardia and atrioventricular block, ventricular pre-
excitation, arrhythmias, and sudden death.64,65 The R302Q 
mutation in PRKAG2 has been associated with Mahaim fibers.66 
AV block in patients with PRKAG2 mutations is progressive and 
infra-Hisian. The annulus fibrosus, which normally insulates the 
ventricles from inappropriate excitation by the atria, is thinned 
and disrupted by glycogen-filled myocytes. These anomalous 
microscopic atrioventricular connections, rather than morpho-
logically distinct bypass tracts, appear to provide the anatomical 
substrate for ventricular preexcitation.
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The American College of Cardiology (ACC)/American Heart 

Association (AHA)/Heart Rhythm Society (HRS) 2008 Guide-
lines and their 2012 update for Device-Based Therapy of Cardiac 
Rhythm Abnormalities75 suggest consideration of permanent 
pacemaker insertion for neuromuscular diseases such as myotonic 
muscular dystrophy, Kearns-Sayre syndrome, Erb’s muscular dys-
trophy, and peroneal muscular atrophy (Charcot-Marie-Tooth 
disease) with any degree of AV block (including first-degree AV 
block) with or without symptoms due to risk of unpredictable 
progression of AV conduction disease (Class IIb-C).

Autoimmune Disorders

Up to 50% of patients with sarcoidosis have some degree of cardiac 
involvement, and cardiac sarcoidosis may be the predominant 
form of the disease in up to 5% of patients. Atrioventricular block 
is the most common clinical manifestation.76 In one study, cardiac 
sarcoidosis and a mild form of giant cell myocarditis were diag-
nosed in 25% of initially unexplained cases of AV block in young 
and middle-aged adults.77 Up to 14% of patients with high-degree 
AV block had cardiac sarcoidosis. Thus, cardiac sarcoidosis may 
represent a cause of progressive AV conduction disease, especially 
in women, and should be considered in adults younger than 55 
years of age who present with unexplained high-degree AV block. 
In cardiac sarcoidosis, the conduction disease, as opposed to ven-
tricular tachycardia, might improve with steroids.77

In rheumatoid disorders, rhythm and conduction defects 
usually are mild but may progress, although rarely, to complete 
heart block.11 Conduction defects occur frequently in patients 
with spondyloarthropathies and in those with various forms of 
vasculitis. All degrees of atrioventricular block have been 
described in rheumatoid arthritis (RA) patients, and RBBB has 
been found in up to 35% of them.78 AV blocks in RA patients do 
not respond to immunosuppressive treatment.11 Cardiac conduc-
tion defects occur in about 5% of all systemic lupus erythematosus 
(SLE) patients, more frequently in young women, and include all 
degrees of AV block, intraventricular conduction defects, and sick 
sinus syndrome.79 In adults, complete heart block is rare. Arrhyth-
mias in SLE may respond to immunosuppressive therapy.11 Up 
to 20% of patients with systemic sclerosis have LBBB or first-degree 
block on electrocardiography (ECG), although electrophysiolog-
ical studies show that rates of detectable conduction abnormali-
ties are considerably higher.80 RBBB is less common, and complete 
AV block occurs in <2% of patients. It is estimated that one-third 
of ankylosing spondylitis patients experience conduction abnor-
malities. AV block is the most common conduction defect in 
HLA-B27 gene carriers, and the level of the block is usually at 
the AV node rather than infra-Hisian.81 First-degree AV block 
and complete heart block have been described in Sjögren’s syn-
drome patients, and an association between disease activity and 
the presence of anti-Ro/SSA and anti-La/SSB antibodies has 
been described.82 Left anterior hemiblock and RBBB have also 
been described in polymyositis, but complete AV block is rare.11 
Wegener’s granulomatosis is associated with conduction distur-
bances of various forms that may require permanent pacing.11 
Rapidly progressive AV conduction disease may, although rarely, 
be an early manifestation of Behçet’s disease.83 Drugs that are used 
in rheumatic diseases may also affect the conduction system. 
Methotrexate may induce RBBB, whereas chloroquine (but not 
hydrochloroquine) is associated with a high incidence of cardiac 
conduction disorders, including bundle branch blocks and incom-
plete or complete AV blocks.84,85

Transplacental penetration of anti-Ro/SSA and anti-La/SSB 
ribonucleoprotein antibodies from the mother, who may have 
SLE, systemic sclerosis, or Sjögren’s syndrome, or may be entirely 
asymptomatic, may cross-react with T- and L-type calcium chan-
nels and the potassium channel human ether-à-go-go–related 

A novel form of WPW syndrome is associated with microde-
letion in the region of gene BMP2, which encodes the bone 
morphogenetic protein-2, a member of the TGF-β gene super-
family, and affects the development of annulus fibrosus. It is 
characterized by variable cognitive deficits, dysmorphic features, 
and prolonged AV conduction on atrial pacing.67

Neuromuscular Disorders

Several different types of muscular dystrophies, such as Emery-
Dreifuss muscular dystrophy, limb girdle muscular dystrophy 
(Erb’s muscular dystrophy), myotonic dystrophy type 1 (Steinert’s 
disease), and desmin-related myopathy, are associated with 
cardiac conduction defects. Patients typically present with sinus 
bradycardia, first- or higher degree AV block or bundle branch 
block, and vulnerability for sudden cardiac death.

Mutations in the nuclear envelope proteins such as lamin A/C 
(LMNA) and emerin (EMD), which maintain nuclear envelope 
integrity, cause Emery-Dreifuss muscular dystrophy and limb 
girdle muscular dystrophy. Individuals with muscular dystrophies 
develop progressive skeletal muscle weakness in the first decade 
of life, as well as cardiac involvement such as progressive atrio-
ventricular block and dilated cardiomyopathy with propensity to 
lethal ventricular arrhythmias in later decades.68,69 Whereas heart 
failure is a common feature in families with neuromuscular and 
cardiac manifestations of LMNA disease, structural and func-
tional abnormalities as determined by echocardiography may be 
absent in mutation carriers, with conduction disease as the only 
apparent abnormality.68 Thus, if conventional polymerase chain 
reaction–based direct sequencing approaches for LMNA analysis 
are negative in suggestive pedigrees, mutation detection tech-
niques capable of detecting gross genomic lesions involving dele-
tions and insertions (genome-wide linkage approach) should be 
considered.68 Independent risk factors for malignant arrhythmias 
in lamin A/C mutation carriers are nonsustained ventricular 
tachycardia (NSVT), left ventricular ejection fraction (LVEF) 
<45% at the first clinical contact, male sex, and non-missense 
mutations (inside/truncating or mutations affecting splicing). 
Patients with specific mutations, such as the c.908-909delCT 
mutation, have rapid progression of atrioventricular conduction 
abnormalities, and sudden death may be the presenting feature.70 
They should be considered for early implantation of an implant-
able cardioverter-defibrillator (ICD) rather than a pacemaker 
alone.

Desmin-related myopathy is an autosomally inherited skeletal 
and cardiac myopathy, mainly caused by dominant mutations in 
the desmin gene. Up to 50% of carriers of one of the described 
mutations have cardiomyopathy, and around 60% have cardiac 
conduction disease or arrhythmias, with atrioventricular block as 
an important hallmark. Progression to AV block is rapid, and 
ICD backup to pacing may be needed for malignant ventricular 
arrhythmias.71

Mutations in the gene DMPK encoding for myotonic dystrophy 
protein kinase result in nuclear entrapment of “toxic” mutant RNA 
and cause myotonic dystrophy type 1, LV dysfunction, and AV 
conduction block.72 Myotonic dystrophy type 1 is an autosomal 
dominant disorder that represents the most common muscular 
dystrophy in adults. Conduction system dysfunction is seen in 
70% of patients with the disease, and bundle branch block or AV 
block that is progressive and infra-Hisian is the most common 
conduction system defect. In patients with myotonic dystrophy 
type I and PR >200 milliseconds, QRS >100 milliseconds, or 
both, pacing is indicated when HV >70 milliseconds and improves 
survival.73 However, patients may die suddenly from ventricular 
tachycardia (VT)/ventricular fibrillation (VF), and ICDs rather 
than pacemakers should be considered in those with conduction 
disturbances.74
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Other Disorders

Many other forms of dilated cardiomyopathy that may be seen at 
late stages of arrhythmogenic right ventricular cardiomyopathy, 
cardiac iron overload, hypertrophic cardiomyopathy, and left 
ventricular noncompaction are associated with progressive con-
duction disease.96 In most of these conditions, ventricular 
arrhythmias are the main concern.

Mitochondrial DNA deletions are also associated with AV 
conduction disorders, albeit through yet undefined mechanisms, 
in the context of Kearns-Sayre syndrome (chronic progressive 
external ophthalmoplegia and retinal degeneration with onset 
before age 20).97 Patients with Kearns-Sayre syndrome and con-
duction defects display an accelerated and unpredictable rate of 
progression to infra-Hisian AV block with considerable associ-
ated mortality, and early pacemaker insertion is recommended in 
patients who develop initial signs of conduction disease such as 
bifascicular block.98

Anderson-Fabry disease is a rare X-linked lysosomal storage 
disorder caused by mutations of the GLA gene, which encodes 
alpha-galactosidase A, resulting in intracellular accumulation of 
neutral glycosphingolipids.99 Neurologic, gastrointestinal, renal, 
ophthalmologic, and also dermatologic manifestations start in 
childhood and adolescence. Increasing age is associated with PR 
and QRS interval prolongation and left QRS axis deviation, and 
patients with QRS ≥110 milliseconds should be monitored for 
bradyarrhythmias.100

Cardiac involvement is primarily encountered in immuno-
globulin and transthyretin–associated disorders (i.e., hereditary/
familial and senile amyloidosis).101 Familial amyloidosis may be 
indolent and, especially in the rare form that presents with poly-
neuropathy, is associated with sinoatrial and atrioventricular pro-
gressive conduction abnormalities.102 Conduction disturbances 
are not related to the thickness of the intraventricular septum, 
indicating that the distribution and the extent of infiltration of 
the heart by amyloid are heterogeneous and are related to gender 
and age of onset.102 In patients with familiar amyloid polyneu-
ropathy and conduction disturbances, early prophylactic pacing 
should be considered.103

Cardiac involvement that emerges silently has been reported 
in all mucopolysaccharidoses, and conduction abnormalities are 
seen, particularly with form VI (Maroteaux-Lamy syndrome), in 
which patients may survive to middle age.104

Hypoxia during sleep apnea has been associated with nocturnal 
paroxysmal asystole, bradyarrhythmias, and AV nodal block.105 
Patients should be treated with continuous positive airway pres-
sure (CPAP) therapy, and, in the absence of symptoms, pacing is 
not recommended (Class III-B, by the ACC/AHA/HRS 2008 
Guidelines and their 2012 update for Device-Based Therapy of 
Cardiac Rhythm Abnormalities).75

Other conditions such as myocarditis, endocarditis, electro-
lyte abnormalities, drug toxicity, cardiac valve or congenital 
surgery, heart transplantation, transcatheter aortic valve implan-
tation, and catheter ablation procedures may affect the conduc-
tion system, causing permanent or paroxysmal AV block. Usually, 
conduction system disease secondary to these processes does not 
have a delayed, progressive course.

Management

Patients with progressive conduction disease should be followed 
up and considered for permanent pacing according to standard 
indications. Physicians should be aware of the aggressive nature 
of conditions such as muscular dystrophies that may require early 
pacing with ICD cover. Genetic therapies and the development 

gene (hERG) and induce congenital AV block.86,87 The adult AV 
node is generally thought to be resistant to the damaging effects 
of these autoantibodies, but evidence suggests that anti-Ro/SSA 
antibodies might also be pathogenic for the adult heart.86 Auto-
antibodies against β-adrenergic receptors have also been noted 
in patients with conduction disturbances and no other cardiac 
abnormalities.88 Congenital AV block may be seen in the absence 
of maternal antibodies. ECG screening in parents of children 
affected by idiopathic AV block has revealed a high prevalence of 
conduction abnormalities, thus supporting an inheritable trait in 
congenital and childhood nonimmune isolated AV block.9

Infective Disorders

Autonomic nervous system derangements, microvascular distur-
bances, parasite-dependent myocardial aggression, and autoanti-
bodies against the muscarinic cholinergic type 2 receptor (M2 
receptor) may play a role in the associated sinus nodal dysfunc-
tion and AV conduction abnormalities seen in chronic Chagas’ 
heart disease.12,89 Chagas’ disease may be seen in the western world 
as the result of immigration patterns. Cardiac involvement in 
chronic disease develops gradually, with ECG abnormalities such 
as fascicular blocks preceding changes in left ventricular (LV) 
function.90 Sinus bradycardia, atrial fibrillation, and high-grade 
AV block usually accompany LV remodeling with pathologic Q 
waves and increased risk of death from bradyarrhythmias or 
tachyarrhythmias. Antiprotozoal therapy with benznidazole may 
modify the progression of cardiac disease.91

Lyme borreliosis is caused by Borrelia burgdorferi that is trans-
mitted by the tick species Ixodes.92 However, although Lyme bor-
reliosis is the most common tick-borne infectious disease in 
North America and in countries with moderate climates in 
Eurasia, Lyme carditis is rare. AV block may be seen during the 
acute course of the disease, which involves the heart with a clini-
cal picture similar to acute rheumatic fever and responds to 
antibiotics.

Although Borrelia antibodies may be sought with Western blot 
in cases of otherwise unexplained acute AV block, no convincing 
evidence has been found for progressive conduction disease with 
late Lyme disease, or post–Lyme borreliosis syndrome.93

Calcific Valve Disease

Calcific aortic stenosis and mitral annulus calcification are pro-
gressive processes that involve the conduction system and may 
result in conduction block at any level. Calcific AV stenosis has 
characteristic pathologic features of an osteoblast phenotype with 
cell proliferation and atherosclerosis.94 The HV interval is typi-
cally prolonged in calcific aortic stenosis, and the progressive 
conduction disease may need permanent pacing, particularly after 
surgical or transcatheter valve replacement. Aortic sclerosis is an 
age-related process, but recent data have demonstrated a familial 
aggregation for this disease.95

Myocardial Ischemia

Ischemia modifies conduction by depressing membrane excit-
ability and promoting electrical uncoupling at gap junctions. 
Myocardial ischemia and infarction usually result in acute  
heart block. Progressive conduction disease due to stable  
ischemic heart disease may be seen in the context of ischemic  
or nonischemic cardiomyopathy and heart failure and may con-
stitute an indication of cardiac pacing or resynchronization 
therapy.
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2011,44 genetic testing may be considered as part of the diagnostic 
evaluation for patients with isolated cardiac conduction  
disease or conduction disease with concomitant congenital heart 
disease, especially when a positive family history of conduction 
disease has been documented. Mutation-specific genetic  
testing is recommended for family members and appropriate 
relatives after cardiac conduction disease causative mutations in 
an index case.

of biological pacemakers by means of virally based or stem cell–
based gene delivery systems represent new and exciting possibili-
ties for treating these patients.106

Genetic testing plays an important role in identifying patients 
at risk because young individuals presenting with a normal ECG 
may be at risk for arrhythmia and sudden death as they get older. 
According to the Heart Rhythm Society (HRS)/European Heart 
Rhythm Association (EHRA) Expert Consensus Statement of 
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source of delay and block. When abnormal ventricular depolar-
ization with prolonged QRS duration or left or right bundle 
branch block is present, the AV node can still be the substrate, 
but involvement of the His-Purkinje system distal to the AV node 
is likely. The site of conduction delay can be determined more 
precisely by endocardial recordings of AH and HV intervals. If 
impulse transmission is impaired in the atrium or in the AV node, 
the AH interval will be prolonged (>125 ms) and the HV interval 
will be normal (see Figure 106-1). A prolonged HV interval 
(>55 ms) indicates conduction disturbances in the His-Purkinje 
system (see Figure 106-1). Supra-His AV conduction delay or 
block usually has a favorable prognosis, whereas intra- or infra-
His AV conduction delay or block implies a more serious prog-
nosis.2,3 In the next section, a description of each specific AV 
block will be combined with data concerning incidence, progno-
sis, and treatment.

First-Degree AV Block

On the surface ECG, the PR interval is measured from the onset 
of atrial depolarization (P wave) to the beginning of ventricular 
depolarization (QRS complex) and ranges normally between 0.12 
and 0.20 seconds. In first-degree AV block, every non-premature 
atrial impulse is conducted to the ventricles with a PR interval 
that exceeds 0.20 seconds. The incidence of first-degree AV block 
in asymptomatic subjects is low, ranging between 0.5% and 
1.6%.4,5 The prognosis for PR prolongation in the presence of a 
normal QRS complex until recently was thought to be benign. 
However, an observation from the Framingham Heart Study 
showed increased risk of development of atrial fibrillation (hazard 
ratio [HR], 2.06) and of pacemaker implantation (HR, 2.89) and 
revealed a moderately increased risk of death with a hazard ratio 
of 1.4.5

Asymptomatic patients with first-degree AV block do not 
require treatment. Patients should be followed to detect progres-
sion to higher-degree AV block. In patients with a marked PR 
interval increase (>0.3 s) that approaches the preceding RR inter-
val, symptoms can result from impaired ventricular filling and 
synchronous atrial and ventricular contraction (“cannon waves”) 
that may necessitate pacemaker implantation.

Second-Degree AV Block

Second-degree AV block is subclassified into type 1 (Wenckebach 
or Mobitz type I), type 2 (Mobitz type II), or advanced block.

Type 1 Second-Degree AV Block
Electrocardiographically, typical type 1 block is characterized by 
several features: (1) progressive prolongation of the PR intervals, 
(2) the greatest increase in PR interval noted in the second beat 
of a cycle, with the increment being progressively less in subse-
quent beats, (3) gradual shortening of RR intervals, (4) a P wave 
not followed by a QRS complex, (5) a pause with an RR interval 
less than the sum of two PP intervals, and (6) the first conducted 
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On its way from the sinus node to the ventricles, an electrical 
impulse passes through the atrioventricular (AV) conduction 
system comprising atrial myocardium, the AV node, the penetrat-
ing AV bundle (bundle of His), and the network of Purkinje 
fibers. Regular cardiac function requires some AV conduction 
delay to allow the ventricles to relax before the next atrial con-
traction. AV block is defined as further delay or block of impulse 
transmission that occurs mostly in the AV node. The AV node 
forms a heterogeneous and highly complex three-dimensional 
lattice of distinct cell types with different molecular make-up and 
therefore different functional behavior (Figure 106-1). Large 
atrial cells connect to midsized transitional cells, which, in turn, 
contact the small, closely packed cells of the compact node. It 
must be emphasized that the compact part represents one com-
ponent of the AV node, which comprises all the different cell 
groups that determine its functional properties.

Many morphologic and functional factors like action potential 
characteristics, cell-to-cell coupling, and autonomic innervation 
determine impulse transmission and control AV conduction (see 
the previous chapter in this textbook1). Numerous pathologic 
processes, congenital or acquired, can affect this delicate system.

First, an overview of the different types of AV block will be 
provided, followed by congenital and acquired causes. Then, the 
ventricular consequences of chronic complete AV block obtained 
in a canine model will be described. Finally, future therapy con-
siderations will be discussed in light of the findings described.

Electrocardiographic Characteristics  
and Definitions of AV Block

AV block can be defined anatomically—supra- (i.e., atrial or  
AV nodal), intra-, or infra-His (see Figure 106-1)2—or 
electrocardiographically—first-, second-, and third-degree  
(complete) AV block.

Thorough analysis of the electrocardiogram (ECG) can 
provide an estimation of the anatomical site of the block. If ven-
tricular depolarization is undisturbed and QRS complexes appear 
normal, the site of delay or block is usually supra-His (usually AV 
nodal). Variations of the PR interval point to the AV node as the 
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complexes, conduction delay and block occur most often within 
the AV node proximal to the His bundle.

Type 1 block can occur in 1% to 2% of healthy individuals as 
a result of enhanced efferent discharge of parasympathetic nerve 
fibers. This vagally mediated block, in combination with slowing 
of the sinus rate, can occur in normal persons, for instance, as a 
result of pain or during sleep, or in persons with high vagal tone, 

atrial impulse after the pause showing a shorter or normal PR 
interval (Figure 106-2). Clinically, only a minor part of type 1 
second-degree AV block complies with all criteria.3

Progressive (beat-to-beat) slowing of conduction velocity 
during a fast atrial rate, referred to as decremental conduction, can 
be attributed to the AV node and its atrial nodal extensions.1 
Therefore, in type 1 second-degree AV block with normal QRS 

Figure 106-1.  Diagram Illustrating Anatomical, Histo-molecular, and Electrical Complexity of the Human AV Node in Relation to AV Block 
Anteriorly, the AV node is bordered by the tricuspid valve (TV), and posteriorly by the tendon of Todaro (TT). Histo-morphologically, the AV node is composed of a transi-
tional area (TA), left inferior (LE) and right inferior extensions (RE), and the compact node (CN), which connects to the penetrating bundle of His (PB); yellow region, Cx43-
negative; blue region, Cx43-positive. Calculated action potentials (APs) derived by mathematic modeling of mRNA expression data. Supra-His AV block if AH >125 ms; intra-His 
AV block if H >30 ms; infra-His block if HV >55 ms. CS, Coronary sinus; FO, foramen ovale; IAS, interatrial septum; IVC, inferior vena cava; RA, right atrium; RV, right ventricle; 
SVC, superior vena cava.

(Data from Kurian T, Ambrosi C, Hucker W, et al: Anatomy and electrophysiology of the human AV node. Pacing Clin Electrophysiol 33:754-762, 2010.)
(APs reproduced with permission of Dobrzynski H, Monfredi O, Greener ID, et al: Molecular basis of the electrical activity of the atrioventricular junction and Purkinje fibres. In 
Tripathi ON, Ravens U, Sanguinetti M [eds]: Heart Rate and Rhythm. Berlin, Heidelberg, Springer-Verlag, 2011.) 
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risk of progression to high-grade or third-degree AV block and 
thus is associated with increased risk of mortality.

Implantation of a permanent pacemaker is recommended for 
patients with type 2 second-degree AV block and should be con-
sidered also in asymptomatic patients. An electrophysiological 
study can sometimes be useful for determining intra- or infra-His 
levels of block. Type 2 second-degree AV block during exercise 
in the absence of ischemia indicates a diseased His-Purkinje 
system and should lead to permanent pacemaker implantation.2

Third-Degree AV Block

In third-degree or complete AV block, no conduction from the 
atrium to the ventricle is possible, and all atrial impulses halt 
somewhere in the atrioventricular conduction axis. The term AV 
dissociation is often used to describe third-degree AV block. 
However, this term can be misleading because several situations 
can lead to dissociated atrial and ventricular activation in the 
presence of normal AV conduction. In principle, any junctional 
or ventricular rhythm with a rate that exceeds the sinus rate and 
without VA conduction may appear dissociated, especially if only 
a standard 12-lead ECG is recorded. Sinus bradycardia with a 
junctional escape rhythm or junctional or ventricular tachycar-
dias with retrograde block can mimic AV dissociation too. Longer 
ECG recordings and thorough analysis are sometimes required 
for correct diagnosis of third-degree AV block.

The site of block can be the AV node, the His bundle, or the 
bundle branches. Most often, a pacemaker distal to the site of 
block takes over, leading to an “escape” rhythm. If the site of 
block is located within the AV node, a junctional escape with 
narrow QRS complexes can occur, whereas a block distal to the 

like endurance athletes at rest.6 It is functionally determined and 
usually benign and disappears with increased sympathetic tone. 
Syncope is rare, although it sometimes can lead to serious symp-
toms in athletes and can necessitate de-training.

In asymptomatic individuals without evident infra-nodal con-
duction disturbances, permanent pacemaker implantation is not 
recommended (class III).2 Progression to so-called advanced 
second-degree AV block or third-degree AV block is uncommon. 
If patients develop symptomatic bradycardia, permanent pace-
maker implantation is indicated.2

Type 2 Second-Degree AV Block
In type 2 block, abrupt failure of a non-premature atrial impulse 
to reach the ventricles is not preceded by lengthening of the PR 
interval, meaning that the RR interval spanning the pause equals 
two PP intervals. The site of type 2 block is generally infra-nodal 
and, if the QRS complex appears normal, can be located within 
the His bundle. This indicates diffuse disease of the infra-nodal 
conduction system, especially if associated with a wide QRS. If 
failure of AV conduction is associated with conduction delay in 
the Purkinje system and/or bundle branch block, the site of block 
is distal to the His bundle.

If two or more non-premature atrial impulses fail to activate 
the ventricles, but some QRS complexes are related to preceding 
P waves, advanced or high-grade AV block is present. In this case, 
AV conduction is compromised, but some conduction is pre-
served. Sometimes, 2 : 1 AV block is referred to as high-grade AV 
block.

The incidence of type 2 block is rare in healthy individuals 
and increases with age and in the presence of structural heart 
disease. About 2% of people older than 70 years with structural 
heart disease present with type 2 block. It carries a relatively high 

Figure 106-2.  ECG Recordings from type I and type II Second-Degree AV Block In Mobitz type I or Wenckebach block (panel A), progressive delay of the 
atrial  impulse  occurs  in  the  AV  node  proximal  to  the  His  bundle. The  greatest  increment  occurs  in  the  second  beat  (+120 ms)  and  becomes  less  in  subsequent  beats 
(+80 ms, +40 ms), leading to gradual shortening of the RR interval (920 ms − 880 ms − 840 ms). The pause measures less than the sum of two PP intervals (1360 ms). Mobitz 
type II AV block (panel B)  is not preceded by PR interval lengthening, and the pause equals two PP intervals. The site of block is usually distal to the AV node. Activation 
times in the diagrams are given in milliseconds (ms); double bars indicate conduction block. A, Atrium; V, ventricle. 
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one-third of cases have concomitant complex structural heart 
defects (i.e., congenitally corrected transposition of the great 
arteries or left isomerism). Two-thirds of cases have no or only 
minor structural defects.8 In most of these cases (90% to 99%), 
AV block is associated with the presence of maternal autoantibod-
ies against intracellular ribonucleoproteins SS-A/Ro (especially 
Ro52) and SS-B/La. These autoantibodies are frequently found 
in mothers with overt autoimmune disease, as well as in appar-
ently healthy mothers (although less frequently). The exact 
mechanism by which commonly found autoantibodies can cause 
a rare disease such as congenital AV block is not yet fully  
elucidated. Figure 106-3 depicts a recent pathophysiological 
model from Ambrosi and Wahren-Herlenius9: Maternal autoan-
tibodies cross the placenta and are deposited in various fetal 
tissues, producing a syndrome called neonatal lupus. In the heart, 
a subgroup of antibodies against Ro52 bind to cross-reactive 
molecules on the surface of the fetal cardiomyocytes. Accumulat-
ing evidence suggests that among these cross-reactive molecules 
are the pore-forming protein α1-subunits of the two L-type 
calcium channels Cav1.2 and Cav1.3.10 Subsequent inactivation 
of these channels leads to calcium dysregulation and apoptosis. 
After apoptosis, intracellular Ro and La proteins are translocated 
to the cell surface and become the target for maternal anti-Ro/
La autoantibodies. Binding of the autoantibodies attracts macro-
phages that will clear the apoptotic cells and secrete proinflam-
matory and profibrotic factors, finally leading to fibrosis and 
calcification.

The inflammatory reaction causes a wide spectrum of cardiac 
abnormalities (Table 106-1).11,12 Involvement of the AV conduc-
tion system produces different stages of AV block. First-degree 

AV node generates a wide QRS rhythm from the His-Purkinje 
system or the ventricular myocardium. Clinically, the site of 
block dictates the symptoms, which can vary from no symptoms 
when the site of block is proximal in the AV node with a reason-
able escape rhythm, to syncope or cardiac death when the site of 
block is distal with a slow or no ventricular escape rhythm. In 
patients with atrial fibrillation, a strictly regular ventricular 
rhythm around 60 bpm with normal QRS complexes indicates 
third-degree AV block, often as a result of too high a dose of 
rate-control drugs.

Third-degree block is a rare condition in healthy people and 
is more frequent in the elderly with structural heart disease. In a 
large, community-based, cohort study, the incidence of third-
degree block was 9 per 100 000 person-years. The presence of 
first-degree AV block and left bundle branch block increased the 
risk of progression to third-degree block.7 The estimated preva-
lence of congenital third-degree AV block is 1 per 15 000 to 
22 000 live births in the general population.8

Treatment of reversible causes and withdrawal of eventually 
causative drugs may resolve AV block. Most patients with third-
degree AV block will require permanent pacemaker implantation, 
even if they are asymptomatic. This will be further discussed later 
in the chapter.

Congenital Atrioventricular Block

A modern definition of congenital AV block (CAVB) requires its 
diagnosis in utero or during the first month of life.9 About 

Figure 106-3.  Pathophysiological model for the development of congenital AV block. 

(Reproduced with permission from Ambrosi A, Wahren-Herlenius M: Congenital heart block: Evidence for a pathogenic role of maternal autoantibodies. Arthritis Res Ther 14:208-
218, 2012.)

first-degree AV block
(potentially transient)

second/third-degree AV block

permanent damage to
the fetal heart

1. anti-Ro52 antibodies bind
    to a cross-reactive molecule
    on fetal cardiac cells

2. anti-Ro/la antibodies bind
    to apoptotic cells.

calcium dysregulation apoptosis

antibody deposition opsonization

establishment of an inflammatory reaction
in the fetal heart, fibrosis and calcification

3. macrophages engulf
    apoptotic debris



ATRIOVENTRICULAR BLOCK 1047

106 
Table 106-1. Spectrum of Cardiac Abnormalities in Neonatal Lupus 
and Associated Mortality Rates

Cardiac Defect Mortality Rate

Electrophysiological

• Children with isolated congenital AV block
• Infants with isolated congenital AV block
• Adults with isolated congenital AV block who 

were previously asymptomatic
• First-, second-, third-degree AV block
• Atrial and ventricular ectopic beats
• Atrial flutter
• Ventricular and junctional ectopic tachycardia
• Sinus node dysfunction
• Long QT interval

4%-6%
4%-8%

5%

Myocardial/Functional 80%

• Myocarditis
• Cardiomyopathy

• Can develop before birth, after infancy, or in 
adults

• Can occur with or without conduction 
abnormalities

• Endocardial fibroelastosis
• Pericarditis/pericardial effusion

Structural

• Infants with congenital AV block and structural 
disease

• Children with congenital AV block and 
structural disease
• Semilunar and AV valve dysplasia, stenosis, 

regurgitation
• Patent ductus arteriosus
• Atrial septal defects
• Ventricular septal defects

29%

10%

Reproduced with permission from Capone C, Buyon JP, Friedman DM, Frishman 
WH: Cardiac manifestations of neonatal lupus: A review of antibody associated 
congenital heart block and its impact in an adult population. Cardiol Rev 
20:72-76, 2012; and Hornberger LK, Al Rajaa N: Spectrum of cardiac 
involvement in neonatal lupus. Scand J Immunol 72:189-197, 2010.

reduced the recurrence rate by 64.6% (odds ratio [OR], 0.23).16 
After birth, pacing becomes the most important treatment option.

Genetic Factors in Atrioventricular Block

AV block can occur as the result of mutations in genes that play 
an important role in the normal development of the cardiac 
conduction system, as, for example, the genes TBX5 and NKX2-
5, which encode major transcription factors.

Another gene associated with AV block is SCN5A, which 
encodes the major cardiac sodium channel. Loss-of-function 
mutations in SCN5A have been linked with hereditary Lev-
Lenègre disease, characterized by progressive fibrosis of the His-
Purkinje system, leading to bundle branch block and eventually 
to complete AV block.17

Acquired AV Block Including AV Block in the 
Setting of Acute Myocardial Infarction

Causes of acquired AV block include ischemic heart disease and 
degenerative processes resulting in cardiac (replacement) fibrosis. 
Other causes include the following:
• Infiltrative processes: amyloidosis, sarcoidosis, carcinoma, 

Hodgkin’s disease, multiple myeloma
• Infection: myocarditis, rheumatic fever, Lyme borreliosis, 

Chagas’ disease, Aspergillus myocarditis
• Rheumatic diseases: ankylosing spondylitis, Reiter’s disease, 

polychondritis, rheumatoid arthritis, scleroderma
• Neuromuscular disorders: myotonic muscular dystrophy, benign 

pseudohypertrophic muscular dystrophy (Becker), Erb’s  
dystrophy, Kearns-Sayre syndrome, Charcot-Marie-Tooth 
disease (peroneal muscular atrophy)

• Other causes, such as calcification of the aortic or mitral valve 
annuli, surgical trauma, unintended damage during catheter 
ablation, and electrolyte disturbances.

AV block may also be an adverse effect related to the use of drugs 
such as β-blockers, calcium channel blockers, class I and class III 
antiarrhythmic drugs, or digitalis.

In acute myocardial infarction, incidence and site of AV block 
depend on the affected vessel and the anatomical location of the 
infarction. In inferior myocardial infarction, the AV nodal artery 
may be involved with subsequent necrotic changes in the AV 
node and its approaches. The His-Purkinje system is usually 
spared. In anterior and anteroseptal infarction, necrotic changes 
are seen most often in the distal His bundle and in the bundle 
branches. In extensive infarction, the AV node and the penetrat-
ing AV bundle may also be involved.

Second- or third-degree AV block occurs in 2% to 13% of 
patients with acute myocardial infarction. In inferior myocardial 
infarction, the incidence of high-degree AV block can be two- to 
fourfold higher compared with anterior myocardial infarction.18,19 
The development of AV block in acute myocardial infarction is 
associated with higher in-hospital and long-term mortality.20 Late 
occurring high-degree AV block up to 3 weeks after myocardial 
infarction may be associated with increased risk of heart failure 
and life-threatening ventricular arrhythmias.21

Primary percutaneous coronary intervention, where available, 
has become the treatment of choice for most patients with acute 
myocardial infarction, and the overall incidence of second- or 
third-degree AV block seems to be decreasing significantly. 
However, development of AV block within the first 30 days after 
infarction is still associated with a poor prognosis.19 Occlusion of 
the right coronary artery, age >65 years, female sex, hypertension, 
and diabetes have been shown to be independent predictors of 
high-degree AV block.19

AV block, seen in 3% to 25% of antibody-positive pregnancies, 
is transient and resolves in most cases without treatment. Second-
degree AV block reverses only very rarely, whereas complete AV 
block is always irreversible. Unfortunately, to date, no “golden 
bullet” is available that could prevent or treat complete AV block 
and its complications. The key therapeutic concept is to treat 
mothers with single or multiple immunomodulatory agent(s) as 
soon as second- or third-degree AV block is detected in the fetus, 
or “prophylactic” as a previous pregnancy was affected. Case 
reports and small cohort studies suggest that the following  
agents might revert or prevent AV block: fluorinated steroids, 
intravenous immunoglobulin (IVIG), and hydroxychloroquine. 
However, a recent multicenter prospective study has shown that 
the fluorinated steroid dexamethasone could not prevent pro-
gression from second-degree to complete AV block.13 Moreover, 
once complete AV block was observed, dexamethasone could not 
cause it to revert. Two recent multicenter prospective studies (one 
in Europe and one in the United States) demonstrated that IVIG 
given to mothers with a previous child with congenital AV block 
could not prevent recurrence of CAVB.14,15 Most recently, a mul-
ticenter case-control study found that hydroxychloroquine, given 
to mothers with a previous child with cardiac neonatal lupus, 
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Contractile Remodeling

In the acute moments after AV block, the drop in stroke volume 
and/or the increase in ventricular preload induces neurohumoral 
activation to compensate for the reduction in cardiac output. 
This temporarily increased neurohumoral activity involves  
(nor)epinephrine, angiotensin II, and aldosterone, and it consid-
erably improves stroke volume. This process is relatively fast and 
consists of changes in intracellular calcium handling, as well as 
increased sarcoplasmic calcium storage and subcytoplasmic 
sodium concentrations (see Table 106-2), allowing for a larger 
calcium transient, which provides a stronger contraction and 
leads to pumping of more blood out of the heart per beat.

Structural Remodeling

The slower adaptation pathway consists of the development of 
biventricular hypertrophy. Over weeks, this eccentric growth of 
cardiomyocytes becomes visible. As compared with the normal 
heart, the capillary/myocyte ratio is normal with similar expres-
sion of the gap junction Connexin 43 and no increase in fibrosis. 
Conduction velocity therefore is not impaired at all.24

Arrhythmia Consequence

Ventricular remodeling that occurs in the CAVB dog consider-
ably enhances susceptibility to drug-induced torsade de pointes 
(TdP) arrhythmias. In a series of experiments, anesthetized dogs 
in sinus rhythm (normal) or after creation of acute AV block 
(bradycardia) did not respond with TdP (0%) after infusion of 
the drug dofetilide, but in the presence of ventricular remodeling 
(CAVB dog), this incidence reproducibly increased to 75% TdP. 
Numerous TdP occurred not only within a single experiment but 
also over a testing period of weeks. In isolated cardiomyocytes of 
CAVB dogs, infusion of dofetilide induces early afterdepolariza-
tions (EADs)—the presumed trigger for TdP in the intact heart.

Differences Between Left and Right  
Ventricular Remodeling

Contractile adaptations are similar in cases where increases in 
stroke volume are involved. The way this is achieved differs: The 
right ventricle (RV) demonstrates increased hypertrophy and  
less action potential (AP) lengthening, whereas the left ventricle 
(LV) shows the opposite.

Other Animal Models of Complete AV Block
Whereas dogs seem well suited to overcome (acute) bradycardia 
and decreased cardiac output, smaller animals experience greater 
difficulty or even are unable to cope. This holds true for rabbits25 
and mice, which need pacemaker assistance to overcome the drop 
in rate over the long term.

Therapy on the Long Run

Treatment for AV block is divided into acute and chronic phases. 
Acute therapy depends on the presence of bradycardia-related 
symptoms and is aimed at the prevention of acute heart failure 
and/or asystole. Intravenous drug therapy (atropine, isoprenaline, 
or epinephrine) and/or transcutaneous or transvenous temporary 
pacing can be used during this phase.

The decision to proceed from temporary to permanent pacing 
(chronic therapy) is determined by the type, cause, and prognosis 

Animal Models of AV Block and Its 
Consequences

Cellular and Molecular Bases of Ventricular 
Remodeling in CAVB Dogs

Creation of complete AV block in dogs at adult ages (≥1 year) 
initiates numerous cardiac adaptations that in the end (6 to  
10 weeks) result in compensated biventricular hypertrophy in  
the large majority (>95%) of animals.22 Associated with these 
“benign” remodeling processes is enhanced susceptibility to 
repolarization-related arrhythmias, especially with the use of 
drugs that block the rapid component of the delayed rectifier 
current (Ikr) and further reduce repolarization strength. In this 
part of the chapter, various aspects of the ventricular remodeling 
process will be highlighted.

Electrical Remodeling

The drop in heart rate from 100 to 120 to 50 to 60 bpm will 
slightly increase repolarization times (QT time and duration of 
[monophasic] action potentials [APDs]) on the basis of QT-APD/
frequency dependency. A further increase in these repolarization 
parameters is seen with ventricular remodeling. The latter is 
more severe (+35%) and encompasses alterations in both ionic 
currents and different ion pumps (Table 106-2) involved in the 
shift of ion gradients over the sarcolemma and within the cyto-
plasm during each heart cycle. As has been observed recently, 
electrical remodeling not only is dependent on the bradycardia-
induced volume overload but is determined by altered ventricular 
activation caused by the new idioventricular pacemaker.23

The molecular correlates of the altered functions of ion chan-
nels are often nicely noted in the corresponding downregulation 
or upregulation of the α-subunits of important pore-forming 
proteins. Their individual protein function seems intact, as can 
be seen in their response to modulating factors, such as stimuli 
representing the β-adrenergic system. It is therefore the expres-
sion levels of the available numbers of ion channel proteins that 
determine their exact contribution to the shape and duration of 
the ventricular action potential. The emphasis of electrical 
remodeling seems to be on the repolarizing currents (see Table 
106-2), of which Ikr and Iks are downregulated. It is clear that 
electrical remodeling is a fast process that is fully completed 
within 2 weeks, with the first signs of protein alterations already 
evident after 3 days.

Table 106-2 Molecular and Ionic Remodeling in the CAVB Dog

Channel/ Ionic Current Left Ventricle Right Ventricle

Peak and late sodium: INa ↓ =

Delayed rectifier Ikr =/↓ ↓

Delayed rectifier Iks ↓ ↓↓

L-type Ca window ↑ ?

Na/Ca exchange: NCX

Forward (Ca-efflux) ↑↑ ↑

Reverse (Ca-influx) ↑↑ ↑

[Ca]i transient ↑↑ ↑

[Na]i subsarcolemma ↑ ?

Na/H exchanger ↑ ↑

Cx43 heterogeneity ↑ ↑↑



ATRIOVENTRICULAR BLOCK 1049

106 
adults demonstrated that chronic RV pacing might result in elec-
tromechanical dys-synchrony, leading to adverse LV remodeling 
with LV dilatation and asymmetric hypertrophy.28-30 Up to 30% 
of patients develop dilated cardiomyopathy,29 and 5% to 10% 
develop heart failure.30 These unfavorable consequences have 
produced considerable interest in alternative pacing sites. Very 
recently, Salameh et al. described the effects of LV apical pacing 
as opposed to RV free wall pacing on ventricular synchrony, func-
tion, and ultrastructure in a mini-pig model mimicking chronic 
pacing for complete AV block started during early childhood.28 
After 1 year of pacing, the RV free wall–paced animals showed 
the poorest LV performance. Biventricular pacing using cardiac 
resynchronization therapy (CRT) is another treatment modality 
that is not associated with adverse LV effects and can even allevi-
ate the effects of RV pacing in a young patient.31

Future Perspectives

Pacing may be a lifesaving intervention, but it can cause consider-
able morbidity (see earlier). In the future, stem cell–based pace-
makers might replace current instruments, or stem cell–derived 
techniques may be used to rewire the conduction over the AV 
node.32

of AV block. A detailed overview on pacing indications in con-
genital and acquired AV block can be found in current guide-
lines.2 Timing is of crucial importance because not all procedures 
are effective and not all are devoid of adverse effects. As indicated 
in the chronic AV block dog model, these animals are able to 
overcome the reduction in heart rate. Whether young children 
with congenital AV block have the same ability to delay pace-
maker implantation and to what time point is unknown, but it 
remains a point of discussion when problems with chronic (RV) 
pacing are considered.26

Some important points need to be considered: (1) which pace-
maker system should be used, (2) how it should be implanted, 
and (3) which chamber should be paced. Children with congeni-
tal complete heart block are especially challenging to treat 
because of their size, growth, and need for lifelong pacing, often 
combined with the concomitant presence of structural congenital 
heart disease. Transvenous lead implantation might be impossible 
because of the tiny vessel size in neonates and infants or closed 
vascular access to the heart due to palliation of complex congeni-
tal heart disease. In these patients, epicardial pacemaker lead 
implantation represents an alternative with excellent long-term 
performance and durability.27 Traditionally, chronic RV pacing 
has been performed by placing an epicardial lead on the RV free 
wall or an endocardial transvenous lead in the apex of the RV. 
Experimental animal studies and clinical studies in children and 
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ionic currents and AP morphology, have been documented  
in various species, including humans. Sex-based differences in 
clinical arrhythmias are essentially based on these cellular 
dissimilarities.

Ion Channels
Relatively small changes in ionic currents may increase suscepti-
bility to arrhythmias by altering AP morphology and causing 
repolarization abnormalities or QT prolongation. Several sex-
based differences in function, structure, quantity, and currents of 
cardiomyocyte ion channels, including sodium (Na+), potassium 
(K+), and calcium (Ca2+) and their components, have been defined 
(Figure 107-1).

Sex hormones affect Na+ channel function and transmural 
distribution of INa.1 In the canine left ventricle, INa amplitude is 
smaller in female epicardial and endocardial layers. Testosterone 
is able to decrease transmural dispersion in amplitude of INa in 
females, resulting in similar amplitudes as in males. Transmural 
dispersion of INa increases the risk of ventricular arrhythmias in 
females. In castrated male dog hearts, INa amplitudes are similar 
to those in female hearts.

A recent study on healthy human transplant donor hearts 
showed reduced expression of a variety of IK subunits, including 
HERG, minK, Kir2.3, Kv1.4, KChIP2, SUR2, and Kir6.2, in 
women compared with men.2 An isoform switch in Na+/K+-
ATPase was also found in women. In female mouse hearts, total 
IK, transient outward K+ current (Ito) and slow delayed-rectifier 
K+ current (IKs) densities are lower in a higher estrogen state, 
reflecting a direct effect of estrogen on K+ currents.3 This lower 
current density is associated with downregulation of Kv4.3 and 
Kv1.5 transcript levels. In female canine ventricles, total densities 
of Ito, IKs, and L-type Ca2+ currents are different and lead to 
transmural variation in cardiac repolarization.4 Transmural dif-
ferences in IK in females cause differences in ventricular repolar-
ization and provide a molecular link for increased susceptibility 
to ventricular arrhythmias in women. However, sex differences 
in ventricular repolarization are species dependent. In male and 
female guinea pig hearts, expression levels of different K+ chan-
nels, such as ERG, KvLQT1, mink, and Kir2.1, and the density 
of K+ currents (IKr, IKs, and IK1) are similar.5

Gender effects on ICa function and cardiomyocyte Ca2+ content 
have also been documented. Larger L-type Ca2+ (ICaL) currents 
are present in all layers of female canine ventricles compared with 
males.4 The ICaL channel plays a significant role in sex-based dif-
ferences in myocardial excitation-contraction coupling. The 
required Ca2+ for maximum contractile force is lower in males 
than in females. However, these findings are species specific, as 
no sex difference in myofilament Ca2+ sensitivity is seen in the 
cat ventricle.
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Recognition of sex-based differences, with respect to both normal 
cardiac electrophysiology and the pathophysiology of arrhyth-
mias, is important for the diagnosis and treatment of heart 
rhythm disorders in women. As demonstrated in numerous 
studies, various cellular and clinical electrophysiological differ-
ences have been identified between men and women. Although 
genetics and sex hormones partially explain the morphologic dif-
ferences in cardiovascular systems, the mechanisms of sex-specific 
variations in incidence and prevalence of arrhythmias, as well as 
the clinical presentation and prognosis of rhythm disorders, are 
not well characterized. In this chapter, sex differences in cellular 
and clinical electrophysiology, including supraventricular and 
ventricular arrhythmias, sudden cardiac death (SCD), inherited 
arrhythmia syndromes, syncope, pharmacotherapy, and device 
therapies, are reviewed.

Basic Electrophysiology

Since higher resting heart rates and longer rate-corrected QT 
intervals (QTc) were noted in women by Bazett in the early 
twentieth century, sex differences in the electrical properties of 
cardiomyocytes and the myocardial conduction system have been 
extensively studied to explore the pathophysiological variations 
in women with arrhythmias. As is summarized here, sex-based 
differences in clinical arrhythmias could potentially be explained 
by changes in cellular ion channel function, expression patterns, 
ionic currents, action potential (AP) morphology, intercellular 
conduction, autonomic tone, hemodynamics, and the effects of 
sex hormones and genetics.

Cellular Electrophysiology

Significant differences in female cardiomyocyte electrical  
properties compared with those of males, including altered  
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Sarcoplasmic reticulum Ca2+ concentration also has an effect 
on sex-specific cellular Ca2+ regulation. Sex differences in cellular 
Ca2+ transients have been measured in individual epicardial myo-
cytes from female and male rat left ventricles.6 Ca2+ reuptake was 
smaller in magnitude and longer in duration, with greater local 
variability in females. The rate sensitivity of Ca2+ alternans was 
higher in females without significant heterogeneity in cellular 
responses. An increase in the Ni-sensitive Na+/Ca2+ exchanger 
and reduced β-adrenergic responsiveness have been noted in 
male swine left ventricular cardiomyocytes compared with 
females in tachycardia.

Action Potentials
The morphology of the cardiac AP plays an important role in the 
genesis of arrhythmias. Depolarizing inward and repolarizing 
outward ionic currents, intracellular ion concentrations, trans-
membrane potentials, and expression of ion channels determine 
AP morphology and the electrophysiological properties of car-
diomyocytes. Thus, AP characteristics, including AP duration, 
repolarization alternans, restitution slope, and adaptation to 
heart rate, are expected to be different in women than in men 
(see Figure 107-1) in terms of cellular ionic processes, as outlined 
earlier. Regional factors such as transmural dispersion could also 
alter AP morphology in women.

AP duration is longer in female than male ventricles in various 
species, including humans, adult mice, guinea pigs, dogs, and 
rabbits (see Figure 107-1).4,7,8 Human ventricular cardiomyocytes 
in women have a longer AP duration, larger transmural hetero-
geneity of AP duration, and greater susceptibility to proarrhyth-
mic early afterdepolarizations than those in men. However, male 
cells have more prominent phase 1 repolarization and greater 
susceptibility to all-or-none repolarization. These differences are 
associated with altered ICaL, Ito, and IKr densities. Female sex 
hormones cause prolongation of AP duration.3 Slower restitution 
properties and repolarization alternans are noted in female rat 
cardiomyocytes at slower heart rates.6 Underlying ionic mecha-
nisms of rate-dependent changes in AP morphology include 
variation in Ito1 and IKs in AP restitution, as well as ICaL and INaK 
in AP accommodation.7 The sex-based difference in AP 

Figure 107-1.  Sex Differences in Basic Electrical Properties of the 
Heart, Including Ion Channel Function and Action Potential Mor-
phology Action potential duration  is  longer  in women  (red)  than  in men  (blue). 
Women have slower restitution properties, and men have more prominent phase 
1 repolarization. These differences are regulated by altered ionic currents in differ-
ent phases of the action potential.  In parallel, significant sex-based differences  in 
electrocardiographic intervals are seen. Women (red) have shorter PR intervals and 
QRS and P wave durations compared with men (blue). However, QTc intervals are 
longer in women. Although P wave amplitude is greater in women, R wave ampli-
tude is less. 

Ito ICa,L
IKs

IKr

IK1

INa

Women

Men

Expression
of IKs subunits

Table 107-1. Sex Differences in Basic Electrocardiographic and 
Electrophysiological Parameters

Parameters Women Men Reference

PR interval, ms 155 ± 24 163 ± 27 9

P wave duration, ms 108 ± 12 111 ± 12 9

P wave amplitude, µV 140 ± 45 131 ± 41 10

QRS duration, ms 91 ± 13 98 ± 15 9

QRS axis, degrees 31 ± 35 26 ± 40 9

R wave amplitude, µV 450 ± 334 480 ± 365 11

QTc, ms 406 ± 26 418 ± 24 9

QT dispersion, ms 30 ± 11 37 ± 13 14

Heart rate 69 ± 12 67 ± 13 9

Heart rate variability Lower Higher 16

Sinus node recovery time Shorter Longer 17

Atria-His (AH) interval Shorter Longer 18

His-ventricular (HV) 
intervals

Shorter Longer 18

Atrioventricular (AV) block 
of CL

Shorter Longer 19

Slow pathway ERP Shorter Longer 19

AV nodal reentry 
tachycardia CL

Shorter Longer 19

Fast pathway ERP Similar Similar 19

Anterograde fast pathway 
ERP

Shorter Longer 20

AV block cycle length Shorter Longer 20

Retrograde ventriculoatrial 
(VA) conduction

Longer Shorter 20

Atrial ERP Shorter Longer 17

Ventricular ERP Longer Shorter 2

CL, Cycle length; ERP, effective refractory period; µV, microvolt; ms, millisecond.

restitution is thought to be related to heterogeneity in the density 
and recovery kinetics of Ito1. Transmural dispersion of cardiac 
repolarization based on sex is associated with Ito, IKs, and ICaL ionic 
currents, as is shown in adult canine left ventricular myocytes. 
Female M cells have longer AP durations with increasing trans-
mural AP heterogeneity.4 The ionic bases of these sex-specific 
differences are reported to be associated with variations in Ito and 
sustained outward K current (Isus) and IKur, IK1, IK, IKr, and ICaL 
currents in different studies.

Electrocardiography

Sex-based differences in baseline electrocardiographic intervals 
and heart rate were first recognized by Bazett almost a century 
ago and are summarized in Table 107-1. Since that time, multiple 
studies have confirmed his findings and have provided mechanis-
tic insights into the causes of sex differences.

Baseline Intervals
Substantial sex differences in conduction intervals, as well as in 
P wave and QRS morphology, have been noted (see Figure 107-1 
and Table 107-1). Women have shorter PR intervals, QRS and 
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Electrophysiological Study

Intracardiac electrophysiological measurements have been per-
formed in men and women to characterize sex-based differences 
in electrical properties of the heart. The fundamental differences 
between women and men in sinus node function, AV conduction, 
and atrial and ventricular myocardial electrical properties are well 
documented (see Table 107-1).

Sinus Node Function
Sinus node function is different in females starting from child-
hood.17 Sinus node recovery time is significantly shorter in 
women than in age-matched men with structurally normal 
hearts.17,18 Corrected sinus node recovery time remains shorter 
in young and adult females compared with males.

Atrioventricular Conduction Intervals
AV conduction properties are also different in women, as reflected 
by shorter PR, atrial-His (AH), and His-ventricular (HV) inter-
vals, as well as shorter AV block cycle lengths.18 Overall, men 
acquire AV block more often than women. The incidence of dual 
AV nodal pathways is similar in both sexes. However, women 
with symptomatic AV nodal reentry tachycardia (AVNRT) have 
shorter slow pathway effective refractory periods (ERPs) and 
tachycardia cycle lengths but similar fast pathway ERPs com-
pared with men.19 A recent study confirmed these findings, with 
the exception of fast pathway physiology. The anterograde fast 
pathway ERP was found to be shorter in women than in men.20 
During ventricular pacing in the absence of pharmacologic stim-
ulation, women more often have retrograde ventriculoatrial (VA) 
conduction; men are more likely to exhibit VA dissociation.

Electrophysiological Properties of Atria and Ventricles
It has been shown that women have shorter atrial ERPs but 
longer ventricular ERPs than men.18,20 Atrial ERP is similarly 
shorter in girls without structural heart disease compared with 
age-matched boys.17

Presentation and Management  
of Specific Arrhythmias

A sex-specific approach to the diagnosis and treatment of patients 
is essential in providing optimal care. The clinical presentation 
and prognosis of cardiovascular diseases, including heart rhythm 
disorders, are different in women. This section reviews sex dif-
ferences in specific arrhythmias, including supraventricular 
tacharrhythmias (SVTs), ventricular arrhythmias, SCD, inherited 
arrhythmias, and syncope (Table 107-2).

Sinus Node Dysfunction/Tachycardia

Sinus node–related disorders are known to be different in both 
sexes such that women are more frequently affected by sick sinus 
syndrome, and carotid sinus syndrome occurs more commonly 
in men (see Table 107-2). Inappropriate sinus tachycardia is diag-
nosed much more commonly in women younger than 40 years. 
Abnormal autonomic regulation of the sinus node or a related 
immunologic disorder involving cardiac β-adrenergic receptors 
has been speculated to be the cause of this condition in women.

Supraventricular Tachyarrhythmias

The incidence and prevalence of SVT in men and women vary 
according to the type of SVT. Patients with symptomatic 

P wave durations, and RR intervals compared with men, but QTc 
intervals are longer in women.8,9 P wave amplitude is greater in 
women than in men of all ages.10 Sex differences in these param-
eters are recognized at an early age and persist with the aging 
process. Differences in PR interval and P wave duration progres-
sively increase with aging, whereas P wave amplitude progres-
sively decreases in both sexes with aging.10 The QRS complex is 
shorter in duration and lower in amplitude in women after adjust-
ment for left ventricular mass and body weight.11 R wave ampli-
tude is also lower in women. Thus, the diagnostic accuracy of 
QRS morphology–based electrocardiographic criteria for left 
ventricular hypertrophy is significantly less in women than in 
men.

Since Bazett’s initial report, it has been known that women 
have longer QTc intervals than men (see Figure 107-1 and Table 
107-1). This QT prolongation is associated with greater risk of 
ventricular arrhythmias such as polymorphic ventricular tachy-
cardia (VT) or torsades de pointes (TdP). The sex difference in 
QT prolongation is associated with sex hormones.8,9,12 During 
childhood, QTc intervals are similar in boys and girls, but they 
shorten in boys when puberty starts. In adults, men with higher 
testosterone levels continue to have shorter QTc intervals than 
women. Athletes who take large doses of anabolic steroids have 
shorter QTc intervals too. In parallel, women with virilization 
syndromes have shorter QTc intervals compared with castrated 
men and healthy women. After the age of 65 years, QTc gradually 
increases in men and becomes comparable with that in women. 
However, hormone replacement therapy does not have an effect 
on the QTc interval of postmenopausal women. Thus, testoster-
one modulates QTc more effectively than estrogen. Significant 
seasonal variation in QTc intervals has been found among adult 
men but not in women. Monthly mean QTc intervals were con-
sistently greater in women than in men by 5.2 ± 2.3 ms, with no 
seasonal changes noted.13

Another important sex difference in the electrocardiogram is 
QT dispersion. Increased QT dispersion has a significant role in 
the genesis of reentrant arrhythmias and SCD. One study showed 
that QT dispersion is greater in men than in women and dem-
onstrates prominent circadian variation.14 Nevertheless, QT vari-
ability is a predictor of arrhythmic events after myocardial 
infarction in women who have a depressed left ventricular ejec-
tion fraction (LVEF).15 Data derived from the Women’s Health 
Initiative Study show that nonspecific repolarization changes are 
more frequent in women and predict cardiovascular events. 
Repolarization inhomogeneity, as reflected in variation in mean 
RR intervals and beat-to-beat QT intervals in an established time 
domain, is higher in women.

Heart Rate and Heart Rate Variability
Sex differences in heart rate and variability in heart rate under 
different physiological or pathophysiological conditions have 
been studied extensively. The mean heart rate at rest is higher in 
women than in men by 2 to 6 bpm.8,9 This difference is persistent 
even with sympathetic and parasympathetic blockade; therefore 
it is thought to be associated with dissimilarity in intrinsic sinus 
node properties. Sex differences in heart rate and heart rate vari-
ability fluxuate with age, race, physical conditioning, and comor-
bidities. Heart rate variability is a known sensitive index of cardiac 
autonomic regulation. One study showed that heart rate vari-
ability is greater in men than in women in the age range of 33 to 
47 years.16 Heart rate variability is also lower in women with 
newly diagnosed hypertension and in younger women with 
depressive symptoms after an acute coronary event. Cardiac auto-
nomic modulation is significantly different in men and women 
during change of posture. Men have higher values of frequency-
domain parameters of heart rate variability (low-frequency power 
and total power) in supine and standing positions. However, 
high-frequency power is similar in both sexes.
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elderly population. A sex difference for clinical susceptibility to 
AF has been identified. Men are more prone to develop postop-
erative AF and lone AF, particularly the nonfamilial form. A 
possible relation between testosterone levels and lone AF has 
been suggested. Underlying valvular heart disease or heart failure 
is common in women with AF; men more often have AF with 
coronary artery disease (CAD). Overall, women with AF are 
older and have a lower quality of life, more significant comorbidi-
ties, and more symptoms compared with men. Paroxysmal AF 
presents with longer episodes and faster ventricular rates in 
women. AF diminishes the survival advantage in women by 
increasing the risk of death.

Cardioembolic complications with AF are also more prevalent 
in women, although men and women receive anticoagulation at 
similar rates.22 This increased risk of thromboembolism in 
women indicates that sex must be taken into account for risk 
stratification when an appropriate anticoagulation strategy is 
selected. Thus, the CHADS2 risk score (Congestive heart failure, 
Hypertension, Age ≥75 years, Diabetes, and history of Stroke or 
transient ischemic attack [two points for the latter]) has recently 
been expanded to CHA2DS2-VASc, which includes two age cat-
egories (age 65 to 74 years, one point; age ≥75, two points), 
vascular disease (“V,” Atherosclerotic cardiovascular disease, 
history of myocardial infarction, peripheral vascular disease), and 
“Sc,” for “sex category,” for which women receive one point to 
acknowledge their elevated risk of thromboembolism compared 
with men. However, these findings may not apply to all races. A 
recent study among urban Africans reported no sex-based differ-
ences in the incidence of AF, although women had higher 
CHADS2 scores than men. Women with AF were more likely to 
present with hypertensive heart failure but were less likely to 
present with dilated cardiomyopathy or CAD.23

In general, women with AF are treated less aggressively, that 
is, with fewer cardioversions and catheter ablations. Although 
female sex was shown to be a predictor of major adverse events 
during pulmonary vein isolation in initial studies, no significant 
sex difference was reported for procedural success rate, complica-
tions, or long-term outcome in a recent study.24

Atrial Flutter
The first population-based study for atrial flutter showed that the 
incidence of atrial flutter was significantly lower among women 
compared with men. Atrial flutter was 2.5 times more common 
in men after adjustment for age. No sex differences were described 
in the outcome of catheter ablation for atrial flutter. A sex-based 
disparity was noted in the use of cardioversion for in-hospital 
management of patients with atrial flutter, with less frequent use 
of cardioversion in women.25

Atrial Tachycardia
Paroxysmal atrial tachycardia is more common in women than in 
men, but incessant atrial tachycardia has a relatively higher inci-
dence in men.8 Sex-based differences in the characteristics of 
focal atrial tachycardia have been studied in patients who pre-
sented to an electrophysiology laboratory for catheter ablation.26 
Women with focal atrial tachycardia were younger, and atrial 
tachycardia was more commonly associated with other arrhyth-
mias than in men, with a noted increased incidence of AVNRT 
in women. The mechanism of atrial tachycardia was commonly 
automaticity in premenopausal women, and less cardiovascular 
comorbidity was reported. However, no significant sex differ-
ences in other electrophysiological characteristics of atrial  
tachycardia were found, including number of foci, left atrial 
involvement, tachycardia cycle length, rate of success for catheter 
ablation, and rate of recurrence of atrial tachycardia. Tachycardia-
mediated cardiomyopathy secondary to focal atrial tachycardia is 
less common in women than in men.

Table 107-2. Sex Differences in the Incidence and Prevalence of 
Heart Rhythm Disorders

Disease Women Men

Sinus node dysfunction ↑ ↓

Carotid sinus syndrome ↓ ↑

Inappropriate sinus tachycardia ↑ ↓

Atrioventricular (AV) block ↑ ↓

Atrial fibrillation ↓ ↑

Atrial flutter ↓ ↑

AVNRT ↑ ↓

AVRT ↓ ↑

AT ⇌ ⇌
Paroxysmal AT ↑ ↓

Incessant AT ↓ ↑

Tachycardia-mediated cardiomyopathy 
secondary to focal AT

↓ ↑

Left ventricular outflow tract VA ↓ ↑

Verapamil-sensitive fascicular VT ↓ ↑

Right ventricular outflow tract VA ↑ ↓

Inducibility of VA via programmed stimulation ↓ ↑

Sudden cardiac death ↓ ↑

Acquired long QT syndrome ↑ ↓

Congenital long QT syndrome ↑* ↓

Brugada syndrome ↓ ↑

ARVD/C ↓ ↑

Syncope ⇌ ⇌
Cardiogenic syncope ↓ ↑

ARVD/C, Arrhythmogenic right ventricular dysplasia/cardiomyopathy; AT, atrial 
tachycardia; AVNRT, AV nodal reentry tachycardia; AVRT, AV reentrant 
tachycardia; VA, ventricular arrhythmia; VT, ventricular tachycardia.
*Women have a higher incidence of events after age 15 years.

paroxysmal SVT have been evaluated in the electrophysiology 
laboratory for determination of sex-based differences. In one 
study, the incidence of various arrhythmias in women was found 
to be 63% AVNRT, 20% AV reentrant tachycardia (AVRT), and 
17.0% atrial tachycardia; in men it was 45% AVNRT, 39% 
AVRT, and 17% atrial tachycardia.21 A clear hormonal effect on 
triggering SVT episodes has been noted in women. The fre-
quency of symptomatic SVT episodes is more pronounced during 
the luteal phase of the menstrual cycle in premenopausal women. 
SVT is more inducible in a perimenstrual phase during an elec-
trophysiological study. SVT episodes often cluster during this 
period; therefore it is important to consider timing when sched-
uling electrophysiological studies and ablation procedures in 
women, to maximize the chances for successful induction and 
ablation of arrhythmia.

Atrial Fibrillation
The incidence of atrial fibrillation (AF) is lower in women.8 Men 
have a 1.5-fold higher risk of developing AF compared with 
women. The prevalence of AF remains unchanged in women 
with aging, but it increases in men. However, because of the 
greater longevity of women, more women with AF constitute the 



SEx DIFFERENCES IN ARRHYTHMIAS 1055

107 
with respect to success, complications, and recurrence rates are 
similar in both sexes regardless of age.31

Inducibility at Electrophysiological Study
Ventricular arrhythmias are less inducible by programmed stimu-
lation during electrophysiological study in women compared 
with men. As shown in the Multicenter UnSustained Tachycardia 
Trial (MUSTT), inducible sustained ventricular arrhythmias 
occur less frequently in women compared with men (24% vs. 
36%). Ventricular arrhythmias are induced in men almost three 
times more often than in women in some studies. Among survi-
vors of cardiac arrest, a lower rate of inducibility of sustained 
monomorphic VT has been reported in women. Male sex and 
myocardial infarction are independent predictors of arrhythmia 
inducibility in this population.

Sudden Cardiac Death

The overall incidence of SCD is lower in women than in men.8,28,32 
The annual rate of SCD in women is about half that in men at 
all ages combined. The underlying rhythm related to SCD in 
patients with out-of-hospital cardiac arrest is different in men and 
women. Women more often present with asystole and pulseless 
electrical activity, and men usually have VT and VF. Women may 
have better survival after resuscitation for sudden cardiac arrest.33 
SCD more commonly occurs in women with structurally normal 
hearts, whereas 50% of men with SCD have underlying  
structural heart disease.32 CAD is less commonly associated with 
SCD in women (37%) compared with men (56%). Although 
CAD markedly elevates the risk of SCD in both sexes, women 
have a fourfold increased risk of SCD after myocardial infarction 
compared with a 10-fold increased risk in men.32 Also, unrecog-
nized myocardial infarction is more common in women than in 
men.

Heart failure is associated with a higher risk of SCD in both 
sexes, but the absolute risk of SCD in women is one-third that 
in men. Low LVEF (<40%) has no prognostic significance in 
women survivors of out-of-hospital cardiac arrest, although it is 
the strongest independent predictor of mortality in men. The 
presence of CAD is an independent predictor of cardiac and total 
mortality in women. Nonsustained VT and PVCs increase the 
risk of SCD in men but not in women. The fact that women less 
often have recognized heart disease before a cardiac arrest makes 
risk stratification and institution of appropriate treatment to 
prevent SCD more challenging than in men.

Inherited Arrhythmia Syndromes

Inherited arrhythmia syndromes such as long QT syndrome, 
Brugada syndrome, and arrhythmogenic right ventricular dyspla-
sia (ARVD) are commonly associated with sex differences  
(see Table 107-2).28 The mechanisms of sex-specific genetic 
predisposition to inherited arrhythmia syndromes are not well 
understood.

Long QT Syndrome
Sex differences in the incidence, prevalence, and risk of cardiac 
events in patients with congenital or acquired long QT syndrome 
(LQTS) are well recognized.8,28 The LQTS International Regis-
try showed a female predominance in congenital LQTS. The risk 
of cardiac events in adult women with LQTS is three times 
higher than in men. In particular, women with LQTS2 experi-
ence the highest rate of events.34 However, men have a higher 
risk of SCD before the age of 15 years. Among family members 
of patients with LQTS, the cardiac event rate is higher in male 

Atrioventricular Nodal Reentrant Tachycardia
A sex-based difference in AVNRT is well known.8 AVNRT is 
twice as common in women as men, and it starts at a younger age 
in women. Both typical and atypical types of AVNRT are more 
common in women. This increased incidence is likely associated 
with sex differences in AV conduction properties, as were 
described earlier. Anterograde and retrograde AV nodal physiol-
ogy is different in women with AVNRT.19,20 During electrophysi-
ological study, women have a higher incidence of multiple jumps, 
as well as shorter AH intervals, atrial ERP, anterograde fast 
pathway ERP, anterograde slow pathway ERP, and retrograde 
slow pathway ERP, and longer ventricular ERP. Induction of 
AVNRT requires less pharmacologic intervention in women. No 
significant sex differences in procedure times, complication rates, 
or acute success rates have been reported. Younger women (≤50 
years of age) have been noted to have a higher incidence of 
anterograde multiple jumps and a retrograde jump phenomenon, 
as well as shorter anterograde slow pathway ERPs and retrograde 
slow pathway ERPs, compared with women over the age of 50. 
Although catheter ablation is equally successful in men and 
women, recent studies suggest the possibility of a higher recur-
rence rate in young women.

Atrioventricular Reentrant Tachycardia
Several studies have confirmed a higher incidence of AVRT in 
men, but most patients with AVNRT and atrial tachycardia are 
women.8,21 AVRT and the Wolff-Parkinson-White (WPW) syn-
drome are less common in women by a ratio of 1 : 2 in women 
versus men. Electrophysiological characteristics of accessory AV 
pathways in 1821 consecutive patients were evaluated with 
respect to sex differences.27 Women accounted for 39% of this 
patient population. The anterograde accessory pathway ERP was 
shorter in men (<250 ms). Men had more antidromic AVRT then 
women. More left-sided but fewer multiple accessory pathways 
were described in men. Rates of success with catheter ablation, 
rates of complications, and number of recurrences of accessory 
pathway conduction after ablation were similar in both sexes. 
Men with WPW syndrome are known to have a higher incidence 
of AF and ventricular fibrillation (VF) events.

Ventricular Arrhythmias

Sex differences in ventricular arrhythmias, including sustained or 
nonsustained VT and premature ventricular complexes (PVCs), 
are well recognized in structurally normal hearts and in structural 
heart disease.8,28 The incidence of ventricular arrhythmia varies 
in men and women on the basis of origin and mechanism (see 
Table 107-2).

Structurally Normal Hearts
A significant sex difference has been observed in the epidemiol-
ogy of idiopathic ventricular arrhythmias as defined in several 
studies. Right ventricular outflow tract ventricular arrhythmias 
are more common in women, with a ratio of 2 : 1.29 However, 
most cases of verapamil-sensitive fascicular VT occur in men, 
with a 3 : 1 male predominance. Left ventricular outflow tract 
ventricular arrhythmias are more common in men.29 The success 
rate with catheter ablation is similar in both sexes for right or left 
ventricular outflow tract VT.

Structural Heart Disease
Sustained monomorphic VT often occurs in the presence of scar 
secondary to myocardial infarction and is more common in men 
than in women. However, no significant sex difference has been 
found in the incidence of VT or electrical storm in patients with 
nonischemic cardiomyopathy.30 Outcomes of catheter ablation 
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testing poorly because of a blunted vasoconstrictor response. 
Mean arterial pressure is lower in women, but heart rate and 
cardiac index are similar in both sexes.

Treatment and Outcome
No clear sex distinction has been made regarding the manage-
ment of patients with syncope or the response to conservative 
treatment of patients with vasovagal syncope. Overall, men are 
more likely to have cardiac syncope and worse cardiac event-free 
survival. However, syncope in women is associated with poorer 
quality of life. New-onset syncope of unknown origin in the 
elderly is not an independent predictor of mortality in either sex.

Pharmacotherapy

Overall, women are at greater risk for adverse drug reactions as 
a result of differences in physiology, pharmacokinetics, and phar-
macodynamics.40 Many factors cause sex-specific differences in 
pharmacotherapy in women, such as a lower body mass index, a 
higher proportion of body fat, a lower creatinine clearance, and 
a smaller organ size.41 In general, drug absorption may be slower 
in women. Differences in pharmacokinetics of drugs in women 
are important for drugs with narrow therapeutic margins such as 
antiarrhythmic drugs. Sex differences are mainly modulated by 
the activity of drug-metabolizing enzymes, particularly the cyto-
chrome P450 (CYP) system.40 For example, CYP3A4 contributes 
to first-pass metabolism of most cardiovascular drugs, including 
diltiazem, quinidine, verapamil, and statins. Higher expression of 
CYP3A4 messenger RNA and twofold higher CYP3A4 levels are 
found in women on liver biopsy. A sex-specific difference for 
CYP2D6, which has a role in the metabolism of flecainide, mexi-
letine, propafenone, metoprolol, and, in part, propranolol, is 
controversial. Sex hormones that mediate menstrual cycles, preg-
nancy, and menopause also affect the pharmacokinetics of drugs. 
Changes in CYP2D6 activity during menstruation and pregnancy 
and after ovariectomy have been demonstrated. In parallel, oral 
contraceptives are known to increase or decrease drug concentra-
tions of coadministered medications.

Antiarrhythmic Drugs

It is important to recognize sex differences during treatment with 
antiarrhythmic drugs. Women develop proarrhythmia with anti-
arrhythmic drugs more often than men.28,40,41 Class I and III 
antiarrhythmics more often cause TdP in women in association 
with QT prolongation. As has been discussed, differences in 
activity and density of ion channels, particularly K+ channels, in 
female cardiomyocytes may increase vulnerability to QT prolon-
gation in women. The latter may increase the risk of TdP in 
women and may contribute to other gender-specific differences 
in pharmacotherapy. Serum levels of procainamide are higher in 
women. Longer QT intervals in healthy women have been shown 
with ibutilide treatment. Women are at higher risk for mortality 
and TdP with d,l-sotalol treatment. Similarly, female sex is a 
significant risk factor for the development of TdP with dofetilide 
treatment. Also, women develop TdP twice as frequently as men 
with amiodarone.

Women have a higher mortality rate with digoxin treatment 
compared with men. This is thought to be associated with higher 
serum levels of digoxin in women despite lower administered 
digoxin doses, in addition to gender-specific differences in cel-
lular sodium and calcium handling. Women have higher plasma 
levels of β-blockers as well. Calcium channel blockers demon-
strate sex-specific differences with respect to pharmacokinetics 
and pharmacodynamics, but no significant difference in mortality 

than female LQT1 carriers, but no age/sex difference was 
detected in LQT2 and LQT3 carriers. A recent study showed 
that estradiol is proarrhythmic in transgenic LQT2 rabbits, but 
progesterone demonstrated an antiarrhythmic effect.35 As has 
been discussed, women have a longer QTc at baseline, and sex 
hormones have direct effects on QT prolongation and cardiac 
events. The result is that acquired LQTS is more common 
among women than among men. Women are at greater risk of 
developing TdP with drug-induced acquired LQTS.28 Most 
reported cases of drug-induced TdP occur in women, as is dis-
cussed later.

Brugada Syndrome
Brugada syndrome is more prevalent in men.28 Cardiac events 
including VF and SCD occur more commonly in men with 
Brugada syndrome compared with women. Men with previous 
symptoms, type 1 electrocardiograms (ECGs), and inducible ven-
tricular arrhythmias during electrophysiological studies are at 
higher risk for cardiac events. In contrast, a longer PR interval is 
the only predictor for cardiac events in women with Brugada 
syndrome.36 Women with Brugada syndrome have been found to 
have more conduction disturbances and longer QTc intervals in 
response to Na channel blockers compared with men.

Arrhythmogenic Right Ventricular Dysplasia
Women are less likely than men to have ARVD (29% vs. 71% 
among 171 consecutive patients).37 At clinical presentation, the 
male-to-female ratio is 3 : 1, but no gender difference is noted in 
genotyped cohorts. ECG abnormalities, including the presence 
of late potentials, are more often present in men.28 Half of women 
patients with ARVD have normal ECGs. Age at the time of 
diagnosis and prevalence of index cases and family members are 
similar in both sexes. Men have larger right ventricular dimen-
sions compared with women. However, the incidence of life-
threatening ventricular arrhythmias is comparable in men and 
women.

Syncope

The Framingham Heart Study showed that the overall incidence 
of syncope is similar in men and women, with a first report of 
syncope of 6.2 per 1000 person-years. Syncope rates increase in 
older men and women, particularly beyond 70 years of age. In a 
recent study, the prevalence of syncope was found to be greater in 
women among patients who presented to the emergency depart-
ment for syncope.38 Women with syncope are younger than men. 
Although cardiac causes of syncope and seizure disorders are less 
common in women, syncope of unknown cause is more frequently 
found in women and increases the risk of death from any cause. 
The incidence of stroke or transient ischemic attack, vasovagal 
cause, orthostatic cause, medication, and other causes of syncope 
are similar in both sexes. Syncope while driving occurs more com-
monly in men and is most often neurally mediated.

Evaluation and Diagnostic Testing
The diagnostic yield of clinical evaluation, including history and 
physical examination, in patients with syncope is similar for both 
sexes. No sex-specific difference has been reported regarding the 
diagnostic usefulness of initial testing for syncope, including 
ECG, chest X-ray, brain computed tomography (CT) scan, 
orthostatic testing, tilt test, Holter, and others. However, a sex 
difference in orthostatic tolerance has been noted as a cause of 
syncope or presyncope. Compared with men, women have more 
prominent orthostatic intolerance regardless of the menstrual 
phase.39 During tilt-table testing, healthy women have signifi-
cantly lower blood pressure and greater orthostatic drop in pos-
terior cerebral artery flow velocity. Women may tolerate tilt-table 
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patients with heart failure and low LVEF compared with antiar-
rhythmic therapy or placebo.

Utilization
Significant sex-based disparities have been regarding the utiliza-
tion of ICDs. Data from a sample of Medicare beneficiaries who 
met the criteria for ICD implantation for primary prevention of 
SCD revealed that a significantly lower number of women com-
pared with men received ICDs in the first year of their diagno-
sis.44 In an observational study of more than 13,000 patients with 
LVEF <30% who were eligible for ICD therapy, the odds of ICD 
use were 0.62 for Caucasian women and 0.56 for African Ameri-
can women, when compared with Caucasian men after adjust-
ment for patient characteristics and hospital factors.45 In the 
IMPROVE HF study, the use of ICDs was significantly less in 
women than in men.43

Response
Several major primary and secondary prevention SCD trials 
showed that the overall mortality rate was comparable in men 
and women, despite sex differences in baseline characteristics and 
clinical arrhythmia at the time of presentation. In a post hoc 
analysis of the Sudden Cardiac Death in Heart Failure Trial 
(SCD-HeFT), a significant reduction in mortality was noted in 
men but not in women with ICD therapy compared with amio-
darone or placebo for the primary prevention of SCD in patients 
with heart failure and LVEF ≤35%. This finding may have been 
the result of the lower risk of SCD in women and the smaller 
number of women enrolled in this study. No sex difference in 
mortality rate was observed in the MADIT II trial.

Cardiac Resynchronization Therapy

Several large clinical trials have demonstrated the benefits of 
CRT in men and women with heart failure refractory to optimal 
medical therapy, reduced LVEF, and evidence of electromechani-
cal delay. As is summarized here, recent studies have specifically 
addressed sex differences in use of and response to CRT in this 
population.

Utilization
As with ICD utilization, a significant gap in the use of CRT has 
been noted among indicated women. Underutilization of CRT 
in women is related in part to education among physicians, as the 
IMPROVE HF trial showed that only 35% of indicated female 
patients initially had a CRT device; this improved to 65% at 24 
months with increased physician education.

Response
Multiple clinical trials have shown that CRT is an effective 
therapy in women. In the Multicenter InSync Randomized Clini-
cal Evaluation (MIRACLE) trial, women who received CRT 
therapy experienced significant improvement in time to first 
heart failure hospitalization and death compared with women  
not treated with CRT. In addition, women derived greater  
benefit in this population. This sex difference persisted after 
adjustments were made for the cause of heart failure, which  
more often is due to nonischemic cardiomyopathy in women. 
CRT equally improves clinical and echocardiographic parameters 
in both sexes. However, female sex is independently associated 
with a better response to CRT with respect to survival and  
functional status.46 Functional status may recover more fully 
in women than in men with CRT. The SMART-AV trial  
showed that greater reduction of the left ventricular end-systolic 
volume index and a higher rate of biventricular pacing with AV 
optimization are potential reasons for a better response to CRT 
in women.47

and morbidity has been noted. Both β-blockers and calcium 
channel blockers provide more prominent blood pressure reduc-
tion in women than in men. Despite a greater incidence of side 
effects, the efficacy of antiarrhythmic drugs in women is relatively 
comparable with that in men. In general, women are prescribed 
antiarrhythmic drugs less often than men.

Acquired Long QT Syndrome

Women are more commonly affected by acquired LQTS than 
men in association with medications or electrolyte abnormali-
ties.28 The incidence of antiarrhythmic drug–induced TdP is 
higher in women, although women receive less antiarrhythmic 
drug treatment than men. As has been discussed, class IA and 
class III antiarrhythmic medications, including amiodarone, 
dofetilide, ibutilide, sotalol, quinidine, disopyramide, and azim-
ilide, cause TdP in women more often than in men. Other medi-
cations such as psychotropic drugs, antibiotics, and antihistamines, 
including erythromycin, pentamidine, astemizole, terfenadine, 
probucol, cisapride, methadone, and bepridil, have been reported 
to cause acquired LQTS and TdP in women. The mechanism of 
this vulnerability to acquired LQTS in women is not well under-
stood. Underlying sex-specific changes in ventricular repolariza-
tion, cellular electrical properties, genetics, and sex hormones 
contribute to sex-based susceptibility to acquired LQTS. Thus, 
special precaution is required to prevent acquired LQTS when 
these medications are initiated in women.

Anticoagulation

Sex differences in anticoagulation treatment are well documented. 
Anticoagulation with warfarin is known to be more challenging in 
women. It has been shown that women have a lower probability 
of optimal anticoagulation and a higher risk of complications 
related to anticoagulation therapy. Maintaining anticoagulation 
levels within the therapeutic range is more difficult in women  
than in men.42 Male sex is an independent predictor of stable 
international normalized ratio (INR) control and lower risk  
for side effects from anticoagulation. Despite similar INRs, 
women with AF are at higher risk of stroke compared with  
men. As was shown in the IMPROVE HF study, women  
receive anticoagulation therapy for AF significantly less often 
than men.43 Dabigatran has a 3% to 19% higher mean plasma 
concentration-time curve at steady state in elderly women com-
pared with elderly men. However, no sex-based side effects have 
been reported.

Implantable Device Therapy

Implantable cardioverter-defibrillators (ICDs) and cardiac resyn-
chronization therapy (CRT) are commonly used in men and 
women in current practice. The smaller number of women in 
clinical trials and the lower risk of SCD in women have made it 
difficult to detect differences in outcomes with implantable 
device therapy. However, sex differences in utilization of these 
devices and in response to device therapy have been reported.

Implantable Cardioverter-Defibrillators

The efficacy of ICDs in the primary or secondary prevention of 
SCD has been shown in many prospective, randomized trials. 
ICD therapy significantly reduces mortality in men and women 
with prior SCD or sustained ventricular arrhythmias and in 



1058 ARRHYTHMIAS IN SPECIAL POPULATIONS

monomorphic and originate from the right ventricular outflow 
tract. VT disappeared completely in all patients during the postpar-
tum period. Heart rate variability was lower during pregnancy and 
QTc intervals were normal in all patients. In another study, women 
with LQTS showed a reduced risk of cardiac events during preg-
nancy.50 However, cardiac events during the 9-month postpartum 
period were significantly higher in women with LQTS, particularly 
with the LQT2 genotype. It is thought that an increased heart rate 
during pregnancy provides a protective effect on the QT interval.

Management of Arrhythmias During Pregnancy 
and the Postpartum Period

Although evaluation of arrhythmias in pregnancy is the same as 
in the general population, management of arrhythmias requires 
different approaches.28 Almost all cardiac medications including 
antiarrhythmics cross the placenta and are secreted in breast milk. 
If paroxysmal SVT episodes occur in pregnant women and vagal 
maneuvers fail to terminate tachycardia, adenosine, metoprolol, 
or verapamil can be used in an acute setting. β-Blockers such as 
metoprolol are considered relatively safe in late pregnancy. 
However, atenolol is reported to be unsafe for pregnant or breast-
feeding women because it may cause fetal hypoglycemia and 
bradycardia. Digoxin, quinidine, adenosine, and verapamil have 
been used in pregnant women, and no adverse fetal effects have 
been reported. Amiodarone causes fetal hypothyroidism and is 
not recommended for pregnant or breastfeeding women. To 
prevent postpartum hemorrhage, verapamil must be discontinued 
when labor starts. Management of AF is more challenging during 
pregnancy. Direct current cardioversion can be used cautiously. 
Class IC and class III antiarrhythmics for rhythm control are not 
safe during pregnancy or lactation. Metoprolol or digoxin may 
be used for rate control. If ventricular arrhythmias occur, lido-
caine, procainamide, or cardioversion can be used to terminate 
ventricular arrhythmias. β-Blockers are effective in reducing 
cardiac events during the postpartum period in women with 
LQTS. Thus, β-blocker therapy should be continued during 
pregnancy and the postpartum period in women with LQTS  
and TdP.

Pregnancy and the Postpartum Period

Early recognition and management of arrhythmias during preg-
nancy and the postpartum period are essential in providing 
optimal care. Arrhythmic events during pregnancy are associated 
with an increased risk of adverse events in the fetus and the 
mother. In general, electrocardiographic parameters remain 
unchanged in pregnancy. However, resting heart rate increases 
by approximately 10 bpm in pregnancy as a response to signifi-
cant hemodynamic changes.8 A leftward shift of the electrical axis 
may be seen secondary to enlargement of the gravid uterus. 
Incidences of SVT, ventricular arrhythmias, and SCD are altered 
in the prepartum and postpartum periods of pregnancy in asso-
ciation with various hemodynamic and neurohormonal changes. 
Women with SVT or ventricular arrhythmias may have exacerba-
tion of their arrhythmias during pregnancy. Characteristics of 
arrhythmias in pregnancy are summarized in Table 107-3.

Supraventricular Arrhythmias

The incidence of new-onset SVT and the recurrence of SVT 
episodes increase during pregnancy. Multiple potential mecha-
nisms could be associated with these events, including changes in 
hormonal condition, autonomic tone, or hemodynamics. Half of 
women with a history of SVT developed recurrences of SVT 
episodes during pregnancy in one series.48 All women with known 
SVT require long-term follow-up during pregnancy, and symp-
tomatic patients may require antiarrhythmic drugs to block 
accessory pathways or suppress tachycardia during pregnancy.

Ventricular Arrhythmias and Sudden Cardiac Arrest

During pregnancy, VT may recur in pregnant women who are 
known to have ventricular arrhythmias.48 The onset of new ven-
tricular arrhythmias during pregnancy has been found to be distrib-
uted equally over all three trimesters and exhibits similar 
characteristics to idiopathic VT.49 Most cases of VT are 

Table 107-3. Arrhythmias During Pregnancy and the Postpartum Period

Conditions Characteristics Management

Normal pregnancy ↑ resting HR (≈10 bpm)
Leftward shift of the axis
↑ complaints of palpitations
↓ QTc interval with ↑ HR

Monitoring and supportive care

SVA Recurrences of arrhythmias
↑ episodes
↑ symptoms
↑ incidence of new-onset SVA

Treatment of triggers/underlying conditions
Terminate tachycardia with following steps:
Vagal maneuvers → Adenosine →
Metoprolol or Verapamil → Cardioversion

VA ↑ risk of recurrent VA episodes
↑ incidence of new-onset VA
Mostly monomorphic
Similar characteristics of idiopathic VA
Frequently originates from RVOT

Cardioversion or defibrillation if hemodynamically unstable
Lidocaine if hemodynamically stable
Procainamide for long-term therapy
Cardioselective β-blocker for prophylaxis

LQTS ↑ risk of cardiac arrest in postpartum
↑ incidence of torsades de pointes

Cardioselective β-blockers to prevent cardiac events

bpm, Beat per minute; HR, heart rate; LQTS, long QT syndrome; RVOT, right ventricular outflow tract; SVA, supraventricular arrhythmia; VA, ventricular arrhythmia.
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and 6.37 per 100 000 person-years between 12 and 19 years of 
age.11 Among a U.S. pediatric population of more than 74 million 
between 1 and 18 years of age (U.S. Census data, 2010: http://
www.census.gov/prod/cen2010/briefs/c2010br-03.pdf), between 
3000 and 5000 sudden cardiac arrests are reported per year. 
Reasonably good data indicate that 100 to 150 SCDs occur in 
sports.1 Thus, it appears that most SCDs in the young occur 
outside of athletics.

This lower incidence of SCD in sports has also been seen in 
Germany and Denmark. Only 176 of 48 335 fatalities in Hamburg, 
Germany, were seen in sports.12 In Denmark only 15 of 5662 
deaths in individuals between 12 and 35 years of age were sports 
related.8 The incidence of SCD in athletes (1.21/100 000 person-
years) was lower than that in the general population (3.76/100 000 
person-years). In a general pediatric population in Japan, the 
incidence of SCD was 1.32 per 100 000 person-years.9 Among 
U.S. military recruits, the incidence of SCD was 1.32 per 100 000 
person-years, with a sudden death rate of 13 per 100 000 person-
years.10 In a Dutch study, the incidence of cardiac arrest in the 
population <21 years old was 3.2/100 000 person-years.13 Thus, 
most data indicate a similar or lower incidence of SCD in athletes 
and nonathletes. Yet these data are far from complete because 
most athletic deaths are counted as athletic deaths only if they 
occur on the playing field. Deaths in athletes that occur outside 
of sports generally are not noted by the media and thus are not 
viewed as athletic deaths.

Etiology of SCD in the Athlete

As in nonathletes, most athletes with SCD have an underlying 
cardiac abnormality (Figure 108-1). In the United States, the 
most common underlying cardiac condition is hypertrophic car-
diomyopathy (HCM).1 Coronary artery anomalies, myocarditis, 
Marfan’s syndrome, arrhythmogenic right ventricular cardiomy-
opathy (ARVC), valvular disease, and dilated cardiomyopathies 
account for most of the remaining cases of underlying heart 
disease. Commotio cordis, one of the few causes of SCD with a 
normal heart, accounts for nearly 20% of cases of SCD in 
athletes—the second most common cause in the United States.1 
In Italian series of SCD in athletes, ARVC is found in 22%, and 
HCM is present in 2%.3 These changes in origin could be related 
to the Italian screening process for athletes but also could reflect 
different genetic penetrations of ARVC and HCM. Anomalous 
coronary arteries and coronary artery disease (CAD) account for 
a significant percentage of cases of SCD.

Recently, in the general population, early repolarization has 
been reported to be associated with SCD.14,15 These reports are 
of potential concern for the athletic community because early 
repolarization is seen in up to 76% of athletes.16,17 However, it is 
apparent that in studies that report an association with SCD, 
early repolarization is defined differently than it had been defined 
previously.18 In studies linking early repolarization to SCD, 
abnormalities were defined as terminal slurring of the QRS or 
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The discussion on sudden cardiac death (SCD) in athlete in the 
past 5 years has been dominated by the emotional issue of whether 
screening should include electrocardiograms (ECGs). Despite 
conflicting data on the issue, strong opinions have been formed 
and continue to be meted out in medical journals and the popular 
media. Over the past 5 years, additional data have become avail-
able on screening and abnormalities seen on ECGs of athletes of 
diverse races. The underlying conditions and mechanisms of 
SCD have not noticeably changed, but resuscitation has improved, 
likely secondary to the penetration of automated external defi-
brillators (AEDs) and cardiopulmonary resuscitation (CPR) 
training.

Epidemiology of Sudden Cardiac  
Death in Athletes

In the United States, approximately 150 young athletes die sud-
denly during sporting activities, for an incidence of 0.5/100 000 
athletes a year.1,2 Similar incidences are seen in Italy.3 Based on 
the often intense media attention generated by SCD in the 
athlete, it appears that SCD deaths in athletes are much more 
common than in nonathletes. However, this impression is not 
borne out by the data. Early data from Italy show that the risk of 
SCD in athletes (2.3 in 100 000 per year) is greater than that in 
nonathletes (0.9 in 100 000 per year).4 In the United States, bas-
ketball players may be at higher risk of SCD, with one study 
reporting an incidence of 3.6 per 100 000 person-years in male 
basketball players,2 and in a more recent survey in National Col-
legiate Athletic Association (NCAA) colleges, the risk of SCD in 
male Division I basketball players was as high as 1 in 3100 
person-years.5

However, most data do not support an increased risk of SCD 
in athletes.2,3,6-11 Data from the Padua region, which initially 
showed a higher risk of SCD in athletes, later demonstrated that 
death rates in athletes were similar to those in nonathletes.3 In 
most series of SCD in the young, deaths outside of sports far 
exceed deaths in sports. In the Resuscitation Outcomes Consor-
tium (ROC), the incidence of sudden cardiac arrest in all children 
was 3.73 in 100 000 person-years between 1 and 11 years of age 
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However, individuals with LQT2 and LQT3 are not at increased 
risk of cardiac events with exercise, but rather with sleep. 
β-Blocking agents, which block the sympathetic surge with exer-
cise, reduce the risk of arrhythmia in LQT1 but do not decrease 
the risk in LQT3.27,28

Patients with catecholaminergic polymorphic ventricular 
tachycardia (CPVT) also are at increased risk of arrhythmias with 
exertion.29 Arrhythmias are typically provoked at the same level 
of exertion, and SCD during exertion is typical. β-Blockade is 
particularly effective in this condition. In patients with ARVC, 
arrhythmias may be provoked by exercise, and β-blockade may 
be effective in decreasing arrhythmias.

Exercise-induced triggering of sudden death is not as well 
documented in HCM. Although some data suggest that 

early notching of the J wave, unlike previous definitions, which 
primarily consisted of J point elevation with accompanying ST 
elevation (Figure 108-2).18 Early repolarization of the latter defi-
nition is very common among trained athletes; however, no data 
have suggested that early repolarization is a cause of SCD in 
athletes.19 And in fact, available data argue that the early repolar-
ization pattern observed in the athlete is not a marker of increased 
arrhythmic risk.20

In nonathletic populations such as the military and the general 
public, causes of sudden death in the young differ from those of 
athletic SCD. Genetic cardiomyopathies are much less common, 
and myocarditis, anomalous coronary arteries, CAD, and normal 
hearts are more frequent.10,21,22 In nonpediatric populations, 
underlying CAD is often found.

Acute Triggering of SCD with Athletic Activity

Sound data have linked acute triggering of SCD to athletic activ-
ity. In large, well-studied populations, vigorous activity tempo-
rarily increases the risk of SCD for the period during vigorous 
exertion and for 30 to 60 minutes afterward.23-26 In the Physicians 
Health Study, acute exercise temporally increased the risk of 
SCD 11-fold among individuals who were habitual exercisers  
and 74-fold in those who did not regularly exercise.24 Yet, even 
with the association of SCD with exertion, habitual exercise 
lowered all-cause mortality, likely by affecting the risk factors for 
CAD.

How exercise triggers SCD is multifactorial and is related to 
hemodynamic and adrenergic stimulation (Figure 108-3).26 Trig-
gering of SCD with exercise is best documented but still incom-
pletely understood in the long QT (LQT) syndrome (Table 
108-1).27,28 In LQT1, the most common trigger of syncope and 
SCD involves high sympathetic states such as exercise or fright. 
LQT1 patients, in particular, have SCD during swimming. 

Figure 108-1.  Relative Incidence of Underlying Disease in SCD of Athletes in United States1 and Italy4 and of Military Personnel <35 Years 
of Age in United States22 and New Zealand21 Note the regional differences in the incidences of HCM, commotio cordis, ARVC, coronary disease, and myocarditis. 
HCM is most commonly observed in U.S. athletes and ARVD in Italian athletes, but in nonathletic populations, anomalous coronary arteries, coronary artery disease, and 
myocarditis are more common causes of SCD. 
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Table 108-1. Exercise as a Time-Specific Trigger to Arrhythmias 
and Sudden Cardiac Death and Exercise as a Potential Adverse or 
Beneficial Remodeler to Arrhythmias and Sudden Cardiac Death

Exercise as 
Trigger

Exercise as 
Remodeling

HCM ? ↑ ? ↑

ARVC ↑ ↑ ↑ ↑ ↑

Anomalous arteries ↑ ↑ �

LQTS ↑ ↑ ↑ (LQTS 1) �

CAD ↑ ↑ ↓ ↓

Myocarditis ↑ �

CPMVT ↑ ↑ ↑ ↑ �

Marfan’s ↑ ↑ ? ↑
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Benefits of Exercise

Epidemiologic data show the benefits of regular exercise in  
the prevention of CAD and the reduction of mortality (Figure 
108-4).23,24,32 Reduction in cardiovascular events is likely brought 
about by a number of beneficial effects of exercise, including 
decreased weight and blood pressure, improved lipids and glucose 
tolerance, and increased adherence to a healthy lifestyle, which 
includes increased attention to diet and reduction in tobacco 
product consumption. This reduced risk of cardiac events is seen 
with chronic energy expenditure as minimal as walking and 
appears to increase with the both the time and the intensity of 
exercise.32,33 In general, the more vigorous the exercise, the 
greater are the long-term benefits. It has been argued that low 
cardiovascular fitness constitutes the largest attributable risk for 
all-cause mortality.34,35 American Heart Association physical 
activity guidelines call for 30 minutes of moderate intensity 
aerobic activity 5 days a week or vigorous intensity aerobic activ-
ity 3 days a week.36 In addition to reducing physical disease, 
evidence shows that sport participation, including but not 
restricted to competitive sports, reduces the risk of suicide—an 
especially important consideration for the young, among whom 
suicide is the third leading cause of death.37,38

However, for individuals with congenital heart disease, there 
has never been any documentation of reduced mortality with 
exercise.39 It may even be that the opposite is the case; habitual 

Figure 108-2.  An ECG of the type of early repolarization described in athletes. J point elevation with ST elevation is seen in up to 76% of athletes.16,17      
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competitive athletes with HCM are at increased risk for SCD, it 
is not clear whether this increased risk is due to increased trig-
gering of arrhythmias or to remodeling of the substrate, which 
increases the risk of SCD. Epidemiologic data demonstrate that 
sudden cardiac death in athletes with HCM occurs most com-
monly in the afternoon—a time when training and competitive 
events are held.30 Many case reports and descriptions of athletes 
document SCD during exercise.

Patients with anomalous coronary arteries nearly exclusively 
die secondary to exercise-induced triggering of arrhythmias, 
quite likely mediated via acute coronary ischemia and resultant 
ventricular arrhythmias. Similarly, acute myocardial ischemia in 
patients with CAD may trigger arrhythmias. Marfan’s syndrome 
is another disease for which exercise can provoke an acute trigger 
of dissection and sudden death.

Whether sympathetic drive affects the risk of commotio 
cordis is not entirely clear. In the Commotio Cordis Registry, 
nearly 60% of events occur during competitive sports. It is 
extremely unlikely that competitive sports account for 60% of 
the incidences of being struck in the chest by balls or other 
objects. Thus, it is possible that the high adrenergic drive associ-
ated with competition in commotio cordis also increases the risk 
of SCD.31

For the Brugada syndrome, myocarditis, and dilated cardio-
myopathies, none of the current evidence indicates that exertion 
triggers arrhythmias.28
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Figure 108-3.  Exertion- and post-exertion–related physiologic changes that increase the risk of arrhythmias. 

(From Thompson PD, Franklin BA, Balady gJ, et al: Exercise and acute cardiovascular events placing the risks into perspective: A scientific statement from the American Heart 
Association Council on Nutrition, Physical Activity, and Metabolism and the Council on Clinical Cardiology. Circulation 115:2358-2368, 2007; reproduced with permission.)
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(From Shiroma EJ, Lee IM: Physical activity and cardiovascular health: Lessons learned 
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122:743-752, 2010; reproduced with permission.)
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1.2 exercise and especially competitive exercise may increase the risk 
of sudden cardiac death.4 This potentially harmful effect is sug-
gested by epidemiologic studies in which diseases such as HCM 
and ARVD are overrepresented in athletic populations with SCD 
compared with the general population. Mice data provide support 
for worsening of the ARVC phenotype with exercise.40,41

Some evidence suggests that overtraining may have adverse 
cardiovascular effects.42 Data from Italy show that intense train-
ing increases premature ventricular arrhythmias, but this increase 
appears to be benign.43 Other data for ventricular proarrhythmias 
in humans are anecdotal; these have been observed predomi-
nantly in a rat model of long-term intensive exercise.44 However, 
accumulating evidence shows a higher incidence of atrial fibril-
lation in athletes.45,46 It is believed that this increased risk is due 
at least in part to the high vagal tone of the athlete, and atrial 
fibrillation typically is initiated during sleep. With decondition-
ing, episodes of atrial fibrillation may be diminished. Increased 
left atrial dimensions seen in athletes47 and subsequent increases 
in atrial wall strain/stretch may play a role in the mechanism of 
atrial fibrillation.48

Electrocardiograms in Athletes

Abnormalities in ECGs of athletes are common (Table 108-2).49 
Whether these alterations are due to conditioning effects  
of sports or to underlying cardiac pathology is of critical  
importance. In the Padua screening series, nearly 10% of the 
individuals screened had abnormal ECGs.50 Sinus bradycardias, 
first-degree heart block, and Mobitz type II Wenckebach are 
common, as are early repolarization and isolated voltage criteria 
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for left ventricular hypertrophy.51 These minor abnormalities are 
unlikely to be associated with heart disease. However, it is clear 
that marked abnormalities, including repolarization abnormali-
ties, pathologic Q waves, conduction defects, and ventricular 
arrhythmias, are far less common.52 Among another 32 652 Italian 
athletes, the prevalence of ECG abnormalities was 11.8%, 
including 2.3% with T wave inversion.53

Abnormal ECGs in other populations are increased compared 
with the series in Italians (Table 108-3). In one U.S. series of 
professional football players, ECG abnormalities are seen in up 
to 55%, including ST abnormalities in up to 15% and intraven-
tricular conduction defects (IVCDs) in up to 20%, with an 
increased prevalence of abnormalities in African American com-
pared with Caucasian players.54,55 Another U.S. series of profes-
sional football players showed that black athletes were more 
likely than white athletes to have an abnormal ECG (30% vs. 
13%; P < .0001).56 In a Dutch series of 428 athletes, 22% had T 
wave inversion or ST depression, and 7% had right or left bundle 
branch block (RBBB or LBBB).57 Among African athletes, the 
incidence of severe ECG abnormalities is markedly increased; up 
to 23% with T wave inversions and up to 13% with right ven-
tricular hypertrophy are included.16,17 The reason for the increase 
in ECG abnormalities in other cohorts compared with Italian 
cohorts is not clear, but this increase clearly has implications for 
screening of athletes with ECGs.

Echocardiographic Changes in Athletes

Adaptive myocardial remodeling is frequent among athletes. 
These reversible changes include left ventricular dilatation and 
hypertrophy. Left ventricular wall dimensions have been shown 
to increase to up to 14 mm in Italian and British athletes (Figure 
108-5).58,59 Data show that American football players have even 
more marked myocardial hypertrophy of up to 16 mm.60 In a 

Table 108-3 Potentially Pathologic ECg Abnormalities in Different Subgroups of Individuals*

Group
Italian 
Athletes53

U.S. 
Football55

Dutch 
Athletes57 West Asian17 African17 Caucasian17

Black 
Athletes16

White 
Athletes16

Number 32 652 1282 428 800 300 120 904 1819

T wave inversion 2.3% 15.5 (includes 
ST inv)

22 (includes 
ST inv)

4.5 15.9 0 22.8 3.7

ST segment inversion 0.3 0.7 0 .4 0

Pathologic Q waves .9 2 0.4 0 0 .9 .4

Left atrial enlargement 2 1.1 2.0 0.8 8.6 2.8

Left axis deviation/LAHB .5 0.8 0.7 2.5 1.1 .6

Right axis deviation/
LPHB

7 1.1 1.7 1.7 .1 .9

RVH .6 13.3 2.6

Ventricular preexcitation .1 4

Complete LBBB or RBBB 1 7 0.1 0.3 0 1.2 (12.3 
ICRBBB)

0 (5% 
ICRBBB)

Long or short QT 
syndrome

.003 4 .5 .3 0

Brugada-like early 
repolarization

*These abnormalities have implications for screening, which includes ECgs.

Table 108-2. Classification of Abnormalities of the Athlete’s 
Electrocardiogram*

Group 1: Common and 
Training-Related ECG 
Changes

Group 2: Uncommon and 
Training-Unrelated ECG Changes

Sinus bradycardia T wave inversion

First-degree AV block ST segment inversion

Incomplete RBBB Pathologic Q waves

Early repolarization Left atrial enlargement

Isolated QRS voltage criteria Left axis deviation/left anterior 
hemiblock

Right axis deviation/left posterior 
hemiblock

Right ventricular hypertrophy

Ventricular preexcitation

Complete LBBB or RBBB

Long or short QT syndrome

Brugada-like early repolarization

*group 1 abnormalities are common and are not pathologic; group 2 changes 
are potentially signs of cardiac pathology.

From Corrado D, Pelliccia A, Heidbuchel H, et al: Recommendations for 
interpretation of 12-lead electrocardiogram in the athlete. Eur Heart J 
31:243-259, 2010, with permission.

LBBB, Left bundle branch block; RBBB, right bundle branch block.



1066 ARRHYTHMIAS IN SPECIAL POPULATIONS

The timing of impact is a critical variable in the generation 
of VF. In an experimental model, only impacts that occurred in 
a narrow 20-ms time window on the upslope of the T wave 
caused VF.70 This time window is similar to but narrower than 
that of defibrillator shock–induced VF. Impacts outside of this 
window but still on the upslope of the T wave rarely produced 
sustained VF but did cause nonsustained VF, and impacts at all 
other time periods of the cardiac cycle did not produce VF, 
although they may have caused transient heart block, ST segment 
elevation, or LBBB. Impact must occur directly over the cardiac 
silhouette. Minor bruising was found in 22 of 25 humans and 
always occurred in the left chest.71 In an experimental model, only 
impacts directly over the heart caused VF.72 Glancing blows in 
this experimental model never caused VF. Impacts with hard 
spherical objects such as baseballs, softballs, lacrosse balls, and 
hockey pucks are most commonly reported in commotio cordis. 
In an experimental model, the smaller the diameter, the more 
likely it is that VF would occur.73 Also in this model, the harder 
the impact object, the more likely VF would occur.70,74 Commotio 
cordis has been described in nearly every sport and even in non-
sport activity as the result of collision with body parts such as 
elbows, fists, and knees.

Impact velocity has been estimated at 40 to 60 mph with 
baseballs and well above that with lacrosse balls. In the experi-
mental model, the most deadly velocity was 40 mph.75 When 
baseball impact velocity was 20 mph, VF was never produced. At 
30 mph approximately 30% of impacts caused VF, and at 40 mph 
nearly 70% of impacts caused VF.75 At impact velocities ≥50 mph, 
animals less commonly had VF, but now for the first time, struc-
tural cardiac damage was seen, including valve rupture, cardiac 
rupture, and tamponade, suggesting that at these higher veloci-
ties, the model was one of cardiac contusion and not of commotio 
cordis.

Resuscitation, originally thought to be rare in commotio, is 
now routinely reported, likely because of growing recognition 
that VF is the cause of sudden collapse after chest wall impact 
and increased penetration of AED, and because of enhanced 
knowledge of CPR in the community.31,76

The risk of commotio cordis can likely be decreased. Coach-
ing and rules should be amended to not allow blocking the ball 
with the chest in sports. Age-appropriate safety baseballs will 
decrease the risk of VF with chest wall impact. Chest protectors 

cohort of 156 asymptomatic National Football League individu-
als, 23% had evidence of left ventricular hypertrophy (LVH), 
including 6% with wall thicknesses >14 mm. A significant cor-
relation has been noted between body weight and left ventricular 
wall thickness. In a series of British black athletes, the incidence 
of LVH was very similar to that in American footballers.61 It 
would be intuitive that larger athletes have thicker hearts; 
however, in fact, current data are insufficient to account for 
weight-based normative left ventricular wall thickness. Differen-
tiation of physiological hypertrophy from HCM can be difficult. 
In general, physiological hypertrophy is marked by left ventricu-
lar dilatation and excellent exercise tolerance, but patients with 
HCM more commonly demonstrate marked abnormal ECGs, 
bizarre patterns of hypertrophy, and left atrial enlargement. 
Occasionally, deconditioning is necessary to differentiate physi-
ological hypertrophy from HCM.62,63

Commotio Cordis

Commotio cordis, defined as sudden death with relatively inno-
cent chest wall impact, was first described in the 19th century,64 
but only in the last 15 years has it become widely known. Current 
estimates of incidence range from 10 to 20 events per year.65 
Commotio cordis is the second leading cause of sudden death 
among young athletes in the United States.1 Commotio cordis is 
also described more frequently in European nations.66,67

Based on human and experimental data, commotio cordis is 
due to immediate ventricular fibrillation (VF) triggered by chest 
wall impact (Figure 108-6). A necessary confluence of patient and 
impact object variables is what underlies the relative rarity of 
commotio cordis (Figure 108-7).68 Susceptible patients are young 
and typically are male. In the Commotio Cordis Registry, mean 
patient age is 15 years and males account for 95% of victims 
(Figure 108-8). More compliant chest walls likely are the explana-
tion for the young age; the incidence of chest wall impact is 
greatly increased in the young compared with individuals over 20 
years of age. A genetic predisposition or protection from com-
motio cordis has been proposed. In an experimental model, 
approximately 2% of animals were uniquely susceptible to chest 
impact–induced VF.69

Figure 108-5.  Percentages of professional athletes in Italy59 and Britain,58 U.S. football players,60 and black British athletes61 with echocardiographically defined wall thickness 
≥12 mm. In both U.S. football players and black British athletes, the incidence of what would be defined as left ventricular hypertrophy is high. 
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of repolarization induced by a marked increase in left ventricular 
(LV) pressure.79

LV pressure produced by a chest blow is directly related to 
the peak LV pressure generated by the chest blow. The threshold 
peak pressure necessary to produce VF is 250 to 300 mm Hg, 
and the probability of VF increases with pressure increases up to 
600 mm Hg.72,74,75 Pressure increases beyond these are associated 
with less VF but with increasing contusions, myocardial rupture, 
and pericardial tamponade. These pressure thresholds are 
remarkably conserved across many different experimental proto-
cols, including site of impact,72 energy of impact,75 stretch-
activated channels,80 role of the autonomic nervous system,81 and 
chest wall protectors.78 The Langendorff model also demon-
strated the importance of a critical pressure rise.79 Pressure rise 
will increase wall stretch and strain and lead to activation of 
stretch-activated ion channels. Activation of these channels pro-
duces the dispersion of repolarization necessary for VF induction. 
The entire mechanism of channel activation is still incompletely 

have not yet been shown to reduce risk in an experimental model, 
and in the Commotio Cordis Registry, chest protection was 
present in one-third of the individuals who suffered commotio 
during competitive sports.77,78 In some sports such as hockey, the 
arms were lifted, pulling the chest protector upward and thus 
exposing the chest.78 However, in other sports such as lacrosse 
and baseball, the ball struck the chest protector, which was 
directly over the heart, and commotio cordis resulted.

The experimental swine model and the more recently 
described Langendorff model offer insights into the mechanism 
of commotio cordis.79 Commotio cordis is primarily an electrical 
event in which VF is produced directly by a chest wall blow and 
is not mediated by ischemia, heart block, or cardiac contusion. 
Similar to other conditions of VF, it is likely that VF requires 
both a trigger (premature ventricular contraction) and an abnor-
mal underlying substrate. Both of these requirements are met by 
the chest blow, including a premature ventricular contraction 
caused by direct contact of the ventricular wall and a dispersion 

Figure 108-6.  Two-lead ECGs and right atrial (RA) and left ventricular (LV) pressure tracings of a 16-kg swine undergoing chest wall  impact with a 40-mph lacrosse ball. 
Pressure tracings recorded by Millar pressure tip catheters demonstrate the nearly instantaneous rise in intracavitary pressure, and the ECG demonstrates immediate ven-
tricular fibrillation. 
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abnormalities, 168 for systemic hypertension, 133 for valvular 
disease, and 60 for various other diseases. Continued follow-up 
of this population demonstrated that the incidence of sudden 
death in athletes decreased from 3.5 per 100 000 person-years in 
early 1979-1980, to 0.4/100 000 person-years in 2003-2004, 
while the death rate among nonathletes has remained relatively 
stable, at around 0.8/100 000 person-years.3

Whether the Italian experience can be extended to a different 
or more diverse population, especially one with a multitude of 
races and ethnicities, remains, as yet, unproven. To date, no  
other series have replicated the Veneto experience. In Japan, 
screening of all students was begun in 1973.9 In the Kagoshima 
region, 69 033 students were screened in the 7th and 10th grades; 
of this group, 30 696 students subsequently moved out of the 
study area, leaving 37 807 students in the study. Screening 
included a questionnaire for the student and the family and  
ECG followed by more intense work-up if warranted. Of 1876 
(2.7%) students with more intensive work-up, 9 were ultimately 
found to have cardiac disease, including 5 with HCM. At 6-year 
follow-up, 1 of the 9, a student diagnosed with HCM, died while 
recreationally jogging. Two students, who had had normal ECGs 
and thus did not receive further work-up, also died. Autopsies 
were not performed, so their cardiac pathology was not known. 
Thus, the incidence of SCD in this screened population was 
1.32/100 000 person-years—higher than that in other non-
screened populations.

An Israeli screening program that included an ECG was man-
dated after an increase in athletic deaths.6 Over a 24-year period, 
the respective averaged yearly incidence during the decade before 
and the decade after the mandated screening was 2.54 and 2.66 
events per 100 000 person-years, respectively (P = .88). Had the 
2-year period in which the high number of athletic deaths drove 

understood. One channel that is likely involved is the stretch-
sensitive K+

ATP channel, as it has been shown that blockade of this 
channel decreases the incidence of VF and the magnitude of ST 
elevation in the experimental model.82 Other possible channels, 
including the calcium stretch-activated channel (SAC), have not 
yet been demonstrated to be involved in commotio cordis.80 In 
addition to the altered substrate, the chest wall blow directly 
causes a premature beat—the first beat of VF.83 This beat spirals 
through the myocardium and continues as a result of alteration 
of the myocardial substrate.

Screening

Screening of young athletes continues to be a contentious issue; 
even though all agree that screening is important. The American 
Heart Association and the European Society of Cardiology agree 
that a history, especially one focused on a personal history of 
syncope, excess dyspnea, or chest pain, and a family history of 
sudden cardiac death are important elements of screening.84,85 All 
agree that physical examination for stigmata of Marfan’s syn-
drome, blood pressure measurement, femoral pulse check to rule 
out aortic coarctation, and evaluation for cardiac murmurs are 
necessary components. It is the ECG and the subsequent echo-
cardiogram for those with abnormal ECGs that generate the 
greatest disagreement. Data for including the ECG in the screen-
ing process are largely based on a prospective observational study 
from the Veneto region of Italy.50 Of 33 735 athletes screened 
with questionnaires, ECGs, and a modified stress test, 22 were 
found to have HCM and were disqualified from athletics. In 
addition, 238 were disqualified for rhythm and conduction 

Figure 108-7.  Object and individual variables that contribute to the risk of commotio cordis. 

(From Link MS, Estes NA: Athletes and arrhythmias. J Cardiovasc Electrophysiol 21:1184-1189, 2010; reproduced with permission.)
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Bull are broadly marketed to athletes across the world and indeed 
sponsor athletic events. Energy drinks contain caffeine, taurine, 
and glucuronolactone. Caffeine causes epinephrine and acetyl-
choline release and direct stimulation of the muscle cell and 
reduces the perception of fatigue.95 Caffeine at standard doses has 
little potential toxicity; however at higher doses, agitation, 
tremors, and arrhythmias may result. The benefits of taurine and 
glucuronolactone are much less clear, as is their potential toxicity. 
Several deaths have reputably been linked to energy drinks; thus 
several European countries have banned them.90

Up to 41% of intercollegiate athletes admit to taking cre-
atine.96 Creatine is found predominantly in the muscle cell but is 
also produced by the liver, pancreas, and kidneys. Creatine 
reportedly increases energy levels during anaerobic activity and 
delays muscle fatigue. Side effects are rare at low doses, but 
muscle cramps, weight gain, and gastrointestinal distress can be 
seen, especially at higher doses.97

Blood doping, initially with stored blood and more  
recently with erythropoietin, is favored by prolonged aerobic 
activity competitors such as cyclists and cross-country skiers.90-92 
Oxygen-carrying capacity is increased, leading to improved mus-
cular performance. Adverse effects are related to increased blood 
viscosity, which increases the risks of stroke and congestive heart 
failure.

Human growth hormone reputably increases strength and 
decreases recovery time.90-92 It is frequently cycled with andro-
genic steroids as human growth hormone is not currently detect-
able by any means. In growth hormone–deficient individuals, 
administration clearly benefits the patient; however, whether any 
benefit is truly derived by those without a deficiency is by no 

the screening been used as the baseline, the results would have 
been similar to those in the Italian series. Thus, it is possible that 
these high baseline rates in the Israeli and Italian screening pro-
grams with regression to the mean over time accounted for the 
results.6,86,87

The debate over screening of athletes is sure to continue based 
on the emotions generated by SCD in the young and the paucity 
of data. In addition, given that SCD is at least as common outside 
of athletics as in athletics, the exclusion of nonathletes from 
screening does not appear justified. Current statements from the 
American Heart Association (AHA) Council on Diseases in Chil-
dren and from a Working Group from the National Heart, Lung 
and Blood Institute argue against the inclusion of ECGs in 
screening programs at this time.88,89 With these uncertainties, this 
is the time for a prospective randomized trial, undertaken not 
only to document that potentially life-threatening diseases in 
athletes (or all youth for that matter) can be identified but, more 
important, to show that identification leads to reduction of SCD. 
A trial of this type should also include the societal and individual 
costs of false-positive and indeterminate diagnoses.

Supplements

Supplements from energy drinks to steroids are commonly used 
by athletes.90-93 The true incidence of the use of supplements in 
sports is not known but surely is high.94 Energy drinks are fre-
quently imbibed not only by competitive athletes but also by 
recreational athletes. Energy drinks such as Monster and Red 

Figure 108-8.  Age, Survival, and Sport Activity at the Time 
of the Commotio Cordis Event The percentage of survivors has 
increased over the past 10 years. Baseball is the most common sport in 
which  commotio  occurs,  and  in  nearly  all  sports,  it  is  the  hard  round 
object that impacts the chest. 

(From Maron BJ, Estes NA 3rd: Commotio cordis. N Engl J Med 362:917-927, 
2010; reproduced with permission.)
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Resuscitation

Emergency action programs that include ready access to an AED 
and to CPR are critical components of sports programs.106 Emer-
gency action programs encompass not only cardiac events, but 
trauma, asthma, and any other kind of medical emergency. Data 
supporting AEDs and early action programs come from casinos,107 
airlines,108 and cities.109 In the much smaller population of ath-
letes, early data showed dismal survival from cardiac arrest,110 
which appears to be improving, both in athletes111 and in nonath-
letes.112 Emergency action plans should include training and cer-
tification of athletic trainers and sports participants (a minimum 
of basic life support and AEDs). Other essential components 
include prompt access to AEDs, an institutional plan of how to 
activate the emergency medical services (EMS) system quickly, 
integration of on-site responders and the EMS system, and finally 
practice and review of the response plan.106 All individuals, espe-
cially those involved in competitive athletics, should know the 
basics of resuscitation.113 It is likely that recognition of SCD and 
prompt activation of the emergency medical response by all stu-
dents and athletes would increase the survival rate in SCD.

Conclusion

Athletes with sudden or aborted SCD frequently have an under-
lying structural heart disease, with the exception of death due to 
commotio cordis. Exercise temporally increases the risk of SCD 
in individuals with a normal heart and, by implication, in those 
with an abnormal heart. Remodeling of the heart by athletics is 
likely beneficial in individuals with a normal heart and coronary 
disease but possibly produces adverse effects in individuals with 
HCM, ARVC, and various other genetic conditions. Screening 
may be important; however, whether ECGs and modified stress 
tests are a critical part of the screen, and whether all individuals 
should be screened, or only athletes, remain unclear. Finally, 
performance-enhancing agents are widely used, and although 
randomized controlled studies will never be performed, it is 
widely believed that these substances increase the risk of sudden 
death.

means clear. Risks associated with growth hormone include 
hypertension, cardiomegaly, ventricular hypertrophy, and 
dyslipidemia.98

Ephedra or Ma Huang has increasingly been linked to adverse 
cardiovascular events.99 Ephedra is a combination of alkaloids 
including ephedrine, pseudoephedrine, norephedrine, and others. 
Ephedra increases heart rate, blood pressure, and cardiac 
output.100 It has been used for the treatment of asthma and in 
weight loss and energy supplements. Multiple cardiovascular tox-
icities have been associated with ephedra use, including SCD, 
myocardial infarction, and stroke.99,101,102 Ephedra has been 
shown to increase the QTc with a single dose.103 Although it was 
initially protected as a food supplement under the U.S. Dietary 
Supplement Health and Education Act (DSHEA) 1994 ruling, 
the U.S. Congress in 2004 took the extremely unusual course of 
banning the production and sale of Ephedra in the United States.

Androgens have anabolic effects such as increasing muscle, 
heart, liver, and kidney mass; decreasing body fat; and stimulating 
erythropoiesis.104 They possess anticatabolic effects, which allow 
for faster recovery, and central nervous system (CNS) effects, 
including increased aggressivity.104 Because they produce these 
actions, androgens are ideal supplements for athletes. They were 
thus widely used by power lifters, track and field athletes, and 
athletes in any sport for which power and strength were a 
premium. Androgens have been linked to cardiac toxicity, includ-
ing myocardial infarction, hypertrophy and SCD, hepatocellular 
carcinoma, lipid abnormalities, premature closure of growth 
plates, infertility, and depression.92 The International Olympic 
Committee banned the use of androgens in 1975, and most sport-
ing organizations quickly followed, based not only on the toxicity 
of these agents but also on the unfairness they brought to the 
playing field. Androstenedione was widely used in place of andro-
gens and is believed to be metabolized to androgens. However, 
a randomized trial and meta-analysis did not show evidence of 
benefit in athletic performance but did demonstrate that andro-
stenedione lowered high-density lipoprotein (HDL).105 It is 
banned by most sporting organizations. Tetrahydrogestrinone 
(THG) is a designer steroid that is manufactured solely for use 
by athletes. Through modification from banned androgens, 
THG was not detectable by gas chromatography until 2003. It 
likely confers all the beneficial effects of androgens, along with 
the risks.
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Conversely, nonrespiratory sinus arrhythmia is most commonly 
seen in children with sinus node dysfunction after various surgical 
procedures for repair of congenital heart defects, especially the 
atrial baffle procedures for d-transposition of the great arteries 
and the Fontan procedure for congenital heart defects with single 
ventricle physiology. Sinus arrhythmia must be distinguished 
from sinus pause, sinoatrial block, and premature atrial complex.

Continuous ambulatory monitoring techniques have demon-
strated that low rates showing sinus bradycardia are normal 
during sleep and rest in children. Even marked sinus bradycardia 
in children with mild to moderate sinus node dysfunction is not 
a cause for alarm if the heart rate increases appropriately to meet 
the body’s metabolic needs to provide adequate cardiac output, 
such as during exercise or fever and illness. The normal increased 
vagal tone seen in well-trained athletes often results in resting 
sinus bradycardia. Abnormal sinus bradycardia is seen in pediat-
rics in association with increased intracranial pressure, hypo-
thyroidism, hypothermia, and hypokalemia. Similarly, sinus 
tachycardia that is appropriate for the external stressors is a 
normal phenomenon in children and is defined by rates higher 
than expected for age. With illness and fever in very young chil-
dren, a sinus rate may reach 240 beats/min.

Benign Common Pediatric Arrhythmias

Children may have premature atrial contractions (PACs), which are 
usually benign and present in low numbers. They are an uncom-
mon cause of bradycardia in neonates when they are blocked and 
slow the heart rate. In addition, they can trigger episodes of 
supraventricular tachycardia (SVT) or atrial flutter in susceptible 
individuals and are more commonly seen in children with under-
lying ectopic atrial tachycardia or in patients with postoperative 
congenital heart disease. When they occur very early, PACs may 
be aberrantly conducted and present some confusion regarding 
the origin of the complex—atrial versus ventricular. The PR 
interval should be consistently prolonged with PACs.

Premature ventricular contractions (PVCs) are relatively 
common in children, occurring in 1% to 2% of those with normal 
hearts and in as many as 50% to 60% of adolescents.4,5 PVCs 
may be seen in 15% of normal newborns and two thirds of ado-
lescents and adults with repaired congenital heart disease.6 There 
is a marked difference in prognosis between PVCs in children 
with normal and abnormal hearts, thus investigation for associ-
ated conditions should be undertaken. Isolated PVCs are gener-
ally benign when there is no structural or functional heart disease, 
and they usually do not require treatment. Both of these arrhyth-
mias can be seen in association with intake of stimulants including 
coffee, tea, and decongestants. Other associations include inter-
current illness and systemic illness such as hyperthyroidism, 
adrenal tumors (pheochromocytoma), or myocarditis, including 
that associated with Lyme disease. More complex ventricular 
arrhythmias including couplets, triplets, and nonsustained ven-
tricular tachycardia (VT) may require further evaluation and 
treatment in some instances.
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Pediatric Arrhythmias

Interpreting Pediatric Rhythms

The correct interpretation and treatment of pediatric rhythms 
requires an understanding of the normal cardiac developmental 
variation that occurs as the child moves from fetal to neonatal 
life and then progresses toward adulthood. The current electro-
cardiogram (ECG) standards used in the United States were 
developed by Davignon in 19791 and only reflect differences by 
age. Rijnbeek et al.2,3 published normal standards for Dutch chil-
dren, but they do not reflect racially and ethnically diverse popu-
lations. Appropriate assessment and management of arrhythmias 
in pediatric patients requires an understanding of the clinical 
presentation and the distinctive responses of children to the 
variety of available therapies.

Common Symptoms Associated  
With Pediatric Arrhythmias

The symptoms of an arrhythmia will vary with the age of the 
child. The infant may present with signs of congestive  
heart failure such as tachypnea, diaphoresis, poor feeding, irrita-
bility, or lethargy. A child younger than 4 or 5 years can rarely 
localize or verbalize symptoms of a rapid heart rate; they often 
complain of abdominal pain rather than chest pain. An older child 
may complain of palpitations, noting rapid or pounding heart-
beats, fatigue, chest pain, difficulty breathing, or dizziness or 
syncope.

Normal or Noncritical Rhythms in Pediatrics

The most commonly misunderstood rhythms in pediatrics are 
sinus arrhythmia, sinus bradycardia, and sinus tachycardia.  
Sinus arrhythmia in pediatrics results in a 100- to 160-msec dif-
ference from one P-P interval to another, depending on the 
child’s age. Respiratory sinus arrhythmia is very common in  
children and is considered an indication of a normal heart. It is 
more often seen at slow rates and disappears during exercise. 
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Evaluation of Pediatric Arrhythmias

The evaluation starts with a complete history, including the per-
sonal and family history and a complete physical examination, 
which should direct the additional testing. In addition to the 
resting rate noted on the ECG, evaluation of pediatric arrhyth-
mias could include a 24-hour ambulatory monitor, and for ven-
tricular arrhythmias or those with symptoms of palpitations with 
exercise, an exercise stress test and an echocardiogram to rule out 
structural or functional heart disease. All children with single 
PACs or PVCs do not need this extensive workup. Further evalu-
ation should be predicated on the patient’s clinical symptoms and 
examination.

Inappropriate Sinus Tachycardia

Inappropriate sinus tachycardia is an elevated heart rate out of 
proportion to metabolic demand. It may be an exaggerated 
increase in heart rate in response to stress, physiological or psy-
chological factors, or a change in position (e.g., from supine to 
standing). It is uncommon before the adolescent years and is a 
diagnosis of exclusion in children with high consideration given 
to removal of exogenous substances such as caffeine, excessive 
chocolate, and energy drinks, or relative dehydration, as well as 
ruling out conditions such as anemia, hyperthyroidism, and 
adrenal tumors. In disabling cases, β-blocker therapy may be 
considered; sinus node modification should not be a consider-
ation in children because this condition may resolve with age and 
a more balanced hormonal state after adolescence.

Supraventricular Tachycardia

Supraventricular tachycardia is a rapid rhythm that involves the 
atria, atrioventricular (AV) node, or accessory bypass tracts. It is 
the most common tachycardia seen in infants and children, with 
an incidence of 1 in 250 to 1000, occurring most commonly 
before 1 year of age. The other common developmental periods 
with increased SVT include approximately 5 to 7 years of age 
and during adolescence, both periods of rapid metabolic and 
developmental change. Patients can exhibit tachycardia during 
fetal development, with diagnosis suggested by auscultation of 
the infant’s heart rate during a prenatal examination and con-
firmed by fetal ultrasonography or magnetocardiography.7 Neo-
nates and infants with tachycardia often exhibit signs and 
symptoms of congestive heart failure, which occurs if the tachy-
cardia is present and not interrupted for more than 48 to 72 
hours. The most common mechanism of SVT in children is AV 
reentry through an accessory pathway between the atrium and 
the ventricle or within the AV node; this represents 75% to 90% 
of arrhythmias in children without other cardiac conditions.8 Two 
thirds of these pathways are concealed (only unidirectional ret-
rograde conduction) and one third are manifest as Wolff-
Parkinson-White (WPW) or other forms of preexcitaiton. AV 
nodal reentry comprises 15% of pediatric SVT, more commonly 
seen in adolescents, with approximately one-third of SVT seen 
in adolescence being the result of AV nodal reentry (AVNRT).8 
Automatic atrial ectopic tachycardia is the mechanism in 10% to 
18% of SVT in children. Atrial flutter and atrial fibrillation  
represent 10% of nonpostoperative SVT and 40% of postopera-
tive SVT; junctional ectopic tachycardia represents less than  
1% of overall SVT. Although the majority of SVTs will resolve 
at around 1 to 2 years of age, one-third will recur by 
adolescence.

Evaluation of SVT should include a resting ECG; capture of 
SVT on ECG, when possible, by 24-hour continuous monitoring 
or event monitoring; echocardiography to rule out structural 

heart disease or functional myocardial impairment; exercise stress 
testing (especially when WPW or symptoms are present or pre-
cipitated by exercise); and electrophysiological studies in appro-
priate cases. Parents and children should be educated regarding 
the vagal maneuvers that can be used to interrupt the tachycardia 
including ice or cold to the face, gagging, breath holding, Valsalva 
maneuver, headstand, or handstand. They should be reassured 
regarding the generally benign nature of these arrhythmias. 
Schools should develop emergency plans regarding the symp-
toms that should prompt a call for emergency help, such as 
syncope, unresponsiveness, or cardiac arrest.

Medications used to treat pediatric arrhythmias are shown in 
Box 109-1 and Table 109-1.

Atrioventricular Reentrant  
Supraventricular Arrhythmias

Fifty to sixty percent of SVTs in children occur in the first year 
of life, with accessory pathway–mediated reentrant tachycardia 
(AVRT) being the most common mechanism.9 The percentage 
of patients with AVNRT increases with age. The heart rate in 
infants with SVT is usually 220 to 320 beats/min (bpm), with the 
heart rate in older children being in the 160 to 280 bpm range. 
The ECG may show either a narrow or a wide complex when it 
is aberrantly conducted or when antidromic SVT occurs with 
WPW (Figure 109-1, A and B). There are no trials to indicate 
the best drugs for SVT control, so individual or institutional 
preferences form the basis of treatment of many of these arrhyth-
mias. Approximately one third of all patients in whom SVT 
develops within the first 3 months of life will outgrow it by 1 year 
of age.10 Recurrence is seen in one third of patients if a WPW 
pattern persists, but in only 10% of those with AVRT secondary 
to a concealed accessory pathway.11 Catheter ablation becomes a 
reasonable therapeutic option at approximately 4 to 5 years of 
age but is generally reserved for children older than 6 to 8 years 
in most institutions unless medications are not effective or life-
threatening episodes, which are rare, occur. Ablation can and has 
been performed in younger children, but in patients younger 
than 4 years, the risks of the procedure increase.12 Recent experi-
ence has been recorded to perform these procedures with 
advanced mapping technology to minimize or eliminate the use 
of radiation.13,14

Box 109-1 Intravenous Pharmacologic Agents for 
Acute Treatment of Supraventricular Tachycardia and 
Ventricular Tachycardia

SUPRAVENTRICULAR 
TACHYCARDIA AGENT

VENTRICULAR TACHYCARDIA 
AGENT

Adenosine Initial Treatment

Amiodarone  Lidocaine

Digoxin—dose is age 
dependent

 Cardioversion

Esmolol Secondary Treatment

Procainamide  Amiodarone

Phenylephrine  Esmolol

Verapamil—not for use 
under 1 year of age

 Magnesium, normalize 
calcium, potassium

 Procainamide
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Concealed Bypass Tachycardia

Concealed bypass tachycardia, with only unidirectional retro-
grade accessory pathway conduction, uses the AV node for ante-
grade conduction. Thus the accessory pathway is not visible on 
a resting ECG and no delta wave is present. Location of these 
accessory pathways, as with WPW, is along the AV groove, either 
around the tricuspid or mitral valves or in the septal region.

Permanent Junctional Reciprocating Tachycardia

A specific form of AVRT using a concealed accessory pathway, 
called permanent junctional reciprocating tachycardia (PJRT), is gen-
erally located in the posterior septal region. These pathways have 
negative P waves in leads II, III, and aVF, secondary to long 
refractory periods with slow retrograde conduction that results 
in a long RP interval. PJRT usually is an incessant arrhythmia, 
refractory to single-drug medical therapy. It may be confused 
with ectopic atrial tachycardia (especially those arising from the 
low right atrium) secondary to the ECG findings (see Figure 
109-1, C).

Wolff-Parkinson-White Syndrome

Wolff-Parkinson-White syndrome implies an accessory pathway 
between the atrium and the ventricle that usually has bidirec-
tional conduction properties and associated episodes of SVT. The 
ECG reading is distinctive, with a short PR interval and a delta 
wave. The reported incidence is 1 to 4 per 1000 live births. 
Associated cardiac abnormalities include Ebstein anomaly of the 
tricuspid valve and l-transposition of the great arteries. In addi-
tion, WPW may be seen in association with cardiac rhabdomy-
oma and with hypertrophic cardiomyopathy. WPW most 

Table 109-1. Agents for Chronic Treatment of Supraventricular and 
Ventricular Tachycardia

Arrhythmia Agent Dose (Oral)

SVT Digoxin Dose is age dependent

Give in 3 doses (1/2 TDD, 1/4 TDD, 
1/4 TDD)

Preterm infant: 10-20 µg/kg TDD

Term newborn to adolescent: 
30-40 µg/kg TDD

Oral to maximal TDD of 1-1.5 mg IV 
dose is 3/4 oral dose)

Oral maintenance: 10 µg/kg/day 
divided q12h

Verapamil 2-8 mg/kg/day ÷ tid

VT Mexiletine 5-15 mg/kg/day divided q8h

SVT or VT Propranolol 0.5-2 mg/kg/dose q6h

Nadolol 0.25 mg/kg/dose q12h

Atenolol 0.5-1 mg/kg/day qd

Flecainide 50-200 mg/m2/day or 3-6 mg/kg/day 
divided q12h

Amiodarone Loading dose: 10-20 mg/kg/day 
divided q12h × 7 days

Maintenance: 5-10 mg/kg/dose qd

Sotalol 2-8 mg/kg/day divided q12h

SVT, Supraventricular tachycardia; TDD, total digitalizing dose; VT, ventricular 
tachycardia; IV, intravenous; q6h, every 6 hours; q8h, every 8 hours; q12h, every 
12 hours; tid, three times per day; qd, every day.

Figure 109-1.  Supraventricular arrhythmias. A, Narrow QRS supraventricular tachycardia in a 4-month-old infant. Note the P wave after narrow QRS complex. B, Wide QRS 
supraventricular tachycardia secondary to aberrant conduction in an infant. There is no P wave visible. C, Permanent junctional reciprocating tachycardia. Note the negative 
P wave in leads II, III, and aVF, and the long R-P interval. D, Ectopic atrial tachycardia. Note the narrow complex tachycardia with P before the QRS complex with long PR interval 
and nonsinus axis. E, Atrial flutter in a neonate at an atrial rate of 428 beats/min with 2:1 AV conduction. F, Intraatrial reentrant tachycardia with 3 : 1 AV conduction and distinct 
atrial complexes in a post-Fontan patient. G, Junctional ectopic tachycardia in a 1-month-old infant with a more rapid narrow QRS junctional rate than atrial rate. 

II
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the neonatal period because dual AV nodal pathways become 
increasingly manifest as the child ages.21 The ECG usually reveals 
tachycardia in which there is a very short R-P interval on the 
ECG or no visible P wave representing typical AVNRT because 
the retrograde limb of the pathway conducts very rapidly from 
the ventricle to the atrium. Atypical AVNRT with a long R-P 
indicating a slow-slow circuit is less commonly seen. Treatment 
is aimed at the AV node with the most commonly used drugs 
being digoxin or β-blockers, with calcium-channel blockers only 
used in older children and generally if the other drugs are inef-
fective. Slow pathway modification is a reasonable approach in 
the school-age child, but the potential for AV block and the 
subsequent need for a pacemaker require skill and availability of 
all modern techniques and technology, as well as recognition of 
the position of AV nodal structures in the smaller heart. Newer 
cryoablation techniques may decrease the incidence of AV block 
but have a somewhat increased recurrence rate of 6.5% within 1 
to 2 years after ablation.22

Atrial Tachycardia

Ectopic Atrial Tachycardia
Tachycardia originating from the nonsinus portion of either 
atrium is designated ectopic atrial tachycardia (EAT) and represents 
approximately 10% of the SVT seen in the overall population. 
The heart rates in ectopic atrial tachycardias will be inappropri-
ately fast for the patient’s activity level and are in the 130 to 250 
beats/min range. The counted pulse rate may not be the same as 
the atrial rate because of blocked atrial conduction through the 
AV node. Automatic foci can be found in all areas of the atria. 
The sites of the atrial tachycardias include the atrial appendage, 
tricuspid annulus, and crista terminalis on the right side, and the 
pulmonary veins, mitral annulus, and posterior left atrium on the 
left side.23 The mechanism of ectopic atrial tachycardia is most 
often automatic but may be triggered or microreentry, recently 
labeled nonautomatic focal atrial tachycardia. Automatic atrial 
tachycardias are secondary to enhanced automaticity and occur 
spontaneously, or they can be induced by isoproterenol infusion 
and are often suppressed by sedation.

Ectopic atrial tachycardia is not frequently seen in young 
infants, representing only 18% of all SVT seen in children in one 
report.24 With EAT, there is a gradual increase in heart rate and 
slowing on termination, which is markedly different from the 
sudden onset and offset seen in reentrant SVT, making it  
more difficult for the patient to recognize the tachycardia. The 
incessant nature of atrial tachycardias and the difficulty in percep-
tion of the arrhythmia can lead to significant depression of myo-
cardial function, which results in a tachycardia-mediated 
cardiomyopathy.25 Cardiomyopathy resolution can take 6 to 12 
months after the tachycardia has been effectively treated. The 
ECG reading generally shows a narrow complex SVT with a P 
wave of nonsinus origin preceding the QRS complex (see Figure 
109-1, D).

Treatment of EAT includes strategies to control the heart rate 
or convert it to a normal sinus rhythm. Because of the difficulty 
in the medical management of EAT and the sequelae of uncon-
trolled tachycardia, there is increasing enthusiasm for nonphar-
macologic methods of treatment including catheter ablation 
using radiofrequency or cryothermal energy for older children or 
adolescents with EAT.

Focal Atrial Tachycardia
Nonautomatic focal atrial tachycardia (NAFAT) originates in a 
delimited area with activation of the remainder of the atrium 
emanating from this region. There is some overlap of terminol-
ogy in the literature, with some defining NAFAT as all ectopic 
foci but, more specifically, that NAFAT is different 

commonly presents in infancy with AVRT. Although many 
patients will have resolution of this arrhythmia after the first year 
of life, persistence of the WPW pattern after 5 years of life pre-
dicts continued episodes of SVT in 78% of patients.10 Antidromic 
tachycardia using the accessory pathway as the antegrade limb 
occurs in approximately 10% of children, with one half of these 
having multiple accessory pathways.10 The remainder use the AV 
node as the antegrade pathway and are termed orthodromic. If the 
WPW pattern persists and symptoms are present in older chil-
dren, risk stratification should be performed including an exercise 
stress test, 24-hour ambulatory monitoring, and, possibly, an 
electrophysiological study. The presence of a short refractory 
period (<220 to 250 ms) or a shortest preexcited RR interval 
during atrial fibrillation (<220-250 ms) or multiple pathways 
increases the risk of a subsequent life-threatening event, and 
catheter ablation is advised.15 In addition, the presence of atrial 
fibrillation, present in 10% to 12% of children, can increase the 
risk of sudden cardiac death (SCD) because of rapid ventricular 
response.15

Although most children with WPW who have symptoms will 
have episodes of rapid heart rate or complain of palpitations, a 
small percentage will present with sudden cardiac death as the 
first manifestation.16 Asymptomatic patients may be noted to have 
the WPW pattern on an ECG obtained for other reasons. Con-
cerning studies by Pappone and Santinelli show an increased risk 
for sudden death in WPW syndrome in association with short 
accessory pathway–effective refractory periods and with multiple 
pathways, and they recommend that catheter ablation be per-
formed.15,17 A recent Pediatric and Congenital Electrophysiology 
Society/Heart Rhythm Society consensus statement on the  
management of asymptomatic WPW ECG patterns has been 
published.18 The recommendations for ablation are largely 
based on finding the shortest preexcited RR interval during atrial 
fibrillation (<220 to 250 ms).

Treatment for patients with WPW syndrome varies based on 
the patient’s age and symptoms. Antiarrhythmic medications are 
used predominantly in infants and young children with WPW. 
Infrequently, an infant who presents with a narrow complex 
tachycardia will develop evidence of preexcitation after treatment 
with a medication such as digoxin that slows AV nodal conduc-
tion. β-Blockers are generally used as a first-line therapy unless 
there is a contraindication, such as severe reactive airway disease. 
When β-blocker therapy fails to control the tachycardia, other 
medications such as flecainide, amiodarone, or sotalol can be 
used. Digoxin or calcium-channel blockers should not be used in 
patients with WPW because of the potential for enhancement of 
conduction down the accessory pathway, along with block of the 
conduction through the AV node.19 This can lead to an increased 
risk of rapid conduction of atrial fibrillation or PACs through the 
accessory pathway. If a neonate with WPW syndrome presents 
with significant signs of cardiac decompensation with cardiogenic 
shock, digoxin can be used while the patient is still in the hospital 
to improve ventricular function, as well as to suppress the tachy-
cardia. Transition to another antiarrhythmic medication other 
than digoxin should occur before discharge from the hospital.

Activity Recommendations
Activity restriction is not necessary in individuals if SVT can  
be controlled. If WPW is present, risk stratification, accord-
ing to the Bethesda Guidelines, is recommended before 
participation.20

Atrioventricular Nodal Reentrant Tachycardia

The AV nodal region comprises the reentry circuit in AVNRT. 
It occurs more commonly in young adults and adolescents than 
in younger children and is infrequently seen in patients during 



ARRHYTHMIAS IN PEDIATRIC POPULATION  1077

109 
patients with MAT, possibly associated with bradycardia related 
to aggressive therapy.

Junctional Ectopic Tachycardia

Two distinct types of junctional ectopic tachycardia (JET), an 
automatic tachycardia that arises from the AV junction, are seen 
in childhood. One is a familial form occurring early in infancy. 
The second occurs in the early postoperative period after con-
genital heart repair. In familial JET, heart rates range from 180 
to 240 bpm, with a faster ventricular rate than the atrial rate and 
a narrow QRS complex (see Figure 109-1, G). Rarely, a rate-
related aberrancy is seen, leading to a wide-complex tachycardia. 
If the QRS complex is wide, the diagnosis of VT must be 
considered.

Postoperative Junctional Ectopic Tachycardia

Postoperative JET is a common arrhythmia after more complex 
congenital heart surgery, particularly after long pump runs or if 
the function of the heart is compromised. It generally occurs in 
the first 24 hours after surgery and is self-limited in surviving 
patients within 48 hours to a week. It can be treated by decreasing 
pressors as tolerated, treating fevers, and, pharmacologically, by 
intravenous administration of digoxin or amiodarone. Cardiac 
output is improved by atrial pacing when possible.

JET is characterized by a narrow QRS tachycardia at a rate 
of 170 to 300 bpm, with the atrial rate slower than the ventricular 
rate. Sudden death has been reported in this patient popula-
tion.34,35 Treatment for the familial form of JET includes 
digoxin to slow the rhythm and improve ventricular function or 
amiodarone to slow the rate and/or convert the rhythm. Patients 
with JET have been treated with cathether ablation, with a 80% 
to 85% success rate, but with a risk of AV block, leading to rec-
ommendations for the use of cryothermal energy.36 In some 
patients, more commonly males, the junctional rate will slow over 
time and the patient may be weaned from taking long-term 
medications.

Ventricular Arrhythmias

Evaulation of patients with ventricular arrhythmias should 
include an echocardiogram to look for associated factors and 
conditions including structural abnormalities, such as hypertro-
phic cardiomyopathy, and abnormalities in cardiac function that 
might accompany myocarditis or dilated cardiomyopathy, cardiac 
tumors such as rhabdomyomas, or noncompaction of the ven-
tricular myocardium. The QTc interval should be hand-measured 
and a 24-hour ambulatory monitor used to determine the degree 
and type of ectopy. In a normal heart, less than 20% of ectopy 
usually does not interfere with cardiac function and can be fol-
lowed, whereas more than 30% of ectopy may result in chronic 
ventricular dysfunction. If arrhythmogenic right ventricular car-
diomyopathy (ARVC) is suspected, magnetic resonance imaging 
may be useful. Suppression of PVCs during an exercise stress test 
is a positive finding, and an increase in ventricular arrhythmia is 
of concern. In patients with long-QT syndrome (LQTS), pro-
longation of the corrected QT interval, especially in the recovery 
phase of exercise is noted. Resolution of ventricular arrhythmia 
may occur when the heart is normal. In children with abnormal 
hearts, PVCs may precede more serious arrhythmias, especially 
if they are complex or associated with VT.

PVCs do not need to be treated with intervention unless they 
interfere with the cardiac output, are closely coupled, or 

from automatic atrial tachycardia in that it can be induced and 
terminated by pacing and appears to have a triggered or micro-
reentrant mechanism. Although NAFAT in adults occurs most 
commonly in structurally normal hearts, in children or young 
adults, it is most often seen in association with congenital heart 
disease. The majority of NAFAT sites are in the right atrium and 
amenable to catheter ablation, with a relatively high success 
rate.26 They are difficult to differentiate from intraatrial reentrant 
tachycardia or atrial flutter on surface ECG.

Atrial Flutter
Atrial flutter (AF) is a reentry circuit in the atria, with the major-
ity of pediatric atrial flutter seen in patients with congenital heart 
disease. The typical ECG findings in “classic” atrial flutter 
include negative P waves in the inferior leads (II, III, and aVF), 
with atrial rates of 250 to 450 bpm (see Figure 109-1, E). Atrial 
flutter represents 15% to 50% of all fetal SVT, often resulting in 
fetal hydrops, a form of congestive heart failure. Sotalol provides 
effective treatment in 80% of fetuses with atrial flutter.27 Neo-
nates with atrial flutter usually have a structurally normal heart, 
although congenital heart disease may be present. Heart failure 
was present in 20% of 50 infant cases with an atrial rate range of 
340 to 580 bpm.28 Atrial or supraventricular arrhythmias may be 
encountered in follow-up. In the neonate, treatment to convert 
AF to a sinus rhythm includes medication, transesophageal 
pacing, or direct current cardioversion.

In patients with congenital heart disease, AF may develop 
before or after surgical interventions and is most commonly seen 
in lesions with extensive atrial surgery or atrial dilatation. The 
multiple atrial flutter circuits seen after congenital heart surgery 
result in slower rates and unusual flutter wave axis and morphol-
ogy, often described as intraatrial reentry tachycardia rather than 
atrial flutter (see Figure 109-1, F). Symptoms are related to the 
ventricular rate during the tachycardia and the underlying health 
of the myocardium.

To treat AF and prevent emboli, the presence of atrial thrombi 
should be ruled out before attempting conversion of the rhythm. 
An associated congenital heart defect such as an undiagnosed 
atrial septal defect can be evaluated at the same time. Catheter 
ablation is an effective treatment in patients with recurrent AF 
who are beyond early childhood, with success in 91% of patients.29

Atrial Fibrillation
Atrial fibrillation is a primary atrial tachycardia that involves a 
number of microreentry circuits in the atrium. Adolescents with 
structurally normal hearts may present with idiopathic atrial 
fibrillation, and many of them will not have recurrences once the 
rhythm is converted; those who do have recurrences will require 
anticoagulation and antiarrhythmics. In young patients with AF 
and atrial fibrillation, the ECG after conversion should be care-
fully evaulated to rule out ST-segment changes associated with 
Brugada syndrome or short QT intervals because of the associa-
tion of these arrhythmias. Similarly, in individuals with WPW 
and inducible atrial fibrillation, spontaneous clinical atrial fibrili-
lation occurred in 73% and subsequent ventricular fibrillation 
occurred in 27%.30,31

Multifocal Atrial Tachycardia or Chaotic Atrial Tachycardia
Multifocal atrial tachycardia (MAT), or chaotic atrial tachycardia 
(CAT), is a primary atrial tachycardia with at least 3 distinct 
P-wave morphologies arising from multiple foci in the atria. It is 
occasionally confused with atrial fibrillation in that there are 
multiple P-wave morphologies and variable PR and R-R inter-
vals. It is most commonly seen in the newborn, with spontaneous 
resolution over time in the majority.32 The management strate-
gies are similar to those used in the treatment of EAT, but cath-
eter ablation has not been useful because of the multiple foci. 
Yeager et al.33 reported a 17% incidence of sudden death in 
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Symptoms appear to be rate related, most frequently seen with 
VT rates over 150 bpm. Patients with VT and heart disease often 
have symptoms, whereas only one-third of patients with normal 
hearts and VT have symptoms. Sudden death occurs most com-
monly in the presence of an abnormal heart but has been reported 
in patients with normal hearts.39 Evaluation of VT should include 
ECG, 24-hour ambulatory monitoring, echocardiography, and 
exercise stress testing in patients older than 5 years of age who 
can cooperate during the procedures.

A recent Japanese study of idiopathic VT in children found 
that the VT originated from the right ventricle in 56% and the 
left ventricle in 44% of patients.40 The mechanism was more 
likely to be automatic (40.9%) with the right ventricular VT, and 
reentry (52.9%) with the left ventricular VT. Adenosine termi-
nated the VT in 9 of 15 patients (60%).

Specific Ventricular Tachycardia Associations
Ventricular  Tachycardia  and  Structurally  Normal  Hearts 
Right Ventricular Outflow Tract Origin In structurally normal hearts, 
VT can arise from the right ventricular outflow tract (RVOT), 
usually in the anterior portion, anteroseptal or anterolateral, 
anterior free wall, or posteroseptal or posterior free wall.41 The 
morphology of the VT on ECG is most commonly LBBB, with 
an inferior axis but also with a superior or rightward axis with 
posterior septal or free-wall VT showing a left inferior axis and 
anteroseptal or free-wall VT showing a right inferior axis. The 
precordial transition occurs later in the RVOT free-wall tachy-
cardias (Figure 109-2, left panel). Both sustained and nonsustained 
VT are seen. RVOT tachycardias may resolve over time. Elec-
trophysiological study (EPS) may be necessary to identify the site 
of the tachycardia if catheter ablation is being considered. The 
tachycardia can be induced as nonsustained or sustained VT by 
programmed electrical stimulation and isoproterenol in 40% to 
80% of selected patients.

Fascicular  Tachycardia  Another type of VT in patients 
without heart disease originates from the left ventricle involving 
the fascicles, most commonly in the septum in the mid to inferior 
position. The morphology of the VT is generally RBBB with 
left-axis deviation (left anterior hemiblock pattern), although a 
left posterior hemiblock pattern may be seen (see Figure 109-2, 
right panel). VT from the basal aspect of the superior left ven-
tricular septum can appear as repetitive monomorphic VT, 
revealing a dominant R-wave pattern in lead V1, an inferior axis, 
and a precordial R wave transition at or before lead V2.42 These 
VTs may be responsive to verapamil or adenosine, suggesting a 

frequently fall on the T wave in a patient with LQTS. Further 
investigation and treatment may be indicated in PVCs associated 
with myocarditis, cardiomyopathy, or congenital heart disease.

Ventricular Tachycardia

Ventricular arrhythmias are less common than supraventricular 
arrhythmias in children. Because postoperative survival after 
complex surgery has increased, an increase in VT has been noted 
in these patients.37 The most common etiologies of VT in children 
include congenital heart disease, preoperatively and postopera-
tively; acquired heart disease such as myocarditis, cardiomyopa-
thies including hypertrophic and dilated cardiomyopathies, 
ARVC, and left ventricular noncompaction (LVNC); coronary 
anomalies or disease resulting in myocardial ischemia; channelo-
pathies such as congenital LQTS and catecholaminergic polymor-
phic ventricular tachycardia (CPVT); abnormal foci or circuits in 
structurally normal hearts; tumors or infiltrates; or idiopathic 
etiologies. Although the failure to identify a specific cause is not 
unusual in children, persistence in evaluations often identifies 
pathology in patients initially thought to have an unidentifiable 
etiology.

Although the presence of a wide QRS tachycardia with AV 
dissociation suggests VT, many children have excellent ventricu-
loatrial (VA) conduction, and AV dissociation may not be seen. 
Causes of wide complex tachycardia in children include SVT 
with bundle branch aberrancy; antidromic SVT using an acces-
sory AV connection; SVT using a nodoventricular, nodofascicu-
lar, or atriofascicular connection; or AF with aberrant conduction 
from which VT must be differentiated. Until proven otherwise, 
a wide QRS tachycardia in a child should be considered to be 
VT. The normal QRS duration in infants and young children is 
40 to 80 ms, so widening is relative to the initial QRS complex 
duration. The rates of VT in children vary from 120 to 300 bpm. 
Left bundle branch block (LBBB) is the most common morphol-
ogy, but right bundle branch block (RBBB) or alternating RBBB 
and LBBB may occur.

Polymorphic VT includes torsades de pointes and bidirec-
tional VT. Torsades de pointes is associated with LQTS. Bidirec-
tional VT has been associated with familial hyperkalemic paralysis, 
CPVT, or digoxin toxicity. The mechanisms of VT in children 
include abnormal automaticity in 40% and reentry in 60%.38 
Reentry is most often the mechanism in postoperative congenital 
heart patients, with reentry circuits that develop around suture 
lines, ventriculotomy scars, and anatomic obstacles.

Figure 109-2.  Ventricular tachycardia. (Left) Right ventricular tachycardia with LBBB pattern in a 15-year-old postoperative tetralogy of Fallot patient. (Right) Fascicular left 
ventricular tachycardia with a RBBB pattern in a 16-year-old boy. 
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considered for patients with clinical episodes of VT or with 
symptoms and inducible VT, those with complex ventricular 
arrhythmias and abnormal hemodynamics, and/or patients with 
significant symptoms and abnormal hemodynamics. ICDs are 
used in patients who have had syncopal events or aborted sudden 
death or those in whom unstable VT or VF is induced in the 
electrophysiology laboratory.

Treatment can include a combination of pharmacologic 
agents, radiofrequency ablation, surgical repair, and ablation or 
implantation of a pacemaker or ICD. The most commonly used 
drug regimens include β-blockers, mexiletine, and class IA or IC 
agents.

Genetic Conditions With Associated 
Arrhythmias

Several genetic conditions are associated with ventricular arrhyth-
mias in children and they may present with sudden cardiac arrest 
as the first symptom. Postmortem molecular studies in infants 
and children with autopsy-negative sudden unexplained death 
have found that 10% to 30% have genetic mutations for one of 
the electrical conditions associated with sudden cardiac arrest or 
death (SCA/SCD).51 In a study by Schwartz et al.52, 0.07% of 
neonates had a QTc interval longer than 0.47 seconds, with 43% 
of these having a LQT gene mutation, suggesting a prevalence 
of 1 : 2000.52

Long QT Syndrome

Congenital LQTS is an inherited condition characterized by 
syncope, seizures, and sudden death, and it is associated in most 
individuals with a prolongation of the QT interval seen on an 
ECG.53 Life-threatening VT (i.e., torsades de pointes) or ven-
tricular fibrillation develops in affected patients. The prevalence 
of the disorder is estimated at 1 : 2000 to 1 : 10,000.54 Initial 
presentation of LQTS in children includes cardiac arrest  
(9%), syncope (26%), seizures (10%), presyncope or palpitations 
(6%), and exercise (67%). Family history is positive in 39%  
of patients.55 Newborns with LQTS may present with sinus 
bradycardia, associated with LQT1 or 2 : 1 AV block, associated 
with LQT2 or LQT3.56,57 A high mortality rate has been associ-
ated with a 2 : 1 AV block, but improved outcomes have been seen 
recently.58

Diagnosis and Evaluation
Schwartz et al.59 provided criteria and suggested a scale for iden-
tifying these patients by categorizing high-, intermediate-, or 
low-risk groups. A high level of suspicion is required for diagno-
sis. A complete history may reveal syncope or seizures associated 
with exercise or emotional stress, or a family history of sudden 
death in young relatives, including unexplained automobile acci-
dents or drowning. Presentation with syncope during or imme-
diately after exercise or with VT, especially of polymorphic VT 
or torsades de pointes, or in association with physical or emo-
tional stress, should result in recording an ECG; corrected QT 
intervals should be hand-measured using Bazett’s formula.60 A 
value more than 0.46 seconds in children has been considered 
abnormal, but 1% have QTc intervals between 0.46 and 0.48 
seconds, so 0.48 seconds may be a more reasonable cutoff in 
general populations and 0.46 seconds could be reasonable in a 
more suspicious setting of family evaluation. Evaluation of a 
resting ECG may not be sufficient because more than 10% to 
15% of gene carriers may have normal ECGs.61 Exercise may 
uncover abnormal T waves, polymorphic PVCs, or VT.54,58 In the 
recovery period, approximately 6 to 7 minutes post exercise, the 

triggered mechanism. Ablation is successful in more than 80% of 
patients.

Left Ventricular Outflow Tract Tachycardia These tachycardias origi-
nate in the left or right coronary cusp, the aortomitral continuity, 
or the posterior region of the left ventricular outflow tract 
(LVOT) below the aortic valve. Some LVOT VTs originate in 
the LVOT with an LBBB pattern. The transition occurs earlier 
(by V2-V3) than is seen in RVOT VT. Both right and left VTs 
are often adenosine-sensitive.43

Antiarrhythmic therapy may be an appropriate treatment in 
many of these patients, especially in younger children. Because 
some RVOT tachycardias will resolve over time, conservative 
therapy is appropriate if the VT is not hemodynamically com-
promising and is easily controlled. RVOT VT may respond to 
β-blockade, mexiletine, or verapamil. LVOT VT may respond 
to β-blockade or verapamil. Catheter ablation can be used for 
many forms of VT.42 VT with LBBB pattern, inferior axis, 
and early precordial transition may be ablated from the left or 
noncoronary aortic sinus of Valsalva.44 For left ventricular 
septal or fascicular VTs, ablation at the pre-Purkinje potential 
recording site during VT seems to be most successful.45 Right 
ventricular VT may be ablated using entrainment, pace mapping, 
or noncontact mapping, including electroanatomic mapping 
techniques. A higher success rate has been seen in treating the 
RV tachycardias.

Accelerated Ventricular Rhythm
Accelerated ventricular rhythm originates from the ventricle with 
all the characteristics of VT but with a rate slightly higher than 
the underlying sinus rhythm, usually less than 140 bpm. It is 
often seen in children with normal hearts. This arrhythmia is 
more common in the neonate and is self-limited within 2 weeks 
to 3 months postnatally.46 These early ventricular arrhythmias 
may relate to developmental factors associated with the auto-
nomic nervous system.

Postoperative Congenital Heart Disease  
Ventricular Tachycardia
Patients who undergo intracardiac surgery risk the development 
of postoperative VT after congenital heart surgery. Sudden death 
in postoperative congenital heart patients is most commonly seen 
after repair of aortic stenosis, coarctation, transposition of the 
great arteries, tetralogy of Fallot, or Fontan procedures for single 
ventricle physiology.47,48

All postoperative patients, especially highest-risk patients, 
should have periodic follow-up with an ECG. Holter monitoring 
is recommended every 2 to 3 years in those without known 
arrhythmias, and is recommended every year or as needed in 
those in whom arrhythmias have been identified. An exercise 
stress test should be performed when the child is able to cooper-
ate. Those with complex arrhythmias, nonsustained VT, poly-
morphic VT, or monomorphic VT should undergo further 
testing. This could include an EPS and possible catheter ablation 
or implantable cardioverter defibrillator (ICD) placement if 
needed. EPS can evaluate the propensity of these patients to 
develop VT, evaluate the efficacy of specific pharmacologic thera-
pies, locate the site of origin of the arrhythmia in patients who 
are candidates for ablative therapy, and suggest patients who may 
benefit from ICD placement.49,50

Because of the high incidence of ventricular arrhythmias in 
postoperative patients, their precise role in the occurrence of 
sudden death is unclear. The presence of frequent or complex 
ventricular ectopy probably identifies a high-risk group, but our 
ability to further identify those patients at highest risk is limited. 
It appears that patients with QRS duration greater than 180 ms, 
severe pulmonary regurgitation, or RV and left ventricular dys-
function represent high-risk patients. Treatment should be 
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temporary pacing to increase bradycardic rates. β-Blockers are 
the usual long-term treatment, with propranolol and nadolol 
most commonly and effectively used in children. Most adoles-
cents only require 10 to 20 mg of nadolol twice daily, with the 
dose titrated to achieve a heart rate response to maximal exercise 
testing of 150 to 160 bpm. The prevalence of sudden death 
decreases from more than 50% to 1% to 2% with treatment with 
β-blockers.72,73 We use mexiletine in many of our patients with 
LQT3. Potassium therapy can be helpful with doses maintained 
above 4 mmol/L. Patients who do not respond to β-blockers or 
who have an aborted cardiac arrest or significant syncope associ-
ated with ventricular arrhythmias can be treated with ICD or left 
cardiac sympathetic denervation, or both.74 ICD therapy should 
not be undertaken lightly in children, because follow-up and 
inappropriate discharges can significantly affect a child’s well-
being and lifestyle.75,76 It is generally recommended that competi-
tive athletics be avoided by patients with LQTS. As more 
“carriers” or asymptomatic patients are discovered, individual 
exercise and sports participation recommendations may be made. 
The most important aspect of the care of these patients is con-
tinued surveillance because the QT interval and associated 
arrhythmias can change with age. Patients with LQTS should 
avoid ingesting caffeine, adrenergic stimulants such as epineph-
rine, and over-the-counter stimulants such as decongestants and 
medications that prolong the QT interval (more information can 
be found at www.qtdrugs.org).

Short QT Syndrome

Short QT syndrome (SQTS) is diagnosed by a short QT interval 
of less than 0.32 seconds or QTc less than 0.34 seconds. Presenta-
tion includes atrial fibrillation, syncope, and sudden death. Six 
different genes have been implicated in the cause of SQTS, with 
mutations in KCNH2, KCNQ1, KCNJ2, predominantly resulting 
in gain of function and shortened repolarization. Additional 
mutations in CACNB2B, CACNA1C, and CACNA2D1 encoding 
subunits of cardiac L-type calcium channels, resulting in a loss 
of function, have been reported. ICDs have been recommended 
as the treatment for symptomatic individuals.77 Quinidine may 
be an effective therapy, particularly children.78

Brugada Syndrome

The association of an ECG pattern of right ventricular conduc-
tion delay and ST-segment elevation in ECG leads V1-V3 with 
sudden death was reported in 1992 and has been labeled Brugada 
syndrome.79 Patients die during sleep, presumed secondary to ven-
tricular fibrillation. Mutations in the SCN5A gene, leading to a 
loss of function, account for approximately 18% to 40% of cases 
of Brugada syndrome.80 Additional gene mutations identified 
affect sodium, potassium, and calcium channels. The syndrome 
occurs most commonly in males and those of Asian descent. 
Presentation in childhood is uncommon; the condition may be 
unmasked by fever, elevated body temperature during exercise, 
vagotonic agents or events, medications including tricyclic anti-
depressants or β-blockers, and recreational drugs such as 
cocaine.81,82 Many patients with Brugada syndrome have atrial 
arrhythmias, or they occur at some point. High-risk predictors 
include a history of syncope or aborted sudden cardiac death, 
male sex, and a spontaneous typical finding of type I Brugada  
on ECG.83

Evaluation and Treatment
Sodium-channel blocking agents such as flecainide have been 
used to unmask this condition.84,85 Guidelines for implanted defi-
brillators include syncope and spontaneous type 1 pattern. An 

greatest degree of QTc prolongation may be seen. ECGs should 
be obtained in all family members of identified individuals with 
LQTS. When genetic mutations are identified, this can be used 
to screen family members more specifically. Because a variety of 
drugs can prolong the QTc interval, a careful history of medica-
tion use should be obtained during the evaluation. The use of 
provocative tests such as isoproterenol or epinephrine infusions 
can identify some subclinical cases, especially LQT1, with a pro-
longation or paradoxical response in these individuals.62

Clinical Implications of Molecular Genetics
Genetic studies have identified multiple mutations in at least 13 
genes that encode for proteins that modulate ion channels, pri-
marily potassium or sodium channels, causing the LQTS by 
altering cardiac repolarization and increasing the risk for ven-
tricular arrhythmias.63 It is estimated that 25% of the gene muta-
tions have not yet been identified. Some of these genes that 
involve sodium and potassium currents include KCNQ1, KCNH2, 
minK, MiRP1, and SCN5A, and represent LQT1, 2, 5, 6, and 3, 
respectively. Currently, more than 40% of families affected by 
LQTS have the KCNQ1 mutation, and 5% involve minK.63 A 
homozygous mutation of KCNQ1 or minK causes the Jervell 
Lange-Nielsen syndrome.64 KCNH2 mutations represent 45% 
of LQTS mutations and MiRP1 mutations represent 2%. 
KCNH2 channel structure is predisposed to blockage by multi-
ple drugs, making this the channel most commonly affected.65 
Mutations in the human cardiac sodium channel gene (SCN5A) 
are identified as LQT3. Andersen-Tawil syndrome, LQT7, is 
associated with skeletal malformations and periodic paralysis 
because of mutations in the KCNJ2 gene with reduced Kir2.1 
currents. LQT8, or Timothy syndrome, is associated with syn-
dactyly and mutations in the CACNA1C gene with increases in 
Cav1.2 current. Long-QT 4, 9, 10, 11, 12, and 13 each represent 
less than 1% of identified genes.

Gene-Specific Clinical Correlations
Genotype has significant influences on clinical course.66 Cardiac 
events are higher among LQT1 (63%) or LQT2 (46%) than 
among LQT3 (18%) patients. Death during a cardiac event is 
higher among LQT3 (20%) than among LQT1 or LQT2 (4%) 
patients. Cardiac events in LQT1 occur most often during exer-
cise (62%).67,68 Symptoms in LQT2 are most commonly initiated 
by emotions (43%) or auditory stimuli (26%). In those with 
LQT3, symptoms typically occur at rest (39%). The median age 
of presentation in all instances is midadolescence. Beta-blocker 
therapy is most effective in LQT1 but can have a positive thera-
peutic effect in all of the major types.67 The probability of a 
cardiac event increases during adolescence in all of the major 
genotypes, with a higher risk in males before puberty and in 
females after puberty.

Risk Factors for LQTs
Persons with symptoms have a higher incidence of death than 
asymptomatic individuals.54 High-risk factors include a QTc 
greater than 0.50 to 0.53 seconds, aborted cardiac arrest, torsades 
de pointes or complex ventricular arrhythmia, recent syncope or 
more than 2 times within the prior 2 years, boys 10 to 12 years 
of age, T wave alternans, and noncompliance with prescribed 
medications.69,70 Although younger males with LQT1 are at the 
highest risk, there is no gender difference between young indi-
viduals with LQT2 or LQT3. The risks of lethal events are 
highest in males with LQT3 (19% risk) and females (18%), and 
are higher in males with LQT1 and LQT2 (5% and 6% risk, 
respectively) than in females (2% risk for either).67,71

Treatment
Emergent treatment of torsades de pointes includes lidocaine, 
magnesium, esmolol, or cardioversion, and isoproterenol or 

http://www.qtdrugs.org
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Twenty-three percent had appropriate shocks or antitachycardia 
pacing, and 7% had inappropriate shocks per year. In those in 
whom secondary prevention was provided after cardiac arrest or 
VT, 11% were appropriately shocked. The interval between 
implantation and the first appropriate discharge was substantially 
prolonged, 4 to 9 years in six patients. The defibrillators were 
highly effective in terminating life-threatening ventricular 
arrhythmias.104 The recommendations of the 36th Bethesda Con-
ference were that athletes with a diagnosis of HCM or probable 
HCM abstain from competitive sports and vigorous training, 
with the exception of low-intensity activities.105

Left Ventricular Noncompaction
The first cases of left ventricular noncompaction (LVNC) 
reported by Bellet in 1932 and were associated with complex 
congenital heart disease. LVNC was once called spongy myocar-
dium. By 1992, it was recognized that LVNC could occur without 
associated defects. Its presentation encompasses a broad spec-
trum, from totally asymptomatic to severe congestive heart 
failure, thromboembolism, supraventricular and ventricular 
arrhythmias, and sudden cardiac death.106,107 LVNC is thought to 
be secondary to arrest of myocardial maturation during embryo-
genesis. It may be sporadic or transmitted in an autosomal domi-
nant fashion. Several genes that code for cardiac sarcomeric 
proteins such as β-myosin–heavy chain as well as a variety of 
cytoskeletal proteins such as tafazzin, dystrobrevin-α, ZASP, 
LIM-domain binding protein 3, and laminin-α have been impli-
cated. The distinctive anatomic features are revealed by echocar-
diography or magnetic resonance imaging (MRI) and show 
prominent myocardial trabeculations with deep intertrabecular 
recesses. The locations are most commonly in the apical and 
lateral parts of the ventricle. Few reports are available in children, 
with the clinical picture varying from stillbirth, heart failure, 
arrhythmia, and thromboembolic events in the face of poor ven-
tricular function to no symptoms at all.108 These patients might 
also have VT. The varied clinical spectrum requires individual-
ized management, even for families in which the genetic expres-
sion can vary greatly.

Arrhythmogenic Right Ventricular Cardiomyopathy
An unusual cause of VT, usually with a LBBB pattern, is ARVC, 
or arrhythmogenic right ventricular dysplasia, first described in 
1978.109 ARVC is a familial form of right ventricular cardiomy-
opathy and is associated with sudden death. There is replacement 
of the right ventricular wall by fibrous or fatty tissue, or both. 
Structural changes are most common in the inflow, outflow, and 
apex of the right ventricle. Progression to the entire right ven-
tricle and even the left ventricle is seen over time. ARVC has not 
been commonly reported in young patients but should be con-
sidered in previously healthy children or adolescents who present 
with VT. Ten percent of deaths resulting from ARVC occur 
during adolescence or earlier.110 Presentation of ARVC may be 
arrhythmia, sudden cardiac death, or heart failure in more 
advanced cases.

Because of the localized nature of this condition, echocardiog-
raphy may not be diagnostic. MRI may be more helpful by dem-
onstrating thinning of the right ventricular myocardium replaced 
by fatty tissue or showing localized areas of hypokinesis in the 
infundibulum, free wall, or right ventricular apex, accompanied 
by right ventricular dilatation and decreased contractility or scar-
ring with late enhancement techniques. Left ventricular free wall 
and septal involvement in this process has been noted.111 Stan-
dard MRI criteria applied to 81 pediatric patients suspected of 
having ARVC provided a low diagnostic yield.112 Currently, there 
is no single gold standard treatment, and the best strategy con-
sists of combining information from several diagnostic tests 
according to the most recent guidelines of 2010.113 Included are 
evidence by echocardiography and/or MRI or angiography at 

attempt to induce VT in the EPS laboratory is controversial and 
not generally accepted as a reliable method of risk stratifica-
tion.79,81,86,87 There is some evidence that quinidine may be effec-
tive in children who present with potentially life-threatening 
symptoms but are too young for ICD.88 Because of Brugada 
syndrome’s infrequent presentation in youth, little information is 
present in this group.

Catecholaminergic Polymorphic  
Ventricular Tachycardia

CPVT is associated with stress-induced, polymorphic or bidirec-
tional VT that may degenerate into ventricular fibrillation and 
result in sudden death. The prevalence of this condition in chil-
dren is 1 : 10,000.89 Autosomal dominant genetic mutations occur 
in the cardiac ryanodine receptor gene RyR2 in 70% of families.90 
Mutations in the CASQ2 gene, which encodes calsequestrin, a 
protein that is the major calcium reservoir within the sarcoplas-
mic reticulum, is associated with autosomal recessive CPVT.91 
Symptoms include syncope triggered by emotional or physical 
stress and a mean age of onset of 7 to 9 years of age.92 The resting 
ECG is normal but the characteristic polymorphic VT is seen 
with exercise. Sinus bradycardia is common.

Treatment includes β-blockers and ICD in patients who have 
had significant symptomatic episodes or have life-threatening 
arrhythmias seen on Holter monitor or during exercise stress 
tests.89 Verapamil has been proposed as an additional treatment.93 
Left cardiac sympathetic denervation has been suggested for 
refractory cases.94

Ventricular Tachycardia and Cardiomyopathies

Hypertrophic Cardiomyopathy
Hypertrophic cardiomyopathy (HCM) is the most common 
cause of sudden death in young competitive athletes.95 The prev-
alence is estimated to be 1 in 500 in the United States. The 
annual rate of sudden death in children with HCM, presumed 
secondary to ventricular arrhythmias, has been reported to be 2% 
to 8%.96 Very young children with symptoms have more severe 
cases and a higher mortality rate.97,98 Inheritance is by an auto-
somal, dominant genetic condition caused by mutations in sar-
comeric proteins in 55% to 75% of cases. The first HCM gene 
identified was the β-myosin–heavy chain responsible for 35% of 
the families with HCM.99 Multiple other genes include the gene 
of cardiac T-troponin,100 the gene of α-tropomyosin, and the 
gene of binding protein C.99 In addition, mutations in mitochon-
drial cellular processes that affect energy regulation are associ-
ated with HCM in children, as are mutations resulting in inborn 
errors of metabolism, malformation syndromes, and neuromus-
cular disorders.98 The clinical manifestations may result from 
cellular disarray, fibrosis, and myocyte hypertrophy, leading to 
diastolic dysfunction, myocardial ischemia, and arrhythmias. 
Strategies to reduce sudden cardiac death in HCM have included 
lifestyle modifications, medications, and ICDs.

Predictors of sudden cardiac death include prior personal 
history of ventricular fibrillation, sudden cardiac death, or sus-
tained VT; family history of sudden cardiac death; syncope; non-
sustained VT; excessive left ventricular wall thickness (>30 mm); 
or abnormal systolic blood pressure during exercise testing.101,102 
Compared with persons without unexplained syncope, those with 
syncope have a much higher mortality rate.103

Treatment includes antiarrhythmic therapy, pacemakers, 
myotomy/myectomy, and ICDs. Maron et al.104 reported a retro-
spective multicenter study of efficacy of ICDs in preventing 
sudden death in 128 patients with HCM who were judged to  
be at higher risk for sudden cardiac death and had ICDs. 
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Variable medical treatments including β-blockers and intrave-
nous lidocaine may be necessary to treat potentially life-
threatening ventricular arrhythmias. ICDs have been used and 
can be life-saving in these patients.121 Patients with more complex 
or frequent arrhythmias may need antiarrhythmic treatment. 
Some patients have slow rates and develop rapid ventricular 
arrhythmias as the heart rate slows. Temporary pacing may be 
necessary in these patients and can result in control of the ven-
tricular arrhythmia without the need for pharmacologic agents. 
In general, pressor agents should not be used simply to increase 
the heart rate because of the arrhythmogenic potential in this 
subset of patients. Extracorporeal membrane oxygenation can be 
lifesaving in some patients, or transplant may be needed.122,123

Other Causes of Ventricular Tachycardia in Children

Mitral Valve Prolapse
There are reports of sudden death in children and adolescents, 
especially in athletes with mitral valve prolapse secondary to 
ventricular arrhythmias, with 24-hour monitoring showing PVCs 
or more complex ventricular arrhythmias in as many as 46% of 
children with mitral valve prolapse.124

Tumors
Cardiac rhabdomyomas are known to be associated with VT. 
Tuberous sclerosis is known to be associated with cardiac rhab-
domyoma, and such patients should have an ECG and echocar-
diogram. An incessant form of VT secondary to myocardial 
hamartomas has been reported in infants and young children.125 
A more diffuse infiltrative type of disease known as histiocytoid or 
oncocytic cardiomyopathy of infancy is known to manifest as incessant 
VT in infancy and is usually fatal.126

Left Ventricular Aneurysms
Aneurysms or diverticula of the left ventricle have been reported 
in children, especially newborns, and may be associated with 
ventricular arrhythmias. Treatment is indicated by the clinical 
condition of the patient. Many of these diverticula will regress 
over time.127

Ventricular Fibrillation and Sudden Cardiac Death
Sudden cardiac death claims the lives of more than 1000 children 
and adolescents each year in the United States, accounting annu-
ally for approximately 5% of all deaths in children aged 5 to 19 
years, with a reported incidence of 0.6 to 8.4 of 100,000.128-131 
Without an official scientific registry for this information, all data 
are incomplete and questionable. The most common causes of 
sudden cardiac death in the young in the United States are HCM 
(~40% to 50%), other cardiomyopathies (~10%), LQTS and 
other electrical abnormalities (~20%), and others including coro-
nary artery anomalies (~10% to 15%) and aortic rupture (~5%).131 
The most common arrhythmia in adolescents is ventricular fibril-
lation and may be as well in younger children, but asystole or 
pulseless electrical activity may be the recorded arrhythmia by 
the time it can be obtained. The presence of automated external 
defibrillators in schools with an emergency response plan has 
increased the survival of sudden cardiac death to 64%.129

Acute Treatment of Ventricular Tachycardia

Acute and chronic treatments of VT are shown in Box 109-1 and 
Table 109-1. Because sudden death occurs in as much as 30% of 
patients with VT and congenital heart defects, these patients 
should be placed on a long-term treatment regimen. In immedi-
ate postoperative patients, this type of arrhythmia is poorly toler-
ated but generally responds to intravenous lidocaine or 

catheterization showing right ventricular dyssynchrony, dilata-
tion, and decreased ejection fraction to indicate right ventricular 
dysfunction. Tissue characterization emphasizes myocardial 
fibrosis. Repolarization abnormalities on ECG focus on inverted 
T waves in right precordial leads (V1, V2, and V3) or beyond in 
individuals older than 14 years (in the absence of complete RBBB 
QRS ≥120 msec). Other major criteria include epsilon waves, 
LBBB pattern of VT, and a positive family history. In one study, 
a combination of ECG and signal-averaged ECG abnormalities 
identified almost 50% of children who met the other Task Force 
Criteria.110 Children in affected families should be evaluated by 
obtaining standard resting ECGs, 24-hour ambulatory monitors, 
signal-averaged ECGs, echocardiograms, and MRI.

Genetic causes relate to mutations that affect the desmo-
somes and thus cell-to-cell binding. Dominant genetic associa-
tions include JUP (plakoglobin), DSP (desmoplakin), PKP2 
(plakophilin-2), desmoglein-2 (DSG2), desmocolin-2 (DSC2), 
TGFβ3 (transforming growth factor β-3), TMEM43, and RYR2 
(ryanodine receptor). Recessive forms such as Naxos disease are 
also related to ARVC.

Mutations can be identified in approximately 50% of children. 
Treatment is determined by the clinical presentation, and deci-
sions regarding activity frequently restrict vigorous or competi-
tive sports.

Dilated Cardiomyopathy
The etiology of dilated cardiomyopathy (DCM) in children 
includes antecedent myocarditis, familial or genetic associations, 
immune regulatory abnormalities, and, most commonly, idio-
pathic causes.114 Of children diagnosed with DCM, only 34% had 
a known cause: 16% with myocarditis, 9% with a neuromuscular 
disorder, 5% with familial cardiomyopathy, 4% with inborn 
errors of metabolism, and 1% with malformation syndrome. 
Nearly three-quarters present with congestive heart failure, and 
the presence of ventricular arrhythmias portends a poor progno-
sis. Overall, the reported mortality rate has been estimated at 
29% to 94%.115 Poorer prognosis is associated with the clinical 
severity at presentation, lower mean shortening fraction, and 
severe arrhythmias.116 Little information is available on risk strat-
ification in children with dilated cardiomyopathy.

Treatment includes antiarrhythmic therapy, pharmacologic 
treatment of heart failure, biventricular pacing, and ICDs. In the 
past decade, there have been a few pediatric studies looking at 
the effect of β-blocker therapy in the treatment of pediatric 
patients with dilated cardiomyopathy.117 These studies have pri-
marily evaluated the safety and effectiveness of carvedilol in these 
patients in the United States and did not show a significant 
improvement; there are concerns that the study was 
underpowered.118

The utility of biventricular pacing in pediatric patients with 
dilated cardiomyopathy, interventricular conduction delays, ven-
tricular asynchrony, and congestive heart failure has not been 
studied in large clinical trials in children but may provide a new 
treatment for these patients.117,119 A combination of biventricular 
pacing or ICDs, or both, may be used.

Myocarditis

Histologic evidence of myocarditis has been reported in 14% to 
50% of patients with ventricular ectopy and in up to 12% with 
sudden cardiac death.120 The most common causes of viral myo-
carditis include Coxsackie A and B virus and adenovirus. Many 
of these patients present with ventricular arrhythmias, usually 
single PVCs or nonsustained VT, and only mild impairment of 
ventricular function. However, the most difficult arrhythmias to 
control may be in patients with significant depression of myocar-
dial function.
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rhythm, a 24-hour ambulatory monitor, and an exercise tolerance 
test, if age permits, to evaluate chronotropic competence.

Treatment is not based on heart rate alone but is reserved for 
those with symptoms. If the patient has clinically significant diz-
ziness, decreased exercise tolerance, arrhythmias, syncope, or 
significant cardiomegaly or cardiac dysfunction, therapy should 
be considered. Pacemakers are the most common therapy for 
significant sinus node dysfunction. Pharmacologic agents such as 
caffeine, β-sympathomimetics (e.g., theophylline), and oral vago-
lytic agents such as glycopyrrolate or atropine may be used for 
younger children or those with neurologically mediated auto-
nomic dysfunction. Asymptomatic patients are usually monitored 
without therapy.

Atrioventricular Block

Abnormalities of AV conduction are uncommon in children. Eti-
ologies include congenital abnormalities, inflammatory processes 
including rheumatic heart disease or Lyme carditis, trauma, or 
heightened vagal tone.

First- and Second-Degree Atrioventricular Blocks
First- and second-degree heart block may be congenital or 
acquired and have generally been localized to delay in the AV 
node. Delay in the His-Purkinje system may be more concerning, 
potentially leading to complete heart block. Adolescents, espe-
cially athletes, commonly have first-degree and Mobitz-type I AV 
block during 24-hour ambulatory monitoring, especially during 
sleep, and they are generally asymptomatic unless the ventricular 
rate is significantly decreased. The low heart rates are especially 
significant in patients with compromised myocardial function, 
where the cardiac output may not be sufficient. Evaluation 
includes 24-hour ambulatory monitoring to determine the 
longest pause, the lowest rate, and the presence of higher-grade 
AV block. Exercise stress testing should be used to establish the 
maximal heart rate and to evaluate for the presence of ventricular 
ectopy. Pharmacologic agents such as atropine may be helpful to 
achieve a higher rate, especially if the block is in the AV node 
and partially mediated by vagal influences. Isoproterenol may 
increase the heart rate by increasing the rate of the escape pace-
maker. Temporary transcutaneous or transvenous cardiac pacing 
may be helpful acutely. Permanent pacing may be needed for 
persistent symptomatic or high-grade AV block.

Complete Heart Block

In children, complete heart block is the most common cause of 
clinically significant bradycardia. The ventricular rate ranges 
from 40 to 80 bpm, depending on the patient’s age with the QRS 
morphology and heart rate related to the escape pacemaker loca-
tion. Wider QRS escape complexes usually originate from the 
bundle of His or below.

Complete heart block occurs in 1 per 20,000 live births; it may 
be congenital or acquired. Fetal hydrops occurs in 15% to 61%, 
more commonly in association with structural heart disease. The 
survival rate with hydrops is less than 10% unless the fetus can 
be treated to increase the rate or can be delivered immediately. 
The greatest risk of mortality occurs in the first weeks of life, 
especially in newborns that are delivered prematurely. Half of the 
deaths occur during the first year, most associated with cardiac 
anomalies, cardiomegaly, ventricular bradycardia (<55 bpm), and 
atrial tachycardia (>140 bpm) in infants. Survival is 92% without 
associated structural heart disease.133

There has been a strong association noted with congenital 
complete heart block and connective tissue disease in the mother, 
with a prevalence of 85% in mothers of affected infants.134 Half 

amiodarone and correction of other underlying hemodynamic 
and metabolic abnormalities. Patients with early postoperative 
VT are likely to develop this arrhythmia in the late postoperative 
period, thus long-term therapy is often recommended. Residual 
lesions contribute to the arrhythmia and may need to be repaired.

Electrophysiological Study of Ventricular 
Tachycardia

Different mechanisms cause VT in adults and children.38 In 
adults, more than 90% have inducible reentrant VT. In children, 
only 30% to 60% have reentrant VT, most commonly associated 
with structural heart disease, whereas the rest have triggered or 
automatic VT.

Catheter Ablation of Ventricular Tachycardia

In the pediatric population, the categories of VT that are ame-
nable to catheter ablation include those in structurally normal 
hearts that originate primarily in the RVOT or in the left ven-
tricle. The other category of patients who may have VT that is 
amenable to catheter ablation are those who have postoperative 
VT, particularly in the RVOT, commonly patients with postop-
erative tetralogy of Fallot.49 Scars from right ventriculotomy or 
infundibular resection allow a slow conduction zone producing 
the reentry substrate.

Prognosis of Ventricular Tachycardia

The prognosis of VT depends on the underlying condition. 
Reviews of VT in children have reported a high incidence of 
death of 10% to 47%.37 The higher incidence occurs in those 
patients with underlying structural or postoperative heart disease 
and poor hemodynamic results. Sudden death has been reported 
in patients with normal hearts and VT at an incidence of 6% to 
8%.132 In the absence of structural heart disease, especially in the 
neonate or young child, spontaneous resolution of VT may occur. 
The outlook for infants and children with VT is excellent if the 
VT can be controlled.

Bradycardia

Sinus Node Dysfunction

Sinus node dysfunction, although uncommon in pediatrics, can 
present with bradycardia, long pauses, or chronotropic incompe-
tence, leading to exercise intolerance or intermittent periods of 
tachycardia and bradycardia (sick sinus syndrome). Sinus node 
dysfunction may occur in association with primary sinus node 
dysfunction, associated congenital heart defects (e.g., absence of 
the right superior vena cava with persistent left superior caval vein 
or heterotaxy syndromes, damage to the sinus node or its blood 
supply during congenital heart surgery, inflammatory processes, 
or idiopathic causes). Abnormal autonomic input may cause sec-
ondary sinus node dysfunction. Common symptoms include 
fatigue and decreased exercise tolerance, dizziness, syncope, or 
palpitations. Small children may present with a history consistent 
with spells of breath holding, brought on by a noxious stimulus 
such as pain or being upset, that progress to syncope. These 
events may be secondary to periods of prolonged sinus arrest for 
up to 15 to 20 seconds, resulting from increased vagal tone. The 
evaluation of a patient with suspected sinus node dysfunction 
should include an ECG to look for ectopic atrial or junctional 
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greater than 3 seconds; or cardiac enlargement by echocardiog-
raphy. A long-term study found that after 30 years, only 10% of 
patients with complete heart block did not require a pacemaker 
and 20% had sudden cardiac death. Prolonged QTc interval and 
mitral regurgitation were poor prognostic signs. Pacemakers 
were recommended even in asymptomatic adults.140

With postoperative heart block, temporary pacing is usually 
performed for 7 to 10 days. Permanent pacing should be per-
formed if sinus rhythm does not return because there is a high 
incidence of sudden death in this group of postoperative patients 
if they are not paced. Close follow-up is indicated because the 
return of sinus rhythm does not ensure that heart block will not 
recur at a later time. The use of permanent pacemakers in chil-
dren was first reported in the early 1960s and predated many 
recent advances in lead and generator technology.140 These 
advances, including programmability and miniaturization, have 
significantly increased pacemaker use in the pediatric 
population.

Treatment of bradycardia includes acute medical therapy con-
sisting of atropine (0.02-0.04 mg/kg intravenously) or isoproter-
enol (0.01 to 2.0 µg/kg/min). Temporary atrial pacing may be 
performed by the transcutaneous, esophageal (if not AV block), 
or intracardiac routes. Continued symptomatic bradycardia 
should be treated with permanent pacing.

Summary

Arrhythmias in children are complex and variable, with differ-
ences in presentation noted over time as developmental changes 
manifest. Evaluation must be adjusted to accommodate the fleet-
ing and evolving nature of many arrhythmias in this population. 
Similarly, the choice of treatment requires the understanding of 
the unique responses of the young to medications and device 
therapy and the interplay of underlying congenital heart defects 
or associated conditions such as the channelopathies or 
cardiomyopathies.

of these affected mothers are symptomatic, and the other half are 
only serologically positive. The risk of having a child with com-
plete heart block in a mother with systemic lupus erythematosus 
who is anti–Ro-positive is 1 : 20 because maternal immunoglobu-
lin G antibodies to soluble tissue ribonucleoprotein antigens, 
found in the cytoplasm or nucleus of human cells (anti-Ro:SS-A 
and anti-La:SS-B), cross the placenta after the twelfth to six-
teenth week of gestation. This results in an inflammatory response 
in the fetal heart, particularly the conduction system, leading to 
destruction of the AV node.135,136

Structural heart disease is present in one third to one fourth 
of infants with congenital heart block, most commonly 
l-transposition of the great arteries, or the heterotaxy syndromes. 
Mortality rate in the first year is 29% if associated heart disease 
is present.133 Physiologically corrected transposition of the great 
arteries is associated with AV conduction disturbances in 30% to 
60% of patients.

After ventricular septal defect repair, the prevalence of left 
anterior hemiblock and RBBB is 7% to 17%, with a 1% incidence 
of complete heart block.137 Complete heart block has been 
reported to occur as late as 14 years after surgical repair.138 Com-
plete heart block may be seen in up to 7% of patients after repair 
of AV canal defects, because of the unusual course of the conduc-
tion system.

Although infants with heart rates lower than 50 bpm or 
slightly higher rates and associated congenital heart defects or 
cardiomyopathies may require pacing, this decision should not 
be made on the basis of rate alone. Older children with congenital 
heart block may develop evidence of exercise intolerance, easy 
fatigability, or syncope. Not all patients with congenital complete 
heart block need a pacemaker, and many are not required until 
the child is older.139

For treatment, pacemakers may be placed because of syncope 
or presyncope, associated ventricular arrhythmias either during 
sleep or exercise, easy fatigability, or exercise intolerance. Other 
indicators include severe bradycardia; ventricular ectopy, espe-
cially with exercise; prolonged pauses; increased QRS complex 
width; prolongation of the QTc interval; junctional recovery time 
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associated with oxyhemoglobin desaturation followed by a central 
nervous system arousal, thereby reestablishing upper airway 
patency with resumption of ventilation and subsequent reoxygen-
ation. Associated with each repetitive cycle is a cascade of acute 
stressors, including among others hypoxemia, surges in sympa-
thetic neural output, production of reactive oxygen species, and 
fluctuations of intrathoracic and cardiac transmural pressures. 
The relevance of these acute pathophysiological changes to spe-
cific arrhythmia syndromes will be discussed later.

Diagnosis of OSA is made by attended, in-lab, multichannel 
polysomnography. These data generate the apnea-hypopnea 
index (AHI), which is the average number of apneas and hypop-
neas per hour of sleep. Although probably the best composite 
measurement of OSA severity, the AHI does not directly quantify 
other processes operative in the pathophysiology of cardiovascu-
lar disease, such as the degree and duration of oxygen desatura-
tion or sleep disruption.

Epidemiology and Clinical Features

OSA is highly prevalent, but because overnight multichannel 
sleep monitoring is the standard by which the diagnosis is made, 
and because of regional variations in sleep lab availability, it 
remains under-recognized in the medical and lay communities.

The best available data from population-based studies that 
used polysomnographic monitoring in adults provide estimates 
of the prevalence of OSA of between 3% and 28%.2 Men, in part 
because of truncal distribution of adipose tissue and muscle, have 
a higher risk of OSA than women, but the sex prevalence gap 
narrows after menopause. Age, obesity, and increased neck cir-
cumference are additional strong risk factors for OSA.3

Excessive daytime sleepiness, a result of frequent nocturnal 
central nervous system arousals, is the most important symptom 
of OSA and a potential contributor to motor vehicle accidents. 
Yet less than 25% of individuals with OSA actually report exces-
sive sleepiness, although it is likely that subjective reporting 
under-represents the true symptomatic burden of OSA.4 Daytime 
sleepiness, even in those with mild OSA, has been shown to cor-
relate with the blood pressure–lowering effects of OSA therapy 
in patients with systemic hypertension, suggesting an important 
interaction between cardiovascular disease and OSA that extends 
beyond the absolute value of the AHI. Other typical signs and 
symptoms of OSA include loud snoring, interrupted and unre-
freshing sleep, and pauses in breathing witnessed by a bed partner.

Central Sleep Apnea

Pathophysiology

CSA is characterized by the loss of ventilatory output from the 
central respiratory generator in the brainstem, resulting in inter-
ruptions of respiratory muscle output that lead to apneas and 
hypopneas. In general, the maintenance of upper airway patency 
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Obstructive sleep apnea (OSA) and central sleep apnea (CSA), 
the most common sleep-related breathing disorders, are associ-
ated with cardiac arrhythmias. This has long been recognized 
anecdotally, but only recently have controlled studies raised 
awareness of the nature and strength of this relationship. This 
chapter will discuss the following: (1) The pathophysiology and 
epidemiology of OSA and CSA; (2) epidemiologic data support-
ing associations between sleep apnea and bradyarrhythmias, atrial 
fibrillation (AF), ventricular arrhythmias, and sudden cardiac 
death (SCD); (3) the potential pathophysiological mechanisms 
through which OSA and CSA may promote the initiation or 
maintenance of these arrhythmias; (4) the effects of sleep apnea 
therapy on these relationships; and (5) the application of the 
current understanding of this topic in the clinical setting, keeping 
in mind the limitations of the available data and the expectations 
for future research.

Obstructive Sleep Apnea

Pathophysiology

Obstructive sleep apnea is characterized by the failure of neuro-
muscular mechanisms governing upper airway patency during 
sleep, resulting in airway narrowing or collapse. Although apnea 
can occur with a person in any position, the upper airway is more 
vulnerable to obstruction in the supine position because of dorsal 
displacement of the tongue and soft tissues. Upper airway col-
lapse can occur during any stage of sleep, but susceptibility is 
greatest during rapid eye movement (REM) sleep. Heralded by 
atonia of skeletal muscles, including that of the pharynx and 
upper airway but excluding the respiratory diaphragm and extra-
ocular muscles, REM sleep occurs cyclically (4 to 6 times) 
throughout the sleep cycle and accounts for about 25% of total 
sleep time. Of potential pathophysiological importance in 
arrhythmogenesis, REM is a state of autonomic instability, 
marked by surges in both sympathetic and vagal activity, with 
attendant variations in heart rate, blood pressure, and peripheral 
vascular resistance.1

Obstructive disordered breathing events are repetitive, num-
bering in the hundreds per night in extreme cases. Each is 
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is known regarding the effect of CSA-CSR on specific arrhythmia 
syndromes will be discussed next.

Epidemiology and Clinical Features

The prevalence of CSA-CSR in the general population or in 
unselected individuals with left ventricular dysfunction is 
unknown. In two studies of more than 500 patients with predomi-
nantly New York Heart Association class II heart failure and an 
average left ventricular ejection fraction of approximately 25%, 
the prevalence of sleep apnea identified by polysomnography was 
between 33% and 40%.7,8 The prevalence of CSA-CSR increases 
directly with the severity of heart failure. Like OSA, age and male 
sex increase the risk for CSA-CSR, with narrowing of the gender 
gap after menopause.

It is unclear whether CSA-CSR results in symptoms indepen-
dent of those related to the underlying cardiac condition.  
Nocturnal dyspnea attributable to cardiac dysfunction may be 
explained also by the hyperpnea of CSA-CSR. Despite the fact 
that CSA may coexist with OSA, symptoms referable to OSA are 
notably absent in individuals with heart failure.

Mechanisms of Arrhythmias in Sleep Apnea

Obesity, diabetes, dyslipidemia, hypertension, ischemic heart 
disease, and systolic and diastolic heart failure all cluster with 
sleep apnea (Figure 110-1).9 Simply by association with these 
conditions, the risk of arrhythmias is increased in patients with 
OSA and CSA. There are multiple pathophysiological mecha-
nisms by which sleep apnea may directly promote the initiation 
or maintenance of specific clinical arrhythmias (discussed next).

distinguishes CSA from OSA, although the conditions may 
coexist. CSA is broadly comprised of a few heterogeneous disor-
ders, such as high-altitude periodic breathing, idiopathic CSA, 
and some hypoventilation syndromes. The most common and 
studied form of CSA is Cheyne-Stokes respiration (CSA-CSR), 
which is most often encountered in the setting of heart failure 
and manifests as a characteristic waxing and waning periodicity 
of ventilation.

CSA-CSR reflects derangements in ventilatory control mech-
anisms caused by the hemodynamic consequences of left atrial 
hypertension and decreased cardiac output (usually caused by left 
ventricular dysfunction). Partly because of irritant receptor stim-
ulation by pulmonary microvascular congestion, heart failure 
patients chronically hyperventilate, resulting in low blood carbon 
dioxide tensions during wakefulness.5 The relative hypocapnia, 
together with a heightened chemoreflex response to carbon 
dioxide and prolonged circulation time, destabilizes the ventila-
tory control system during sleep and results in CSA-CSR. As 
would be expected by these mechanisms, inhalation of a carbon 
dioxide–enriched gas abolishes CSA.

CSA-CSR, like OSA, is diagnosed by multichannel polysom-
nography and is quantified by the central AHI. The characteristic 
waxing and waning pattern of ventilation, which also may be seen 
during wakefulness, is most prominent during non-REM sleep 
and is characteristically absent during REM sleep, where cortical 
influences on ventilation often override the chemoreflex. Similar 
to OSA, CSA-CSR is associated with repetitive cycles of acute 
stressors, including hypoxemia, hypercapnia, sympathetic activa-
tion, and fluctuations in heart rate and blood pressure.6 In con-
trast to OSA, the influence in CSA-CSR of these processes on 
cardiovascular outcomes, including arrhythmias, has been rela-
tively unexplored. Some data suggest that CSA-CSR contributes 
to worse cardiovascular outcomes, including mortality, above and 
beyond what is attributable to accompanying heart failure. What 

Figure 110-1.  Obstructive sleep apnea (OSA) and cardiovascular disease mechanisms. The pathophysiology of OSA can acutely and chronically elicit multiple intermediate 
cardiovascular disease mechanisms, which can promote the association of OSA with a number of cardiovascular conditions and diseases. 

(Reproduced from Gami AS, Somers VK: Sleep disorders and cardiovascular disease. In Libby P, Bonow RO, Mann DL, et al, editors: Braunwald’s heart disease: a textbook of 
cardiovascular medicine, ed 8, Philadelphia, 2007, Saunders.)
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pressure.1 Slow-wave sleep, underrepresented in severe OSA, is 
a state of parasympathetic predominance. REM sleep is associ-
ated with abrupt fluctuations in both sympathetic and parasym-
pathetic activity. Although it is clear that the autonomic system 
plays a major role in the pathophysiology of AF, its specific effects 
are still being determined.15 The processes that occur in OSA 
may lead to activation of atrial catecholamine-sensitive ion chan-
nels, which could result in focal discharges that initiate AF, and 
also to vagally mediated changes in atrial conduction properties 
that promote and maintain AF. In addition, individuals with OSA 
have chronically elevated sympathetic activity even during the 
waking period, which may have a deleterious effect on rate-
control strategies for AF management.14

OSA is associated with systemic inflammation, evidenced by 
increases in levels of C-reactive protein, serum amyloid A, and 
interleukins, which may have implications for atrial fibrosis and 
remodeling.16

Recently, several measurable electrophysiological abnormali-
ties that promote AF have been demonstrated in patients with 
OSA. The presence and severity of OSA correlate with interatrial 
and left atrial electromechanical delay as measured by tissue 
Doppler imaging and P-wave dispersion.17 Furthermore, atria in 
patients with OSA demonstrate lower voltage, slower conduction, 
and more widespread, complex fractionated electrograms.18

Ventricular Arrhythmias and Sudden Cardiac Death

Numerous pathophysiological mechanisms may directly and 
indirectly link OSA to ventricular arrhythmias and SCD. The 
repetitive oxygen desaturations during apneic sleep are tempo-
rally associated with ventricular ectopy. This hypoxemia and the 
simultaneous hypercapnia activate the chemoreflex, which 
increases peripheral vascular sympathetic nerve activity and cir-
culating catecholamines.14 Tachycardia and surges in blood pres-
sure at the end of apneas increase myocardial oxygen demand at 
the same time that hypoxemia decreases myocardial oxygen 
supply. The resultant nocturnal ischemia, whether manifested as 
silent ST-segment changes or nocturnal angina, has been dem-
onstrated in individuals with OSA and may be responsible for 
ventricular dysrhythmias during sleep.19

The risk of myocardial infarction and stroke, which may be 
the cause of SCD or may lead to SCD through dysrhythmias or 
other complications, is increased in individuals with OSA because 
of multiple mechanisms that promote nocturnal arterial throm-
bosis. In contrast to the usual diurnal variation of coagulation in 
healthy individuals, patients with OSA have increased platelet 
activation and aggregation during the night. In addition, their 
fibrinogen levels are increased and fibrinolytic activity is decreased 
during sleep.

The marked autonomic dysfunction in OSA is likely an 
important link to SCD. Decreased heart rate variability, a risk 
marker for SCD, is present in patients with OSA because of 
abnormalities in central nervous system coupling of cardiac and 
ventilatory parasympathetic inputs, the arterial baroreflex, and 
feedback from pulmonary stretch receptors.20 In addition, the 
QTc interval and QTc interval dispersion are abnormal in patients 
with OSA, with the latter correlating directly with the AHI and 
the duration of nocturnal hypoxemia.21,22 Furthermore, individu-
als with OSA have increased sympathetic activity that persists 
during the awake period, which is associated with an increased 
risk of SCD.14,23

Finally, OSA is present in a large proportion of patients with 
heart failure and it is implicated in chronic left ventricular dys-
function, through which it may be an important contributor to 
the neurohumoral response and myocardial remodeling that 
produce the substrate for SCD.24

Bradyarrhythmias

It is important to recognize the mechanisms of bradycardias that 
occur commonly during normal sleep in healthy individuals. 
Although sympathetic neural output and average heart rate are 
higher during REM sleep than during non-REM sleep, there is 
evidence for paroxysmal parasympathetic discharges during REM 
sleep that manifest as abrupt heart rate decelerations. Healthy 
young adults, often athletes, have periods of exaggerated vagal 
tone during REM sleep, resulting in many benign, albeit some-
times pronounced, bradyarrhythmias, which will be discussed 
later.

In individuals with OSA, apnea and hypoxemia activate the 
physiologic “diving reflex,” so named from observations of oxygen 
conservation during prolonged water submersion by marine 
mammals. Hypoxemia, via stimulation of the carotid bodies, nor-
mally not only induces hyperventilation but also results in brady-
cardia. With normal breathing and hyperventilation, this slowing 
of the heart rate is attenuated by the vagolytic effects of lung infla-
tion. This latter buffer is lost during apnea and when coupled with 
the effects of oxyhemoglobin desaturation, results in marked bra-
dycardias.10 Electrophysiological studies in individuals with OSA 
and bradycardias referred for permanent pacemaker implantation 
showed no evidence of significant sinus, atrioventricular node, or 
His-Purkinje system disease, reflecting the influence of auto-
nomic changes that occur in OSA.

Atrial Fibrillation

Multiple pathophysiological mechanisms may directly link OSA 
and AF. Increased left atrial size is associated with OSA indepen-
dently of other medical conditions.11 Otto and colleagues com-
pared left atrial volume indices in individuals with OSA and 
without OSA who otherwise were completely healthy, middle-
aged men and women. They found that the left atrial volume 
index was normal in all subjects, yet still significantly higher in 
the individuals with OSA. Left atrial size may be increased in 
individuals with OSA because of its association with hyperten-
sion, for which it has been identified as a secondary cause, and 
diastolic dysfunction.12 Even in otherwise healthy individuals, 
subtle changes of diastolic dysfunction are present in those with 
OSA, and the severity of diastolic dysfunction correlates directly 
with the severity of oxygen desaturation. Concomitant obesity 
likely contributes to an enlarged left atrium as a result of a larger 
body mass and increased total blood volume. Left atrial size may 
also be increased in OSA because of repetitive inspiratory efforts 
against an obstructed upper airway, which produce wide fluctua-
tions in intrathoracic pressure that increase cardiac wall stress.13 
This process may also cause chronic stretching of the atrium, 
particularly at anchoring regions such as the pulmonary vein 
ostia, leading to electrical and structural remodeling. Activation 
of stretch-sensitive ion channels in the atrium may have implica-
tions for the initiation of AF.

Another potentially important mechanism of AF is the marked 
fluctuations in autonomic tone that occurs in OSA. Cessation of 
breathing is associated with increases in sympathetic neural 
output as measured by peripheral microneurography.14 Via the 
diving reflex, there may also be a concomitant rise in cardiac vagal 
activity.10 Furthermore, surges in sympathetic neural activity 
occur with each central nervous system arousal terminating an 
apnea. Although sleep stage–dependent mechanisms have yet to 
be proven in arrhythmogenesis, the influence of sleep stage on 
autonomic tone is well-recognized. Stage II sleep is punctuated 
by characteristic “K-complexes,” high-amplitude electroenceph-
alographic discharges associated with transient increases in 
peripheral sympathetic neural activity, and a rise in blood 



1090 ARRHYTHMIAS IN SPECIAL POPULATIONS

the standard criterion (AHI ≥ 5) was not used. Incidentally, a 
control group of 56 community volunteers also had a high preva-
lence of sleep apnea; however, because of selective recruitment 
of the control group acknowledged by the investigators, a signifi-
cant selection bias precluded comparisons with this group. In 
another study, the prevalence of OSA was compared between 151 
consecutive patients undergoing electrical cardioversion of AF 
and 463 consecutive patients without AF being evaluated in a 
general cardiology practice.31 The groups had similar age, sex, 
body mass index, and prevalence of hypertension and heart 
failure; however, the patients with AF had a significantly higher 
risk of OSA (49% vs. 33%), and multivariate analysis demon-
strated a strong independent association between OSA and AF 
(odds ratio, 2.2). An analysis of nocturnal arrhythmias in 566 
individuals undergoing polysomnography found AF in 5% of 
patients with severe sleep apnea and only 1% of patients without 
sleep apnea.29 An additional study found that the prevalence of 
AF was relatively high in patients with idiopathic CSA (no heart 
failure) compared with patients with OSA or no sleep apnea.32 
Although it is possible that CSA in the absence of other cardio-
pulmonary conditions may increase the risk of AF, it also has been 
hypothesized and observed that the opposite cause-effect rela-
tionship exists, namely that AF and its hemodynamic sequelae 
may lead to CSA.33

Most convincingly, a number of longitudinal studies have 
identified OSA as a risk factor in the incidence or recurrence of 
AF. Before coronary artery bypass graft surgery, 121 patients 
underwent sleep studies and were diagnosed with sleep apnea by 
having an AHI of 5 or more or an oxygen desaturation index of 
5 or more.34 An AHI of 5 or more predicted a 32% incidence of 
postoperative AF requiring intervention, and an oxygen desatura-
tion index of 5 or more predicted a 39% incidence of the same 
(both compared with 18% in the control groups). A prospective 
assessment of AF recurrence in 106 patients one year after electri-
cal cardioversion found that patients with untreated OSA had a 
significantly higher recurrence of AF compared with those for 
whom OSA status was unknown (82% vs. 53%).35 Recurrent AF 
was predicted independently by the severity of nocturnal oxygen 
desaturation and the proportion of sleep time with oxygen satura-
tion less than 90%. The largest study to date compared the 
incidence of new-onset AF up to 15 years after diagnostic poly-
somnography in 3542 patients referred to a sleep disorders 
center.36 OSA and multiple measures of its severity, in addition 
to the usual clinical predictors, were significantly associated with 
incident AF (Figure 110-2). In individuals younger than 65 years, 
independent predictors of incident AF were age, male sex, coro-
nary artery disease, body mass index (hazard ratio, 1.07), and the 
decrease in nocturnal oxygen saturation (hazard ratio, 3.29). This 
study clarified prior data that linked obesity to incident AF by 
revealing that obesity and OSA additively increase the risk for 
AF. In addition, the finding that nocturnal oxygen desaturation 
independently predicted incident AF may potentially reflect the 
pathophysiological mechanism responsible for the relationship 
between OSA and AF. In fact, the three longitudinal studies just 
described that were designed to assess AF occurrence based on 
OSA status found that measures of nocturnal oxygen desaturation 
were the most powerful predictors for AF.

Another important discovery was the independent association 
of OSA and AF in patients with hypertrophic cardiomyopathy, a 
condition in which AF is a marker for poorer survival.37

Several studies have identified OSA as a risk factor for the 
inefficacy of AF interventions such as antiarrhythmic drugs and 
pulmonary vein isolation (ablation). One study of 61 patients 
found that severe sleep apnea nearly halved the response rate to 
antiarrhythmic drugs compared with less severe sleep apnea.38 In 
424 patients undergoing radiofrequency ablation of AF, OSA was 
an independent risk factor for acute failure (i.e., within the index 
ablation procedure) of pulmonary vein isolation (relative risk 

Epidemiology of Arrhythmias in Sleep Apnea

Bradyarrhythmias

Several factors confound an accurate description of the relation-
ship between OSA and bradyarrhythmias, including referral 
biases, the presence of overt or subclinical comorbidities, varia-
tions in electrocardiographic monitoring, and the background 
bradycardias that exist in people without OSA. Because of the 
autonomic changes during normal sleep, described earlier, 
healthy individuals commonly have nocturnal sinus bradycardia, 
marked sinus arrhythmia, sinus pauses or arrest, or first-degree 
and type I second-degree atrioventricular block. This occurs 
across sex and age groups and is prominent in young and older 
athletes.25 This recently led the American Academy of Sleep 
Medicine to recommend lowering the threshold heart rate for 
the diagnosis of bradycardia during sleep from the traditional 60 
beats per minute to 40 beats per minute.26

The risks factors for significant bradycardias in OSA include 
the magnitude of oxyhemoglobin desaturation, the AHI, and 
REM sleep.27 The prevalence of bradycardias in OSA patients 
varies widely depending on the diagnostic strategy. Two months 
of recordings from an implanted loop recorder identified a preva-
lence of 47%, whereas 48 hours of ambulatory electrocardio-
graphic monitoring found only a 13% prevalence in the same 
population.28 In contrast to the majority of other data, the largest 
controlled study to assess nocturnal arrhythmias found no 
increase in bradyarrhythmias in patients with severe sleep apnea 
compared with individuals without sleep apnea.29 These similar 
findings were in spite of the fact that the group with sleep apnea 
was older, more obese, and had more cardiac risk factors. The 
reason for the discrepant finding is unclear, but may be caused 
by the lack of distinguishing OSA from CSA in this report.

Atrial Fibrillation

A 1983 study by Guillenminault et al.28 provided initial clues to a 
significant relationship between OSA and AF. Ambulatory elec-
trocardiographic monitoring in 400 middle-aged patients with 
moderate or severe OSA (AHI ≥ 25) revealed that the prevalence 
of nocturnal paroxysms of AF was more than 3%.28 These findings 
have not received much attention despite the fact this prevalence 
was more than fivefold as high as the estimated prevalence of AF 
in middle-aged individuals in the community. Also noteworthy 
was that all 12 of the study patients who underwent tracheostomy, 
which essentially cures OSA by bypassing the obstructed airway, 
had complete elimination of AF up to 6 months later.28 These 
early observations, although they are not controlled or random-
ized data, strongly suggested that OSA may directly cause AF and 
that effectively treating OSA may prevent AF.

The first two controlled studies that identified a relationship 
between AF and sleep apnea were performed in patients with 
heart failure.5,8 Together, in more than 500 patients with mostly 
moderate heart failure and an average ejection fraction of approx-
imately 25%, the presence of sleep apnea was associated with a 
fourfold risk of AF, even after controlling for comorbidities. AF 
was present in approximately 20% of the patients with sleep 
apnea in these heart failure populations.

Additional studies confirmed this relationship in broader 
groups of patients. Fifty-nine Finnish patients with lone AF (no 
ischemic or valvular heart disease, heart failure, sick sinus syn-
drome, pacemaker, hypertension, diabetes mellitus, hyperthy-
roidism, or acute causes of AF) underwent polysomnography, and 
32% were found to have sleep apnea (an AHI of ≥15, without 
differentiation between OSA and CSA).30 This was an underes-
timate of the true prevalence of sleep apnea in lone AF, because 
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Figure 110-2.  Obstructive sleep apnea (OSA) and incident atrial fibrillation (AF). Cumulative frequency curves for incident AF for subjects younger than 65 years with and 
without OSA during an average 4.7 years of follow-up (P = 0.002). 

(Reproduced from Gami AS, Hodge DO, Herges RM, et al: Obstructive sleep apnea, obesity, and the risk of incident atrial fibrillation. J Am Coll Cardiol 49:565–571, 2007.)
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2.16).39 A meta-analysis of 6 studies including nearly 4000 patients 
concluded that polysomnogram-diagnosed OSA increased recur-
rence after AF ablation by 40%, making it a very strong and 
important predictor of long-term failure.40

Ventricular Arrhythmias and Sudden  
Cardiac Death

Historically, clinical experience and limited observations had sug-
gested an increased frequency of nocturnal ventricular arrhyth-
mias and nocturnal SCD in patients with sleep apnea, particularly 
in those with severe OSA. A recent controlled, multicenter study 
showed that nocturnal nonsustained ventricular tachycardia 
occurred in 5.3% and complex ventricular ectopy occurred in 
25% of patients with severe sleep apnea.29 After adjustment for 
comorbidities, patients with sleep apnea had a 3.4-fold risk of 
nonsustained ventricular tachycardia compared with patients 
without sleep apnea.

An important observation that demonstrates the acute impact 
of OSA on SCD is the apparent increase in nocturnal SCD in 
these patients.41 The time of SCD was confirmed in 112 patients 
who had previously undergone polysomnography, and it was  
discovered that individuals with OSA had a significantly  
increased risk of SCD from 12:00 am to 6:00 am (relative risk 
2.57), whereas individuals without OSA had a diurnal pattern of 
SCD similar to that expected in the general population (i.e., a 
peak between 6:00 am and 12:00 pm). Nearly 50% of SCD in 
patients with OSA occurred during the sleeping hours, and the 
severity of OSA correlated directly with the risk of nocturnal 
SCD (Figure 110-3).41 Similarly, in a study of patients with 
implantable cardioverter-defibrillators, individuals with OSA had 
a significantly higher rate of treated ventricular arrhythmias, 
which was based on their high proportion of nocturnal events.42

In a longitudinal study that examined the risk of SCD in 
patients with OSA, the rates of SCD were assessed during an 

average of 7.5 years in 107 OSA patients who were compliant 
with continuous positive airway pressure (CPAP) therapy and 61 
OSA patients who had discontinued CPAP therapy. SCD occurred 
in 4 patients (7%) with untreated OSA and in no patients with 
treated OSA (there was 1 arrhythmic death in a treated patient 
during coronary bypass surgery).43 These results suggest that the 
presence of untreated OSA may contribute to the incidence of 
SCD. However, these limited data do not allow inferences 
regarding the relative contribution of OSA vis à vis comorbidities 

Figure 110-3.  Obstructive  sleep  apnea  (OSA)  and  the  day-night  variation  of 
sudden cardiac death (SCD). Day-night pattern of SCD in persons with and without 
OSA and in the general population. 

(Reproduced from Gami AS, Howard DE, Olson EJ, Somers VK: Day-night pattern of 
sudden death in obstructive sleep apnea. N Engl J Med 352:1206–1214, 2005.)
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arrhythmias. Notably, studies in patients with heart failure (but 
not sleep apnea) demonstrated that CPAP therapy improved 
cardiac function in patients in sinus rhythm but worsened cardiac 
function in patients with AF.46,47 Thus, assumptions cannot be 
made about the benefit, let alone the safety, of sleep apnea therapy 
on arrhythmias or other cardiovascular conditions, and this 
research needs to be designed cautiously. That notwithstanding, 
the prospect of a safe noninvasive therapy to decrease the risk of 
significant clinical arrhythmias, like AF or SCD, is enticing. 
Well-designed randomized controlled trials of CPAP therapy in 
appropriate high-risk OSA patients are needed.

Central Sleep Apnea

In contrast to the experience with OSA, there are few established 
therapies for CSA. Although CPAP was designed to treat OSA, 
it has been applied to CSA patients in hopes of improving their 
symptoms, objective heart failure status, and survival. A random-
ized controlled trial of CPAP in heart failure patients showed 
improvements in cardiac function but no survival benefit, perhaps 
because of the limited efficacy of CPAP in treating CSA in this 
patient cohort.48 CPAP has not been shown to decrease the 
occurrence or burden of arrhythmias in these patients. Adaptive 
servo-ventilation is another mode of ventilatory support that 
recently has been shown to ameliorate CSA and improve sleep 
quality. No data are available regarding its potential effects on 
arrhythmias or survival. Likewise, no data exist regarding poten-
tial antiarrhythmic effects of other suggested treatments for 
CSA-CSR, such as supplemental oxygen, theophylline, and acet-
azolamide. Although it is clear that heart failure treatments 
(including medical therapy, mitral valve surgery, and biventricular 
pacing) improve CSA, it is not possible to differentiate whether 
improvements in heart failure or in CSA itself are responsible for 
any potential improvements in arrhythmias.49

Approach to the Patient

Identifying and treating sleep apnea, particularly OSA, in patients 
with AF or those at risk for or resuscitated from SCD may be an 
important adjunct to the overall care of these patients. Treating 
OSA favorably modifies the cardiovascular pathophysiological 
processes that lead to these significant arrhythmias. It should be 
recognized, however, that currently there are limited data con-
firming that effective treatment of OSA substantially reduces the 
burden of atrial or ventricular tachyarrhythmias.

In general, patients with benign, vagally-mediated sinus node 
dysfunction or atrioventricular block who remain asymptomatic 
during sleep do not require a pacemaker; however, treatment of 
OSA should be strongly encouraged. For clinically significant 
bradyarrhythmias, especially if there is associated hypoperfusion, 
ventricular dysfunction, or proarrhythmia, OSA therapy alone 
has not been validated and the usual treatment with implantation 
of a permanent pacemaker should be provided. Finally, based on 
observational data, treating OSA is likely an important step in 
improving success for OSA patients undergoing antiarrhythmic 
drug therapy, cardioversion, or ablation for AF.

As the strength of evidence improves with completion of rig-
orous randomized controlled trials in select patient populations, 
the role of sleep apnea therapy as an adjunct to managing clini-
cally significant arrhythmias will become clearer. In the mean-
time, patients under evaluation for an arrhythmia, particularly 
those who are obese or have hypertension or heart failure, should 
be questioned about symptoms of sleep apnea so that appropriate 
treatment may be offered in the hopes of improving quality of 
life and possibly reducing cardiovascular risk.

to the occurrence of SCD in these patients. Additional studies 
are necessary to clarify the risk of SCD attributable to OSA, 
independently of other coexisting SCD risk factors, and the 
potential role of OSA therapy in modifying that risk.

Sleep Apnea Therapy and Arrhythmias

Obstructive Sleep Apnea

The most immediately effective and widespread therapy for OSA 
is CPAP. With regular use, it relieves daytime sleepiness and 
improves cognitive function. Although many patients with highly 
symptomatic OSA adhere to CPAP therapy, those with limited 
symptoms may be less compliant. This poses a challenge in man-
aging a growing population of patients with minimally symptom-
atic OSA and comorbid cardiovascular disease. Tracheostomy 
eliminates the consequences of upper airway collapse by entirely 
bypassing the upper airway, but it is typically regarded as a last 
resort therapy in patients with debilitating or life-threatening 
OSA. Weight loss is also an exceedingly effective treatment for 
OSA, as studies of bariatric surgery have suggested, but the long-
term durability of this treatment remains to be proven. There are 
very few controlled studies of other surgical therapies (e.g., uvu-
lopalatopharyngoplasty) for OSA.

Given the long-standing role of CPAP as first-line therapy for 
OSA, it has been most extensively studied in regard to cardiovas-
cular outcomes. Treatment with CPAP has been shown to reduce 
or abolish many of the putative mechanisms that may link OSA 
to arrhythmias, including hypoxemia, inflammation, sympathetic 
overactivity, hypertension, myocardial ischemia, and ventricular 
systolic dysfunction. Evidence regarding clinical outcomes, 
however, is scarce.

A few small, observational studies of selected populations 
demonstrated a reduction in bradyarrhythmias and atrioventricu-
lar block in individuals with OSA treated with CPAP.27,44 Although 
the usual cautions apply to generalizing these results to the clini-
cal realm, they should encourage clinicians to consider OSA 
treatment before proceeding to more invasive therapies such as 
pacemaker implantation, particularly if bradycardias are asymp-
tomatic and limited to sleep.

In the only study to date to specifically investigate the effects 
of OSA therapy on AF, the recurrence of AF was assessed one 
year after electrical cardioversion in 39 patients with OSA 
(untreated and treated by CPAP) and 79 patients with unknown 
OSA status.35 AF recurred in only 42% of OSA patients effec-
tively treated with CPAP compared with recurrence in 82% of 
untreated OSA patients. Interestingly, the recurrence in treated 
OSA patients was even lower than that in the control group of 
AF patients (53%), probably because this latter group included 
patients with undiagnosed OSA. OSA patients without AF recur-
rence were threefold more likely to have used effective CPAP 
therapy than were patients with recurrence, and no differences 
existed between those with and without recurrence with  
regard to age, gender, body mass index, or hypertension. This 
study showed that treatment of OSA by CPAP substantially 
reduces the risk of AF recurrence after electrical cardioversion, 
and that traditional risk factors for AF do not predict recurrence 
in these patients as robustly as the presence or absence of CPAP 
therapy.

CPAP has been shown to reduce the frequency of ventricular 
ectopy in heart failure patients; however this occurred in the 
context of concomitant improvements in global sympathetic 
activity, systemic blood pressure, and ventricular systolic 
function.45

No randomized controlled trial data are available to directly 
address the role of OSA therapy on the management of 
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supplant increasingly sophisticated nonpharmacologic therapies 
such as ablation. The successful use of any antiarrhythmic drug 
necessitates detailed knowledge of the pharmacodynamic, phar-
macokinetic, cardiac, and extracardiac effects. Under the modi-
fied Singh and Vaughan-Williams classification, sodium 
channel–blocking drugs are class I, with subdivision into class IA 
(prolongation of conduction and repolarization), IB (no effect on 
conduction and shortening of repolarization), and IC (prolonga-
tion of conduction but little effect on repolarization). The class 
III antiarrhythmic drugs prolong the action potential duration 
(APD) of cardiac tissue and prevent and terminate reentrant 
arrhythmias. This chapter will first review the principles of anti-
arrhythmic therapy and then provide a concise overview of class 
I and class III antiarrhythmic drugs.

Principles of Antiarrhythmic Therapy

Evaluating Risk Versus Benefit  
of Antiarrhythmic Therapy

The benefits of antiarrhythmic drug therapy in the acute setting 
are clearly evident when a patient presents with a highly symp-
tomatic, sustained, arrhythmia that drug therapy terminates 
rapidly. In this setting, symptomatic benefits are obvious, and the 
risk is minimized because patients are monitored and exposed to 
the drug only for a brief period. By contrast, with chronic therapy, 
the balance between benefit and risk is more difficult to evaluate. 
Although chronic therapy in a patient with heart disease can be 
beneficial initially, efficacy can be lost over time because of a 
changing electrophysiological milieu. Indeed, in virtually all 
clinical trials to date, chronic antiarrhythmic therapy has been 
incompletely effective. Furthermore, the consequences of 
arrhythmia recurrence are clinically important and can vary from 
recurrent hospitalization to SCD, and the risk of serious adverse 
effects appears to increase over time. Therefore, antiarrhythmic 
drugs retain a primary role in the acute termination of arrhyth-
mias and in selected chronic arrhythmia settings, such as AF, in 
which arrhythmia recurrence might not be catastrophic. By con-
trast, device-based and ablative therapies are more desirable from 
a risk-to-benefit point of view in such settings as ventricular 
tachycardia (VT)/VF, where antiarrhythmic drugs have mainly 
assumed a secondary role. However, as ablative therapies for AF 
continue to evolve, it is possible that drugs might assume a sec-
ondary role here as well. Nevertheless, the development of new 
drug therapies for AF that are highly effective and, more impor-
tantly, safe during chronic therapy is still highly desirable because 
ablative therapies are likely limited to a small section of patients 
with the arrhythmia.

Pharmacologic Therapy

Standard Antiarrhythmic Drugs
Dawood Darbar

CHAPTER OUTLINE
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Class I Antiarrhythmic Drugs 1105
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Cardiac arrhythmias remain a major source of morbidity and 
mortality in developed countries. In the past decade, the treat-
ment of arrhythmias has been altered dramatically by the devel-
opment of nonpharmacologic therapies, such as targeted ablation 
of arrhythmogenic tissues and implantable cardioverter defibril-
lators (ICDs), as well as the limited efficacy and proarrhythmic 
potential of conventional antiarrhythmic drugs. Efficacy of anti-
arrhythmic drugs in suppressing the most common arrhythmia—
atrial fibrillation (AF)—is generally 30% to 60% and no single 
agent shows superiority with the possible exception of amioda-
rone. Between 500,000 and 1 million North Americans and 
Europeans die each year of sudden cardiac death (SCD), which 
causes 10% to 20% of all deaths among adults in the Western 
world.1,2 The most common underlying cause for SCD is ven-
tricular fibrillation (VF). SCD most often occurs in patients with 
underlying coronary artery disease (CAD). Therefore, as the 
prevalence of CAD increases worldwide, so will the incidence of 
SCD. Although identification of patients at high risk for SCD is 
possible by evaluating those with heart disease, SCD is the initial 
presenting symptom of heart disease in approximately half of all 
cases.3 ICDs are often used in those judged to be at high risk of 
SCD. These devices are highly effective at terminating life-
threatening arrhythmias if they occur, but they do not prevent 
arrhythmia.

Antiarrhythmic therapy has progressed from a handful of 
poorly tolerated, relatively ineffective drugs with incompletely 
understood mechanisms of action to more a rational selection of 
drugs and other therapies based not only on an improved under-
standing of risks and benefits derived not only from clinical trials, 
but also mechanistic studies. Antiarrhythmic drugs have improved, 
but they continue to produce widely divergent actions in patients 
ranging from suppression of highly symptomatic arrhythmia to 
inefficacy and provocation of life-threatening arrhythmia by the 
drugs themselves (proarrhythmia). The elucidation of the mecha-
nisms underlying this striking variability in intra- and inter-
individual differences in drug response has been useful for 
improving therapy with available antiarrhythmic drugs and for 
delineating new mechanisms for arrhythmias and novel therapies. 
Indeed, the development of any new drug entity with modest 
efficacy and yet not characterized by proarrhythmia or other  
side effects would represent a major advance in therapy of 
arrhythmias. It is not clear whether such drugs could, or should, 



1096 PHARMACOLOGIC THERAPY

Historical Perspective on Current Antiarrhythmic 
Drugs and Their Limitations

Drugs that are currently marketed as antiarrhythmics were ini-
tially developed in whole-animal models by screening for their 
effects on normal cardiac electrophysiology. However, decades 
elapsed before the initial use of older antiarrhythmic drugs in 
humans and more importantly the definition of their molecular 
mechanisms of action. Antiarrhythmic drugs are only partly 
effective and have many adverse effects, the most important of 
which is the potential to generate new life-threatening arrhyth-
mias (proarrhythmia). The increasing appreciation of ventricular 
arrhythmias as a marker of underlying heart disease and, there-
fore, a potential drug target, led to the development of multiple 
new antiarrhythmic drugs in the late 1970s and early 1980s. An 
early animal model that was used to screen for antiarrhythmic 
activity was the “Harris dog,” which demonstrates extremely 
high-frequency ventricular ectopic activity after two-stage coro-
nary artery ligation. Ventricular arrhythmias are especially sensi-
tive to sodium channel blockers; therefore, the first wave of new 
antiarrhythmic drugs were derived from existing structures and 
demonstrated activity in this and other models (i.e., primarily 
sodium channel blockers).

The Cardiac Arrhythmia Suppression Trial (CAST) repre-
sents a landmark trial result, not only for antiarrhythmic drug 
development but for drug development in general.4 The CAST 
tested the prevalent hypothesis that because ventricular ectopy 
following myocardial infarction (MI) is a risk factor for SCD, 
suppression of ventricular ectopy would reduce the incidence of 
SCD. Mortality among patients randomized to ventricular 
ectopic suppression with encainide or flecainide in the CAST was 
approximately threefold higher than that of patients randomized 
to receive placebo. The study also emphasized the importance of 
a randomized, placebo-controlled trial with a primary “hard” 
endpoint, such as death, as opposed to a surrogate end point, such 
as ectopic beat suppression, to determine whether a drug was 
beneficial. The drugs tested in CAST were potent sodium 
channel–blocking agents.

For basic and clinical scientists interested in arrhythmia 
mechanisms, the CAST result provided a strong impetus to 
further work that defined the way in which loss of sodium channel 
function was arrhythmogenic. It is thought that blocking sodium 
channels increases the risk of SCD by slowing conduction or 
increasing the heterogeneity of repolarization, both of which can 
be arrhythmogenic, especially in diseased hearts.5,6 Multiple lines 
of evidence support the hypothesis that loss of sodium current 
(INa) slows cardiac conduction and may be arrhythmogenic; such 
loss can be structural (e.g., mutations in the cardiac sodium 
channel gene SCN5A leading to loss of peak INa),7-9 pharmaco-
logic,7,10 or reflect activation of second messenger systems. For 
example, protein kinase A (PKA) activation has been reported to 
increase peak INa, at least in part because of altered trafficking,11 
whereas protein kinase C activation decreases it.12

Another consequence of CAST was that development of 
sodium channel–blocking drugs came to a rapid halt and 
QT-prolonging agents then assumed the limelight. Just as pro-
cainamide and lidocaine provided the structural starting point of 
a range of sodium channel–blocking molecules, two compounds 
with prominent action potential (AP)-prolonging properties 
formed the framework here: N-acetyl procainamide (NAPA) and 
sotalol. Both compounds also did not block the sodium channel 
and gave rise to a generation of QT-prolonging drugs, such as 
d-sotalol, dofetilide, almokalant, and sematilide. Although the 
screening assay to develop these agents usually was APD in a 
guinea pig papillary muscle, and as with newer sodium channel 
blockers, these compounds were not synthesized to interact with 
a specific predefined molecular target. Nevertheless, subsequent 

studies identified block of one specific potassium current, termed 
IKr (the rapid component of the cardiac delayed rectifier potas-
sium current), as the major mechanism underlying QT prolonga-
tion by antiarrhythmic drugs. IKr is encoded by KCNH2 (also 
known as HERG). However, blocking IKr carries the risk of 
marked QT interval prolongation and a distinctive form of poly-
morphic ventricular tachycardia, termed torsades de pointes. 
Indeed, potassium-channel blocking antiarrhythmic drugs have 
been tested in CAST-like trials and did not prevent more deaths 
than did placebo.13-15 Moreover, the same mechanism underlies 
the development of torsades de pointes in response to noncar-
diovascular drugs, such as certain antihistamines, antibiotics, and 
antipsychotics.16

Classification of Antiarrhythmic Drugs

The earliest schemes classified drugs into classes based on shared 
efficacies and toxicities. Some antiarrhythmic drugs share impor-
tant electrophysiological properties, notably block of sodium 
channels or of the potassium current IKr, and these can provide 
the basis for predicting shared or class actions and toxicities. 
Block or enhancement of other ionic currents, such as IKs, the 
transient outward current (ITO), or acetylcholine-activated current 
(IK-Ach), can also contribute to clinical drug actions in some cases 
and are not usually considered in broad classification schemes. 
An alternative approach is to classify drugs based on key electro-
physiological mechanisms involved in arrhythmogenesis, thereby 
allowing specific drugs to be chosen to target these mechanisms. 
This approach is adopted by the “Sicilian gambit” investigators 
and is nicely exemplified by the definition of new molecular 
mechanisms in congenital arrhythmia syndromes, such as con-
genital long QT syndrome (LQTS), and the way in which these 
then lead naturally to mechanism-based therapies (discussed 
later). As understanding of the molecular and cellular basis of 
arrhythmias evolves, a more rational choice of key molecules 
whose targeting is likely to be safe and effective in the therapy of 
a particular arrhythmia should be possible.

The term antiarrhythmic drugs has traditionally included drugs 
targeting ion channels in cardiac myocytes (sodium channel 
blockers, calcium channel blockers, and QT prolonging drugs, 
generally potassium channel blockers), β-adrenergic receptor 
blockers, and a series of drugs with diverse mechanisms used 
primarily for the therapy of arrhythmias, such as digoxin, amio-
darone, magnesium, and adenosine. However, recent studies have 
demonstrated that other widely used cardiovascular therapies, 
such as angiotensin-converting enzyme and hydroxy-methyl-
glutaryl (HMG) Co-A reductase inhibitors, can also have impor-
tant antiarrhythmic effects. These effects can include reduction 
of SCD, an arrhythmic event that represents the final common 
pathway for many potential disease pathways,17 and prevention 
of AF. These studies provide novel potential therapies and impli-
cate new signaling pathways in the pathogenesis of arrhythmias 
and therefore as potential targets for the development of effective 
antiarrhythmic interventions.

Pharmacokinetic Principles

One important mechanism underlying variability in response to 
antiarrhythmic drugs is variability in pharmacokinetics, the result 
of the processes of drug absorption, distribution, metabolism, 
and elimination. Variability in pharmacokinetics contributes sub-
stantially to variability in efficacy or toxicity when there is a 
narrow therapeutic window (the margins between doses and 
plasma concentrations that are associated with efficacy and those 
associated with toxicity) and when the drug is metabolized or 
excreted by a single pathway; these criteria apply to many 
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therefore alter the effects of these CYP2D6 substrates. Amioda-
rone is a potent CYP2C9 inhibitor, and doses of warfarin must 
therefore be adjusted downward with amiodarone therapy.

CYP3A4/5 are two closely related enzymes that are the most 
abundant cytochromes in the liver (and in other sites, such as 
enterocytes) and are responsible for the metabolism of the  
majority of currently used antiarrhythmic drugs, including  
quinidine, disopyramide, propafenone, and dofetilide. Individuals 
totally lacking CYP3A activity have not been described, but  
there is substantial interindividual variability in the activity. 
However, CYP3A activity can be nearly totally inhibited by con-
comitant drug therapy, notably with certain azole antifungals 
(ketoconazole), macrolide antibiotics (erythromycin), HIV pro-
tease inhibitors (ritonavir), amiodarone, diltiazem, verapamil,  
and large doses of grapefruit juice. CYP3A activity can also  
be induced by rifampin, phenytoin, and Saint John’s wort;  
reduction in plasma concentrations and loss of drug effects can 
occur under these conditions. Inhibition of CYP3A-mediated 
elimination by these drug interactions was the major cause of 
terfenadine accumulation in plasma, leading to cases of torsades 
de pointes that eventually prompted the drug’s withdrawal from 
the market.

N-acetyltransferase (NAT) activity is responsible for the elim-
ination of procainamide. There are two NAT genes: NAT1 and 
NAT2. NAT1 is expressed in all individuals, but loss of functional 
alleles has been reported in NAT2. As a result, patients can be 
divided into rapid and slow acetylators. Slow acetylators have a 
higher incidence of procainamide-induced lupus syndrome 
during chronic therapy.18

In addition to metabolizing enzymes, transport across biologi-
cal membranes is another crucial determinant of drug disposition 
that has received increasing attention over the last few years. The 
multi–substrate efflux carrier P-glycoprotein is the most well-
studied to date in terms of cardiovascular drugs. P-glycoprotein 
is the product of the multi-drug resistance 1 (MDR1; ABCB1) 
gene, and is a member of the ABCB subfamily of ABC (ATP-
binding cassette) transmembrane proteins, which have been 
implicated with drug resistance in cancer. P-glycoprotein is 
expressed in drug-resistant cancer cells and in many organs such 
as the gut and kidney, where it has an important role in distribu-
tion and elimination. It acts as an efflux pump and in the gut, 
preventing the entry of toxic compounds, whereas in the liver and 
kidney it serves to remove xenobiotics from the circulation. 
Although P-glycoprotein substrates are diverse, there is consider-
able overlap between the substrates that are transported by 
P-glycoprotein and those metabolized by CYP3A4/5. One 
important role for P-glycoprotein in cardiovascular medicine is 
that it transports cardiac glycosides. A synonymous single-
nucleotide polymorphism in exon 26 (C3435T) in the MDR1 
gene has been associated with expression of the transporter and 

antiarrhythmic drugs. Sotalol and dofetilide are examples of 
drugs with narrow therapeutic windows and for which the risk of 
toxicity, namely torsades de pointes, increases with increasing 
doses. In addition, both drugs are largely excreted by a single 
pathway: renal excretion. As a result, drug doses need to be 
adjusted in renal failure to avoid increased risk of torsades de 
pointes. By contrast, the toxicity of flecainide is also concentration-
dependent, but the drug is eliminated by hepatic metabolism and 
renal excretion. As a result, impaired metabolism or renal dys-
function alone do not generally alter response to the drug, 
although rare cases of flecainide toxicity owing to inhibited drug 
metabolism in patients with renal dysfunction have been reported. 
Table 111-1 identifies drugs that have narrow therapeutic 
windows and are eliminated by a single pathway, in addition to 
circumstances under which the meeting of these two clinical 
conditions can result in serious and often unexpected drug 
toxicity.

Cytochrome P450s and Other Drug  
Elimination Molecules

Drug metabolism, elimination, and disposition are accomplished 
by specific gene products, most commonly drug metabolizing 
enzymes (primarily members of the cytochrome P450 superfam-
ily, or CYPs) and drug transport molecules. DNA variants that 
alter the activity of these proteins are increasingly well recog-
nized; however, some exert only subtle effects on protein func-
tion, and in other cases an individual may totally lack enzymatic 
activity. Polymorphisms that modulate drug metabolizing 
enzymes or transport molecules are especially important if the 
affected pathway is critical for elimination of a drug with a narrow 
therapeutic margin. Furthermore, concomitant drug therapy can 
modulate the activity of the drug metabolizing and transport 
molecules. In most cases, such drug interactions result in inhibi-
tion of the elimination pathway. Occasionally, however, concomi-
tant drug therapy can induce expression of drug metabolism and 
thus accelerate elimination. Under this circumstance, an increase 
in the drug dose may be required to maintain a therapeutic effect.

The major drug-metabolizing enzymes for antiarrhythmic 
drugs are CYP2D6, CYP2C9, and CYP3A4/5. Approximately, 
5% to 10% of whites and African Americans are homozygous for 
loss of function alleles in CYP2D6; these individuals totally lack 
enzymatic activity and are designated poor metabolizers (PMs). 
CYP2D6 PMs have markedly decreased propafenone clearance 
and accumulate the parent drug-to-plasma concentrations high 
enough to produce clinically significant β-blockade. As a result, 
asthma can be a risk in these subjects. Similarly, CYP2D6 PMs 
also have higher concentrations of timolol and metoprolol. 
Propafenone and quinidine are CYP2D6 inhibitors and can 

Table 111-1. Antiarrhythmic Drugs Eliminated by a Single Pathway

Drug Pathway Blocking Drugs Inducing Drugs

Digoxin Excretion by P-glycoprotein Amiodarone
Quinidine
Cyclosporine
Erythromycin
Ketoconazole
Itraconazole

Rifampicin
St. John’s wort

Propafenone Metabolism by CYP2D6* Quinidine
Many antidepressants

Procainamide Metabolism by n-acetylation*

*Clinically important variation in drug elimination can also be due to common genetic variants.
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intraventricular conduction, it prolongs QRS duration on the 
surface electrocardiogram (ECG). This result explains why QRS 
widening is apparent at normal heart rates during flecainide (but 
not lidocaine) therapy, and it widens further if the heart rate is 
increased. In addition, conduction slowing promotes reentry; 
therefore, slowing conduction by the drug at faster rates might 
explain cases of flecainide-induced VT during exercise.

Mechanism-Based Approach to  
Antiarrhythmic Drugs

One universal principle of pharmacologic therapy is that the best 
treatment is that targeted specifically to disease mechanisms. As 
the understanding of the molecular and cellular basis of arrhyth-
mias has evolved, so too has the list of arrhythmias for which 
specific mechanisms have been defined, and therefore specific 
antiarrhythmic drug therapies may be indicated (Table 111-2). 
However, it is the recent advances in the understanding of molec-
ular mechanisms in specific, rare, inherited monogenic arrhyth-
mia syndromes that has provided insight into common 
arrhythmias, which might also prompt consideration of specific 
mechanism-based therapies.

The inherited arrhythmia syndrome catecholaminergic poly-
morphic ventricular tachycardia (CPVT) provides a good con-
temporary example of how a mechanism-based approach for drug 
therapy can be used. This syndrome is characterized by VT 
induced by adrenergic stress in the absence of structural heart 
disease and a high incidence of SCD. Mutations in two causative 
genes—RYR2, encoding the cardiac ryanodine receptor (RyR2) 
Ca2+ release channel, and CASQ2, encoding cardiac calsequestrin—
have been associated with CPVT.22 Mutations in these two genes 
destabilize the RyR2 Ca2+ release channel complex in sarcoplas-
mic reticulum and result in spontaneous Ca2+ release through 

variable digoxin concentration.19 Furthermore, correlation of the 
MDR1 genotype and digoxin uptake in vivo has been described.20 
Many drugs inhibit P-glycoprotein activity, and their use with 
digoxin can lead to increased digoxin plasma concentrations and 
toxicity; amiodarone, quinidine, verapamil, itraconazole, cyclo-
sporine, and erythromycin are examples.21

Pharmacodynamic Principles

Experimental studies before the cloning era indicated that ion 
channels, the targets of antiarrhythmic drugs, have specific drug 
binding sites. Furthermore, drug binding to these “receptor” sites 
on the channels to modify their function was modulated by the 
state of the channel (open, closed, or inactivated). These observa-
tions led to the formulation of the modulated receptor hypothesis 
to analyze drug-channel interactions. Recent studies have dem-
onstrated the existence of specific drug-binding sites on ion 
channel proteins, and the interaction of drugs with these sites can 
be modulated by channel protein conformation (or “state”). In 
some cases, ion channels are blocked by direct binding in the pore 
region (a common mechanism for most IKr blockers), whereas in 
others, drug binding to other regions of the protein alters its 
function, which is an allosteric effect.

Most sodium channel–blocking drugs inhibit open or inacti-
vated states of the channel; therefore, during each cardiac cycle, 
they associate with and block channels and then dissociate during 
diastole, ultimately reaching a steady state level of block. If the 
heart rate is increased, there is less time for dissociation, so that 
channel block is enhanced. Furthermore, the rate of dissociation 
from the channel varies among drugs. For drugs like lidocaine 
with “fast-off” kinetics, very little block occurs even at fast rates. 
In contrast, for “slow-off” drugs like flecainide, block accumu-
lates even at physiologic rates. As sodium channel block slows 

Table 111-2. A Mechanism-Based Approach to Antiarrhythmic Drug Therapy

Arrhythmia Mechanism-Based Therapy Mechanism Targeted

AV nodal reentry
AV reentry

Adenosine
Verapamil

Macroreentry using the AV node

Outflow tract VT β-Blockers
Verapamil, diltiazem

Adrenergic stimulation

Fascicular VT β-Blockers
Verapamil, diltiazem

Reentry within the His-Purkinje system

Torsades de pointes due to 
drugs

Pacing
Isoproterenol
K+ supplementation to 4.5-5 mEq/L

IKr block leading to bradycardia-dependent EADs and unstable 
intraventricular reentry owing to heterogeneity of repolarization

Congenital long QT syndrome, 
type 1

β-Blockers Failure of the adrenergically activated K+ current IKs to maintain action 
potentials short during adrenergic stimulation

Congenital long QT syndrome, 
type 2

K+ supplementation to 4.5-5 mEq/L Abnormal action potential prolongation and heterogeneity owing to loss 
of IKr function

Congenital long QT syndrome, 
type 3

Sodium channel block: mexiletine, 
flecainide

Abnormal action potential prolongation and heterogeneity owing to 
increased inward sodium current during the action potential plateau

Brugada syndrome ITO block: quinidine, sotalol Increased heterogeneity of action repolarization owing to loss of sodium 
channel function and maintained ITO

AF, VF, or T wave oversensing 
in short QT syndrome

Quinidine, sotalol Increased outward current, leading to shortened action potentials, owing 
to abnormally increased IKs, IKr, or IK1

Catecholaminergic 
polymorphic VT

Flecainide Directly inhibits RyR2 channels and suppresses DADs and triggered 
activity; prevents CPVT

AV, Atrioventricular; VT, ventricular tachycardia; EADs, early after-depolarization; AF, atrial fibrillation; VF, ventricular fibrillation; DAD, delayed afterdepolarization; 
CPVT, catecholaminergic polymorphic ventricular tachycardia.
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RyR2 channels leading to delayed afterdepolarizations (DADs), 
triggered activity, and bidirectional/polymorphic VT.23 Although 
ICDs are recommended for the prevention of SCD in patients 
with CPVT,24 painful shocks can trigger further adrenergic stress 
and arrhythmias; deaths have occurred despite appropriate ICD 
shocks. Treatment with β-adrenergic blockers has been shown to 
reduce arrhythmia burden and prevent SCD, but it is not com-
pletely effective.25 However, because Ca2+ leakage through ryano-
dine channel is a common mechanism of CPVT, ryanodine 
channel block can have a therapeutic effect. This effect led Wata-
nabe et al.26 to assess whether direct inhibition of RyR2 channels 
by flecainide could be used to treat CPVT. They discovered that 
flecainide directly inhibits RyR2 channels and suppresses DADs 
and triggered activity in Casq2 null cardiomyocytes.26,27 Sodium 
channel block by flecainide can also be effective in preventing 
CPVT. Flecainide prevents spontaneous VT and inducible VT 
by exercise or isoproterenol in vivo. Based on these experimental 
findings, the effects of flecainide in two patients carrying a 
CPVT-linked mutation in either RYR2 or CASQ2 were exam-
ined, and it was found that flecainide suppressed exercise-induced 
arrhythmias and recurrences of VT/VF.28

Unfortunately, for most common arrhythmias, such as VT 
associated with myocardial disease or AF, arrhythmia mechanisms 
have been difficult to define; therefore, the choice of drug therapy 
continues to remain largely empiric. In such settings, drugs 
shown by clinical experience or controlled trials to be effective 
often target multiple mechanisms, including modifying the 
arrhythmia-prone substrate or inhibiting known or putative trig-
gers of arrhythmias. Because specific mechanisms for many 
arrhythmias have not been defined, the expectation that all 
patients with AF or VT will respond to therapy in a similar 
fashion makes the assumption that underlying mechanisms are 
homogeneous across patients. However, as genetic, molecular, 
and cellular studies continue to demonstrate, this assumption is 
largely unfounded. Therefore, the incomplete efficacy of drugs 
in treating these arrhythmias, which appear to represent a spec-
trum of arrhythmia mechanisms, is not unexpected. Large clinical 
trials provide the best evidence for choosing among drug thera-
pies and dosages in settings like AF and VT. The use of evidence-
based principles should be complemented by consideration of 
patient-specific characteristics that might make one drug more 
or less desirable than another.

Proarrhythmia Syndromes

Proarrhythmia represents an extreme example of the phenome-
non that drug effects vary widely among individuals. The 

recognition that drugs designed to suppress arrhythmias can, in 
some patients, actually increase arrhythmias or provoke new ones 
is probably the most important factor governing the selection and 
use of antiarrhythmic drugs. Insight into mechanisms leading to 
proarrhythmia has had important implications for understanding 
arrhythmogenesis, rational use of antiarrhythmic therapies, selec-
tion of patients for specific therapies, and drug development. 
Furthermore, because proarrhythmia often seems to develop in 
the absence of clear risk factors, a role for genetics in predispos-
ing to this adverse drug reaction is increasingly being appreci-
ated.29 Proarrhythmia is defined as the generation of new or 
worsened arrhythmias with drug therapy, but it might not be 
readily apparent that a drug is, in fact, responsible for an arrhyth-
mia exacerbation. This is a particular problem in patients with 
advanced heart failure and in whom the spontaneous develop-
ment of frequent, serious arrhythmias is common even in the 
absence of drugs. The following sections review three well-
recognized proarrhythmia syndromes: digoxin toxicity, drug-
induced torsades de pointes, and toxicity related to sodium 
channel block. These syndromes serve to illustrate gene- 
drug interactions potentially mediating proarrhythmia risk  
(Table 111-3).

Digoxin Toxicity
Although it is said that intoxication with digitalis glycosides can 
produce virtually any arrhythmia, certain arrhythmias should 
raise suspicion. These include ectopic rhythms such as atrial 
tachycardia or premature ventricular contractions (PVCs), 
thought to be due to DAD-related triggered automaticity with 
sinus slowing or AV nodal block because of the drug’s indirect 
vagomimetic effects. The major mechanism underlying digoxin 
toxicity is pharmacokinetic and is related to inhibition of 
P-glycoprotein activity, a multisubstrate drug efflux carrier 
(MDR1), by drugs such as amiodarone, quinidine, verapamil, and 
the azole antifungal agents.30 The molecular target of digoxin is 
the sodium-potassium ATPase pump, and downstream physiolo-
gies that are modulated by pump inhibition include the sodium-
calcium exchanger and other signaling pathways involved in 
intracellular calcium homeostasis. Therefore, candidate genes in 
which variants can modulate digoxin effects include those encod-
ing sodium-potassium ATPase, the sodium-calcium exchanger, 
and ones regulating intracellular calcium homeostasis. Accord-
ingly, it is logical to postulate that congenital arrhythmia syn-
dromes that alter intracellular calcium control, such as CPVT31,32 
or the ankyrin-B related form of the congenital LQTS,33 predis-
pose to digoxin toxicity. For asymptomatic arrhythmias owing to 
digitalis toxicity, discontinuation of the drug and observation are 
probably sufficient. For more advanced cases, the therapy of 

Table 111-3. Pharmacokinetic and Pharmacodynamic Interactions Mediating Proarrhythmia Risk

Pharmacokinetic Pharmacodynamic

Gene Potential Effect Gene Potential Effect

Digitalis toxicity MDR1 Polymorphisms linked to increased blood level RYR2
CASQ2
ANK2

Loss of function variants may predispose 
to digitalis-mediated arrhythmias

Torsades de pointes CYP2D6 Poor metabolizer at increased risk for 
thioridazine-related torsades de pointes

KCNQ1
KCNH2
KCNE1
SCN5A
SCN5A S1102Y

Subclinical congenital long QT syndrome 
mutations predispose to torsades de 
pointes

Y allele may confer increased risk in 
African Americans

Sodium channel 
blocker toxicity

Poor metabolizer at increased risk for flecainide-
related adverse effects; ultrarapid metabolizer 
at increased risk for encainide-related toxicity

SCN5A Ventricular fibrillation during drug 
challenge in patients with Brugada 
syndrome
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choice is antidigoxin antibodies. Temporary pacing may be 
required on rare occasions.

Drug-Induced Torsades de Pointes
The examples of high-risk pharmacokinetics described in this 
chapter have in common drugs whose elimination depends on a 
single pathway: propafenone, sotalol, dofetilide. In each case,  
risk is conferred by absence of redundancy of drug-elimination 
pathways for that specific drug. The example of drug-induced 
torsades de pointes is similar; cardiac repolarization is ordinarily 
a highly redundant process and can be accomplished by IKs, IKr, 
and probably other mechanisms. Subjects who exhibit marked 

Figure 111-1.  Continuous recording from a patient who recently started receiving sotalol. During atrial fibrillation, there is irregularity of the ventricular response creating 
frequent  short-long-short  cycles,  but  there  is  minimal  change  in  QT  intervals  (top panel).  After  DC-cardioversion,  the  QT  interval  has  increased  dramatically  to  0.64 s 
(middle panel), and an episode of torsades de pointes is triggered (bottom panel). 

(Reprinted with permission from Darbar D, Kimbrough J, Jawaid A, et al: Persistent atrial fibrillation is associated with reduced risk of Torsades de Pointes in patients with drug-
induced long QT syndrome. J Am Coll Cardiol 51:836–842, 2008.)

Figure 111-2.  Mechanisms of proarrhythmia associated with HERG blockade. Blockade of the HERG channel produces prolongation of the QT interval (blue) and generates 
an early afterdepolarization  (red)  in  the cardiac action potential. These changes, which are heterogeneous across  the ventricular wall, create a substrate  for  torsades de 
pointes. In this example, torsades de pointes degenerates into ventricular fibrillation. 

(Adapted with permission from Roden DM, Viswanathan PC: J Clin Invest 115(8):2025–2032, 2005.)

QT prolongation with IKr-blocking drugs must therefore 
represent a subset in whom repolarization is highly IKr dependent 
and thus have lost redundancy in repolarization mechanisms 
(Figures 111-1, 111-2). This phenomenon has been referred to 
as “reduced repolarization reserve”16,34 (Figure 111-3) and sug-
gests that multiple often redundant mechanisms maintain normal 
repolarization, so that minor alterations in function might not be 
obvious at baseline. For example, a minor reduction in repolar-
izing current (e.g., owing to a genetic lesion resulting in a small 
reduction in IKr) might be without consequence because other 
mechanisms help to maintain a near-normal QT interval; 
however, such a reduced reserve can become obvious when 
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further stressors to repolarization are superimposed, such as drug 
challenge, bradycardia, or hypokalemia.

Other risk factors for torsades de pointes appear pharmaco-
dynamic in nature: female sex, advanced heart disease or left 
ventricular hypertrophy, bradyarrhythmias, hypokalemia, and 

Figure 111-3.  The  concept  of  reduced  repolarization  reserve.  Patient  1  is  pre-
scribed  a  QT-prolonging  drug  and  has  minimal  or  no  prolongation  of  the  QT 
interval. In contrast, patient 2 was given the same QT-prolonging drug at the same 
dosage  and  developed  marked  prolongation  of  the  QT  interval;  this  has  been 
termed  reduced repolarization reserve  and  has  been  discussed  further  in  the  text. 
Repolarization  is  a  physiologically  redundant  process  such  that  IKr  block  will  not 
result  in  markedly  prolonged  repolarization—that  is,  the  system  displays  some 
“reserve.” However, otherwise subclinical lesions in other components of the repo-
larization  system,  such  as  reduction  of  IKs  owing  to  genetic  factors,  hypokalemia 
can become apparent as marked QT prolongation when IKr is reduced. 

(Reprinted with permission from Kannankeril et al., 2010.)

Patient 1 Patient 2

Same QT-prolonging drug

Table 111-4. Risk Factors for Drug-Induced Torsades de Pointes

Risk Factor Mechanism of Increased risk Magnitude of Risk Confounding Factors

Female sex Sex hormonal regulation of 
repolarization especially by testosterone

Greater in females with 2 : 1 to 
3 : 1 ratio (female to male)

Sex differences in density of 
ion channels and modulation 
of IKr

Bradycardia Pause-dependent QT prolongation with 
typical short-long-short cycle

Typically with heart rates < 60 
beats/min

Chronic atrioventricular block, 
hypothermia, hypothyroidism

Electrolyte disturbances:

 Hypokalemia Decreases IKr by enhanced inactivation or 
exaggerated competitive block of 
sodium
Potentiation of drug blockade of residual 
IKr

Especially with serum 
potassium < 3.5 mg/dL

Drug blockade enhanced 
with hypokalemia

 Hypomagnesemia Modulation of L-type calcium channel Magnesium < 1.5 mg/dL Serum magnesium correlates 
poorly with intracellular levels

Recent conversion from atrial 
fibrillation, especially with QT 
prolonging drugs

Reduced heart rate after conversion to 
sinus QT remodeling in AF

1%-3% incidence with 
QT-prolonging drugs

High drug concentrations and 
rapid infusion of QT-prolonging 
drugs

Dose or concentration-dependent QT 
prolongation (exception quinidine)

Can increase QT by 50 ms at 
clinically prescribed doses

Renal impairment; reduced 
metabolism or inhibition of 
CYP P450 enzymes

Digitalis Intracellular calcium overload with 
delayed afterdepolarizations and 
inhibition of KCnH2 trafficking

Rare and only with extreme 
toxicity

Subclinical cLQTS QT prolongation upon exposure to 
IKr-blocking drugs

<10% of cLQTS; mutations 
identified in KCNQ1, KCNH2, 
KCNE1, KCNE2, SCN5A

Responsible for incomplete 
penetrance in cLQTS

Ion channel polymorphisms Minor effects at baseline but 
compounded with a QT prolonging drug 
leading to torsades de pointes

Common polymorphisms 
identified: H558R SCn5A; 
R1047L KCnH2; D85n KCnE1; 
T8A and Q9E KCnE2

non-ion channel 
polymorphisms

cLQTS, Congenital long QT syndrome.

recent conversion from AF.16 Each of these can be interpreted in 
the context of reduced repolarization reserve, and underlying 
molecular mechanisms have been proposed in some cases (Table 
111-4). Thus, hypokalemia can reduce IKr by enhancing fast inac-
tivation or by promoting block of IKr by extracellular sodium.35 
It seems likely that risk conferred by other factors, such as female 
gender or conversion from AF, can similarly reflect modulation 
of sensitivity of IKr or of variable contributions by IKs or other 
currents to repolarization. Although risk factors for acquired 
LQTS have been identified, neither the accurate assessment nor 
quantification of the risk of torsades de pointes have been 
possible.16

Variants in ion channel genes have also been reported as risk 
factors in individual cases and small series of patients with drug-
induced torsades de pointes.29 Some of the ion channel variants 
appear to represent relatively straightforward examples of sub-
clinical LQTS that is then exposed by drug administration. The 
number of cases of torsades de pointes that could be explained 
by this mechanism is not clear. One contemporary estimate is 
that congenital LQTS mutations occur in approximately 1 in 
3000 individuals.36 In the case of culprit antiarrhythmic drugs, 
the incidence of torsades is 1% to 5% of patients; therefore, the 
congenital syndrome seems a minor cause. Polymorphisms in ion 
channels genes have also been associated with risk of torsades de 
pointes. The largest series to date reported that a sodium channel 
variant found in African Americans, S1102Y, was much more 
common in 23 subjects with arrhythmias (47.8% SY and 8.7% 
YY) compared to 100 controls (13.0% and 0%);37 interestingly, 
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conduction slowing in depolarized tissue. In contrast, class IC 
drugs, flecainide, and propafenone, cause significant prolonga-
tion of conduction in cardiac tissue at normal heart rates, with 
an increase in the QRS duration on the ECG. Many class I anti-
arrhythmic drugs have effects on other ion channels and mem-
brane receptors through which some of their electrophysiologic 
effects are mediated.

Class IA Antiarrhythmic Drugs

Quinidine
Pharmacodynamics  Quinidine blocks the sodium current 

channel (INa) and multiple potassium currents (IKr, IKs, and Ito),43 
and it has intermediate kinetics of interaction with the channel. 
Although IKr block can occur at very low concentrations, AP pro-
longation in vitro by quinidine is blunted at higher concentra-
tions, likely reflecting an additional effect of sodium channel 
blockade.44 The α-blocking properties of quinidine can produce 
hypotension when administered intravenously, and the vagolytic 
actions occasionally make it a useful drug in the treatment of 
vasovagal syncope. Quinidine can also enhance AV nodal conduc-
tion during atrial flutter; it is a potent inhibitor of CYP2D6, 
exerting this pharmacologic action at doses as low as 5 mg. Indeed, 
low-dose quinidine has actually been used in combination with 
CYP2D6 substrates to increase the plasma concentrations and 
make them more uniform. Quinidine is also a potent inhibitor of 
P-glycoprotein, and as discussed earlier it decreases digoxin clear-
ance and increases its serum concentrations and risk of toxicity.45

Pharmacokinetics  Quinidine is well absorbed and is 80% 
bound to plasma proteins. In high-stress states such as acute MI, 
greater-than-usual doses may be required to maintain therapeutic 
concentrations of free quinidine. Quinidine undergoes extensive 
hepatic oxidative metabolism, with approximately 20% excreted 
unchanged by the kidneys. Although the 3-hydroxyquinidine 
metabolite is nearly as potent as quinidine in blocking INa or 
prolonging the action potential,46 most other metabolites do not 
contribute significantly to the clinical effects of quinidine. There 
is substantial interindividual variability in the range of doses 
required to achieve therapeutic plasma concentrations of 2 to 
5 µg/mL. In patients with advanced renal disease or heart failure, 
quinidine clearance is modestly reduced; therefore, dosage 
requirements in these patients are similar to those in other 
patients. Quinidine is eliminated by CYP3A4–mediated hepatic 
metabolism, with a half-life of 6 to 12 hours. Drugs like pheno-
barbital and phenytoin can induce metabolism, and in patients 
receiving these agents, high doses of quinidine might be required 
to achieve therapeutic concentrations. If therapy with the induc-
ing agent is then stopped, quinidine concentrations can rise to 
high levels, and its dosage must be adjusted downward. Cimeti-
dine and verapamil elevate plasma quinidine concentrations, but 
these elevations usually are modest.

Adverse effects  Quinidine is poorly tolerated, and diarrhea is 
the most common adverse effect, occurring in up to 50% of 
patients. Diarrhea-induced hypokalemia can potentiate the risk 
of torsades de pointes. Although a number of immunologic reac-
tions can occur during quinidine therapy, including thrombocy-
topenia, hepatitis, bone marrow suppression, and a lupuslike 
syndrome, these reactions resolve rapidly with discontinuation of 
the drug. Quinidine can also produce cinchonism, a symptom 
complex that includes headache and tinnitus. In contrast to other 
adverse effects during quinidine therapy, cinchonism usually is 
related to elevated plasma quinidine concentrations and can be 
managed by reducing the dose.

It is estimated that 2% to 5% of patients who receive quini-
dine therapy will develop marked QT interval prolongation and 

this variant has been identified as a cause of the congenital LQTS 
in a Caucasian kindred.38 In the African American study, the 
arrhythmia phenotype was diverse, including not only drug-
induced torsades de pointes, but also syncope and long QT inter-
vals. Because the study in African Americans is an association 
study, its results need to be reproduced in another cohort. Other 
studies have associated rarer polymorphisms in the potassium 
channel β-subunit genes KCNE1 (resulting in D85N) and KCNE2 
(resulting in T8A and Q9E) with torsades risk.16

Proarrhythmia Due to Sodium Channel Block
As discussed earlier, it has been universally accepted that sodium 
channel block can be proarrhythmic and is a common mechanism 
underlying many well-described proarrhythmia syndromes. First, 
in patients with atrial flutter, sodium channel block can slow the 
flutter rate from for example, 300 to 200 beats/min (bpm). When 
the atrial flutter rate is 300 bpm, the usual AV nodal response is 
a 2 : 1 block, which is a ventricular rate of 150 bpm. However, 
when the flutter rate slows to 180 to 200 bpm, 1 : 1 AV nodal 
conduction can occur with a paradoxic increase in ventricular rate 
that was not seen before the drug was administered. Because the 
effects of sodium channel block are rate dependent, patients with 
this syndrome often have wide QRS complexes, making the dis-
tinction from VT challenging. Treatment usually entails admin-
istering drugs such as calcium channel blockers to increase the 
degree of AV nodal block. Second, slow conduction in the peri-
infarct region plays an important role in the pathogenesis  
and maintenance of sustained monomorphic VT. Sodium  
channel blockers can increase the frequency of episodes of VT, 
likely by further slowing conduction. β-Blockers have been 
effective in some cases, possibly by slowing sinus rate and  
thereby decreasing the extent of sodium channel block, and 
administering intravenous sodium (as bicarbonate) may be useful 
in treating this form of proarrhythmia. Third, sodium channel 
block reduces excitability of the heart, and increased output of 
the devices may be required for effective function in patients with 
pacemakers and ICDs. The fourth proarrhythmia syndrome 
associated with treatment with sodium channel blockers is an 
increase in mortality during long-term treatment, as established 
by the CAST study.4

More recently, it has become apparent that administration of 
sodium channel blockers to patients with the Brugada syndrome 
might not only elicit an unusual pathognomic ECG phenotype, 
but also rarely induce VF.39,40 Physiological and pharmacologic 
stressors can alter sodium channel function sufficiently to expose 
subclinical abnormalities in the sodium channel. For example, 
fever has been associated with VF and worsened sodium channel 
function.41 Likewise, procainamide and other sodium channel 
blockers used clinically to provoke electrocardiographic changes 
in patients in whom Brugada syndrome is suggested but who do 
not have diagnostic findings at baseline.42

Class I Antiarrhythmic Drugs

All class I antiarrhythmic drugs block the cardiac sodium channel, 
but the extent of block is dependent on the heart rate, membrane 
potential, and physicochemical characteristics of each drug that 
determines the rate of onset and recovery from block. The vari-
ability in rate of onset and offset has given rise to a subclassifica-
tion of class I antiarrhythmic drugs based on the magnitude of 
their effects on cardiac conduction. Class IA drugs such as quini-
dine, procainamide, and disopyramide have intermediate effects 
on sodium channel block and only cause significant prolongation 
of conduction cardiac tissue at rapid heart rates. The class IB 
drugs, lidocaine and mexiletine, have minimal or no effects on 
the cardiac sodium channel in normal tissue, but cause significant 
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from block. It also prolongs cardiac action potentials in most 
tissues, probably by blocking IKr. Procainamide decreases auto-
maticity, increases refractory periods, and slows conduction.  
The major metabolite, NAPA, lacks the sodium channel  
blocking activity of the parent drug but is equipotent in prolong-
ing action potentials.46 Because the plasma concentrations of 
NAPA often exceed those of procainamide, increased refractori-
ness and QT prolongation during chronic procainamide therapy 
can be attributed at least in part to the metabolite; however, it is 
the parent drug that slows conduction and produces QRS interval 
prolongation. Although hypotension can occur at high plasma 
concentrations, this effect usually is attributable to ganglionic 
blockade rather than any negative inotropic effect, which is 
minimal.

Pharmacokinetics  Procainamide is rapidly eliminated (half-
life, 3 to 4 hours) by hepatic metabolism and renal excretion of 
unchanged drug. The major pathway for hepatic metabolism is 
conjugation by N-acetyl transferase to form NAPA. NAPA is 
eliminated by renal excretion (half-life, 6 to 10 hours) and is not 
significantly converted back to procainamide. Because of the rela-
tively rapid elimination rates of both the parent drug and its major 
metabolite, procainamide usually is administered as a slow-release 
formulation. In patients with renal failure, procainamide and 
NAPA can accumulate to potentially toxic plasma concentrations. 
Reduction of procainamide dose and dosing frequency and moni-
toring of plasma concentrations of both compounds are required 
in this situation. Because the parent drug and metabolite exert 
different pharmacologic effects, the practice of using the sum of 
their concentrations to guide therapy is inappropriate. In patients 
who are slow acetylators, the procainamide-induced lupus syn-
drome develops more often and earlier during treatment than 
among rapid acetylators. In addition, the symptoms of 
procainamide-induced lupus resolve during treatment with 
NAPA. Procainamide plasma concentrations should be moni-
tored to ensure that concentrations of the parent drug remain in 
the range of 4 to 8 µg/mL. NAPA concentrations greater than 
20 µg/mL carry a higher risk of torsades de pointes. Procainamide 
concentrations greater than 10 µg/mL appear to carry a risk of 
marked QRS widening and potential arrhythmia exacerbation.

Adverse effects  Hypotension and marked slowing of conduc-
tion are major adverse effects of high concentrations (>10 µg/
mL) of procainamide, especially during intravenous use. Dose-
related nausea is common during oral therapy and may be attrib-
utable in part to high plasma concentration of NAPA. Torsades 
de pointes can occur when plasma concentration of NAPA rise 
to greater than 30 µg/mL. Procainamide produces potentially 
fatal bone marrow aplasia in 0.2% of patients. The mechanism 
is not known, but high plasma drug concentrations are not sus-
pected. During long-term therapy, most patients develop bio-
chemical evidence of the drug-induced lupus syndrome, such as 
circulating antinuclear antibodies.18 Therapy need not be inter-
rupted merely because of the presence of antinuclear antibodies; 
however, many patients, eventually develop symptoms (e.g., rash, 
small-joint arthralgia) of the lupus syndrome. Other symptoms 
of lupus, including pericarditis with tamponade, can occur, 
although renal involvement is unusual.

Clinical  efficacy  While amiodarone gained slow acceptance 
outside the specialized field of cardiac antiarrhythmic surgery 
because the side-effects are significant, the adoption of amioda-
rone in the advanced cardiac life support (ACLS) protocol has 
popularized this antiarrhythmic drug. Procainamide can be effec-
tive in converting AF to sinus rhythm and can slow ventricular 
rate in patients with preexcited AF and rapid ventricular responses. 
Quinidine has been shown to be effective in preventing VF induc-
tion in patients with Brugada syndrome.49 It also suppresses 

torsades de pointes. In contrast to the effects of sotalol, NAPA, 
and many other drugs, quinidine-associated torsades de pointes 
generally occurs at therapeutic and subtherapeutic plasma con-
centrations. The reasons for individual susceptibility to this 
adverse effect are not known. At high plasma concentrations of 
quinidine, marked sodium channel block can occur with resultant 
VT. This adverse effect formerly occurred when high doses of 
quinidine were used to try to convert AF to normal sinus, but 
this aggressive approach to quinidine dosing has been abandoned, 
and quinidine-induced VT owing to excess sodium channel block 
is unusual. Quinidine can exacerbate heart failure or conduction 
system disease; however, it is well tolerated in most patients with 
congestive heart failure, perhaps because of its vasodilating 
actions.

Clinical  efficacy  The class IA antiarrhythmic drugs all have 
documented efficacy for the treatment of atrial and ventricular 
tachyarrhythmias, but they are less efficacious than other drugs, 
such as amiodarone for the treatment of AF, and are poorly toler-
ated.47 The combination of quinidine and mexiletine has been 
shown to have synergistic antiarrhythmic drug efficacy for ven-
tricular arrhythmias and is often used in clinical practice for 
recurrent ventricular arrhythmias. However, the benefits of 
therapy are often offset by intolerable adverse effects and the risk 
of ventricular proarrhythmia. All class IA drugs are contraindi-
cated in patients with structural heart disease, including left ven-
tricular hypertrophy, because of the increased risk of death from 
proarrhythmia, and they can be considered relatively safe only in 
patients without structural heart disease or in patients with an 
ICD. Consequently, these drugs are considered second- or third-
line therapy for the long-term treatment of AF and other atrial 
tachyarrhythmias.47

Quinidine is gaining resurgence as an antiarrhythmic for the 
treatment of ventricular arrhythmias in patients with no demon-
strable heart disease. For many years, there was general skepti-
cism about the use of class I antiarrhythmics, and especially 
quinidine in the treatment of malignant arrhythmias occurring 
in patients with structurally normal hearts. However, there is 
increasing evidence for the efficacy of quinidine for the treatment 
of idiopathic VF and Brugada syndrome.48 Belhassen et al.49 first 
reported the largest series of patients with idiopathic VF or 
Brugada syndrome in whom quinidine was found to be effective 
(96%) in preventing VF inducibility during electrophysiological 
study, and this was confirmed by other groups and with long-term 
follow-up.48 In addition, quinidine is being used successfully as 
first-line therapy for abolishing arrhythmic storms in patients 
with Brugada syndrome.50,51 In patients with Brugada syndrome, 
the efficacy of quinidine has been attributed to strong inhibition 
of the ITo current that restores electrical homogeneity and abol-
ishes phase 2 reentry52 and anticholinergic effects. The mecha-
nism of the efficacy of quinidine is more obscure.

Another syndrome in which quinidine has been shown to be 
efficacious is that associated with arrhythmic SCD and early 
repolarization anomalies in the inferior and left precordial leads.53 
Many of these patients are prone to electrical storms and in the 
acute setting a continuous infusion of isoproterenol has success-
fully treated electrical storms associated with early repolarization 
abnormalities and Brugada syndrome or torsades de pointes asso-
ciated with bradycardia.54 Isoproterenol is thought to be effective 
probably by increasing ICa-L current, and thus decreasing electri-
cal gradient, and possibly by increasing heart rate and reducing 
inactivation of ITo. With chronic therapy, quinidine is highly 
effective in the prevention of recurrence of VF associated with 
early repolarization abnormalities.55

Procainamide
Pharmacodynamics  Procainamide is a blocker of open 

sodium channels, with an intermediate time constant of recovery 
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Measuring drug concentration in plasma is a reasonable guide 
to clinical efficacy of lidocaine. To achieve therapeutic plasma 
concentrations rapidly, a loading regimen of 3 to 4 mg/kg is 
generally required to achieve rapid therapeutic plasma concentra-
tions. Central nervous toxicity, usually manifest as seizures, is 
most likely with a single large bolus; therefore, the loading 
regimen should be administered as a rapid infusion or a series of 
smaller intravenous boluses, such as 100 mg followed by 50 mg 
5 to 10 minutes later, followed by an additional 50 mg 5 to 10 
minutes later. A maintenance infusion is appropriate if the target 
arrhythmia is suppressed, whereas a maintenance infusion is 
unlikely to add any efficacy if the target arrhythmia persists after 
lidocaine loading. In heart failure, both the loading regimen and 
the maintenance infusion should be reduced as the central volume 
of distribution is contracted and clearance is reduced. Similarly 
in liver disease, clearance is reduced, and a lower maintenance 
infusion rate is required.

Adverse effects  Lidocaine can cause bradyarrhythmias. Pro-
phylactic lidocaine was shown to prevent VF in acute MI in the 
1970s, but the overall mortality was unaffected or increased.56 
Consequently, the drug is no longer used for this indication. 
Lidocaine is cleared by CYP3A4-mediated hepatic metabolism 
to metabolites that exert modest antiarrhythmic effects and can 
mediate some of the central nervous system toxicity. Propranolol 
and cimetidine reduce lidocaine clearance, and lower infusion 
rates may be required.

Clinical  efficacy  The revised ACLS guidelines recommend 
amiodarone or procainamide before lidocaine as the initial drug 
of choice for hemodynamically stable wide complex tachycardia.57 
Although the revised guidelines state that lidocaine remains an 
acceptable antiarrhythmic drug for the treatment of shock-
refractory VF and pulseless VT, the evidence supporting its effi-
cacy is limited, and lidocaine is not recommended as the first drug 
of choice in this setting.

Mexiletine
Pharmacodynamics  Originally developed as an anticonvul-

sant, mexiletine is an oral congener of lidocaine used in the 
treatment of ventricular arrhythmias. The electrophysiological 
effects of mexiletine are similar to those of lidocaine.

Pharmacokinetics  Mexiletine is nearly completely absorbed 
after oral administration, and first-pass metabolism is less than 
10%. It is eliminated by hepatic metabolism to inactive metabo-
lites by the genetically variable CYP2D6 enzyme. Slow metabo-
lizers tend to have more adverse effects. Renal excretion of 
mexiletine is pH sensitive; up to 35% of total clearance can be 
through the kidneys when the urine is acidic. Clearance is delayed 
markedly in cirrhosis, but little is seen in renal disease or conges-
tive heart failure.

Side  effects  Gastrointestinal and central nervous system 
side effects are the most prominent and are dose and concentra-
tion dependent. Tremor is usually the first sign of central  
nervous system toxicity, but blurred vision, dysarthria, ataxia, and 
confusion can occur. Some of the gastrointestinal effects can be 
reduced by administering the drug with food, which decreases 
the peak plasma concentrations without affecting overall 
absorption.

Clinical  efficacy  Mexiletine is effective in suppressing ven-
tricular ectopy and VT. It is occasionally useful when added to 
other drugs (e.g., amiodarone, quinidine, sotalol) in patients with 
symptomatic VT. Mexiletine tended to increase mortality in a 
post-MI trial.58 However, mexiletine has been used in the con-
genital LQT type 3 (sodium channel–linked) subtype, where it 

spontaneous arrhythmias and could prove to be a safe alternative 
to ICD therapy for a substantial proportion of patients with 
Brugada syndrome.48 Intravenous procainamide has been used to 
unmask the electrocardiographic features of Brugada 
syndrome.39

Disopyramide
Pharmacodynamics  Disopyramide is a sodium channel 

blocker with onset and offset kinetics similar to those of quini-
dine. It also prolongs the QT interval and exerts prominent 
antiinotropic and anticholinergic effects at clinical dosages.

Pharmacokinetics  Disopyramide is eliminated by hepatic 
metabolism and renal excretion. The pathways are induced by 
phenytoin, suggesting participation by CYP3A4 or P-glycoprotein. 
The drug is administered as a racemate; the enantiomers are 
equally potent as sodium channel blockers, but only one, 
S-disopyramide, prolongs action potentials in vitro. The drug is 
variably bound to plasma proteins within the therapeutic range, 
but as its binding is saturable, monitoring plasma concentrations 
of total drug is not useful.

Adverse  effects  Torsades de pointes, exacerbation of heart 
failure, and anticholinergic effects (e.g., constipation, urinary 
retention, glaucoma, dry eyes and mouth) are all adverse effects 
of disopyramide.

Clinical efficacy  The anticholinergic actions of disopyramide 
make it suitable for patients with vagally mediated AF. Its negative 
inotropic effects could also be useful in managing patients with 
hypertrophic cardiomyopathy and outflow tract obstruction.

Class IB Antiarrhythmic Drugs

Lidocaine
Pharmacodynamics  Lidocaine blocks both open and inacti-

vated cardiac sodium channels. Recovery from block is rapid; 
therefore, lidocaine exerts greater effects in depolarized (e.g., 
ischemic) or rapidly driven tissues. Lidocaine decreases automa-
ticity by reducing the slope of phase 4 and altering the threshold 
for excitability. APD usually is unaffected or is shortened; such 
shortening may be due to block of the few sodium channels that 
inactivate late during the cardiac action potential. Lidocaine 
usually exerts no significant effect on the PR interval, QRS dura-
tion, or QT interval. The drug exerts little effect on hemody-
namic function, although rare cases of lidocaine-associated 
exacerbations of heart failure have been reported, especially in 
patients with poor left ventricular function.

Pharmacokinetics  Lidocaine is well absorbed, but it 
undergoes extensive first-pass hepatic metabolism, making it 
inappropriate for oral use. The preferred route for lidocaine  
is intravenous administration; it can also be given by intermittent 
intramuscular administration. It is cleared by CYP3A4-mediated 
metabolism, and two of its metabolites, glycinexylidide (GX)  
and monoethyl GX, exert modest sodium channel blockade. GX 
and lidocaine appear to compete for access to the sodium  
channel, suggesting that lidocaine efficacy can be diminished  
with infusions during which GX accumulates. After intravenous 
administration of a bolus of lidocaine, plasma concentrations 
decline biexponentially. The first phase is rapid, with a half-life 
of 8 minutes, and is attributed to rapid distribution of the  
drug from plasma to the periphery. The drug is then eliminated 
by hepatic metabolism, with a half-life of approximately  
2 hours. Thus, after initiation of a lidocaine maintenance  
infusion, steady-state plasma concentrations are reached in 8 to 
10 hours.
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Pharmacokinetics  Propafenone is well absorbed and is elimi-

nated by both hepatic and renal routes. The activity of CYP2D6, 
an enzyme that is functionally absent in approximately 7% of 
whites and persons of African descent, is a major determinant of 
plasma propafenone concentrations and thus the clinical action of 
the drug. In most subjects (i.e., extensive metabolizers), propafe-
none undergoes extensive first-pass hepatic metabolism to 
5-hydroxy propafenone, a metabolite that is equipotent to 
propafenone as a sodium-channel blocker but much less potent as 
a β-adrenergic receptor antagonist. A second metabolite, 
N-desalkyl propafenone is formed by non–CYP2D6-mediated 
metabolism of propafenone and is a less-potent blocker of sodium 
channels and β-adrenergic receptors. CYP2D6-mediated metab-
olism of propafenone is saturable, so that small increases in dose 
can lead to disproportionate increases in plasma propafenone 
concentration. In subjects who are poor metabolizers, and in 
whom functional CYP2D6 is absent, the extent of first-pass 
hepatic metabolism is much less than in extensive metabolizers, 
and plasma propafenone concentrations are much higher. The 
incidence of adverse effects during propafenone therapy is signifi-
cantly higher in poor than in extensive metabolizers. CYP2D6 
activity can be inhibited markedly by a number of drugs, including 
quinidine and fluoxetine. In extensive metabolizers who receive 
such inhibitors or in poor metabolizers, plasma propafenone con-
centrations greater than 1 µg/mL are associated with clinical 
effects of β-adrenergic receptor blockade, such as reduction of 
exercise heart rate.65 It is recommended that the dose in patients 
with moderate to severe liver disease should be reduced to approx-
imately 20% to 30% of the usual dose, with careful monitoring.

Adverse effects  Propafenone has not been formally tested in 
patients after MI, but it seems reasonable to assume that it might 
exert adverse effects in this population, as other sodium channel–
blocking drugs do. Therefore, it is generally contraindicated in 
patients with coronary disease and those with advanced structural 
heart disease. Other adverse effects include depressed left ven-
tricular performance, exacerbation of heart failure, atrial flutter 
with 1 : 1 AV conduction, and increased pacing and defibrillation 
thresholds.

Clinical efficacy  Propafenone is effective for managing supra-
ventricular tachyarrhythmias including atrial tachycardia, recip-
rocating tachycardias involving an accessory atrioventricular 
bypass tract, atrial flutter, and AF.47 Flecainide and propafenone 
are contraindicated for treating atrial tachyarrhythmias or ven-
tricular tachyarrhythmias in patients with structural heart disease.

Class III Antiarrhythmic Drugs

Reentry, one of the most important mechanisms underlying clini-
cal atrial and ventricular arrhythmias, depends on a critical 
balance between the conduction and refractoriness properties of 
a potential reentry circuit. Short refractory periods favor reentry, 
and longer refractory periods make reentry less likely. Because 
the APD is the principal determinant of refractory periods in 
normal working atrial and ventricular muscle and the His-
Purkinje tissue, the possibility that drugs that selectively prolong 
the APD of cardiac tissue might prevent and terminate reentrant 
circuits was first suggested by Kaumann and Olson66 in 1968. The 
importance of this drug action and the resultant increase in 
refractoriness prompted Singh and Vaughan Williams67 in 1970 
to add a new class (III) to their antiarrhythmic drug classification 
scheme. Since the 1990s, there has been increased attention 
focused on the class III antiarrhythmic drugs, because the class I 
antiarrhythmic drugs have consistently been shown to increase 
mortality when used to treat atrial and ventricular arrhythmias.

can directly block the plateau sodium current that causes QT 
prolongation.59

Class IC Antiarrhythmic Drugs

Flecainide
Pharmacology  Flecainide is a potent sodium channel blocker 

with slow onset and offset kinetics. It blocks IKr, but reports of 
torsades de pointes are exceedingly rare. APD is shortened in 
Purkinje cells (probably because of block of late-opening Na+ 
channels) but prolonged in ventricular cells, because of block of 
IKr. In atrial tissue, flecainide prolongs action potentials dispro-
portionately at fast rates, an especially desirable antiarrhythmic 
drug effect and one that probably contributes to its efficacy for 
AF. Flecainide prolongs the duration of PR, QRS, and QT inter-
vals, even at normal heart rates.

Pharmacokinetics  Flecainide is well absorbed. The elimina-
tion half-life is shorter with urinary acidification (10 hours) than 
with urinary alkalinization (17 hours), but it is nevertheless suf-
ficiently long to allow dosing twice daily. Elimination occurs by 
both renal excretion of unchanged drug and hepatic metabolism 
to inactive metabolites. The latter is mediated by the polymor-
phically distributed enzyme CYP2D6. However, even in patients 
in whom this pathway is absent because of genetic polymorphism 
or inhibition by other drugs (quinidine, fluoxetine), renal excre-
tion ordinarily is sufficient to prevent drug accumulation. In the 
rare patient with renal dysfunction and lack of active CYP2D6, 
flecainide can accumulate to toxic plasma concentrations. Fle-
cainide is a racemate, but there are no differences in the electro-
physiologic effects or disposition kinetics of its enantiomers.

Adverse  effects  Flecainide produces few subjective com-
plaints in most patients; dose-related blurred vision is the most 
common noncardiac adverse effect. It can exacerbate congestive 
heart failure in patients with depressed left ventricular perfor-
mance. The most serious adverse effects are provocation or exac-
erbation of potentially lethal arrhythmias. The CAST,4,60 the 
Cardiac Arrhythmia Suppression Trial Hamburg,61 and the Mul-
ticenter Unsustained Tachycardia Trial62 demonstrated that class 
IC drugs increase the risk of lethal sudden cardiovascular events 
in patients with ventricular arrhythmias. Therefore, class IC 
drugs are generally contraindicated in patients with coronary 
artery disease and by extension in patients with advanced struc-
tural heart disease.47 Flecainide can produce atrial flutter with 1 : 1 
AV conduction, increased pacing and defibrillating thresholds, 
and exacerbation of VT.

Clinical  efficacy  Flecainide is effective for managing supra-
ventricular tachyarrhythmias, including atrial tachycardia, recip-
rocating tachycardia involving an accessory atrioventricular 
bypass tract, atrial flutter, and AF.47 Flecainide has also been used 
to unmask right ventricular conduction abnormalities in patients 
suspected of having Brugada syndrome.63 Most recently, it is 
indicated in patients with CPVT who are refractory to β-blockers 
(discussed earlier).

Propafenone
Pharmacodynamics  Propafenone is a potent sodium channel 

blocker with slow onset and offset kinetics. Like flecainide, 
propafenone can also block potassium channels.64 Its major elec-
trophysiological effect is to slow conduction in fast-response 
tissues. The drug is prescribed as a racemate. Although the enan-
tiomers do not differ in their sodium channel–blocking proper-
ties, S-propafenone is a β-adrenergic receptor antagonist in vitro 
and in some patients. Propafenone prolongs the PR and QRS 
interval duration.



1106 PHARMACOLOGIC THERAPY

pulmonary insufficiency can occur. Risk factors for the develop-
ment of pulmonary fibrosis include underlying lung disease, 
amiodarone dosages greater than 400 mg/day, cumulative dosage, 
and recent pulmonary insults such as heart failure exacerbation, 
pneumonia, or general anesthesia. Although corneal microdepos-
its are ubiquitous during chronic amiodarone therapy, they rarely 
interfere with vision; halos around lights at night may be one 
complaint. Much more rarely, amiodarone has been associated 
with optic neuritis.

Another potential toxicity associated with amiodarone is liver 
dysfunction; although it rarely progresses to cirrhosis. Photosen-
sitivity is common, and patients should be warned to use sun-
screen and broad-brimmed hats. Both hypothyroidism (6%) and 
hyperthyroidism (0.9% to 2%) can occur; hypothyroidism 
requires thyroid supplementation and hyperthyroidism—which 
can manifest as worsened arrhythmias, especially AF—can require 
thyroid ablation or withdrawal of amiodarone. Because of the 
potential for toxicity, thyroid function studies and liver functions 
tests have been recommended every 6 months, and annual chest 
radiographs are recommended even in the absence of symptoms.69A 
range of neuropsychiatric adverse effects also can occur, includ-
ing tremor and ataxia; peripheral neuropathy is uncommon 
(0.3% annually) but can be severe, requiring dose reduction or 
discontinuation of therapy. Insomnia, memory disturbances, and 
delirium also have been reported.

Clinical Efficacy
Although amiodarone is approved by the U.S. Food and Drug 
Administration (FDA) only for refractory ventricular arrhyth-
mias, it is also effective in the treatment of symptomatic supra-
ventricular arrhythmias, including AF. A few randomized clinical 
trials have found amiodarone to be more effective than other 
antiarrhythmic drugs at maintaining sinus rhythm in patients 
with AF70,71; it is especially effective at maintaining sinus rhythm 
in patients with congestive heart failure.72 Because of adverse 
effects, amiodarone is recommended as second- or third-line 
therapy for patients with symptomatic AF. Intravenous amioda-
rone is also often used to slow the ventricular response rate in 
AF, and it has been used successfully for rate control in postopera-
tive junctional ectopic tachycardia in children.73 SCD in patients 
with ischemic and nonischemic cardiomyopathy remains a sub-
stantial problem despite improved medical therapies. Several 
studies have demonstrated that ICD therapy is superior to 
medical therapy for primary and secondary prevention of SCD 
in patients with ischemic and nonischemic heart disease and con-
gestive heart failure. Many patients, however, require antiar-
rhythmic therapy to prevent recurrent arrhythmias and ICD 
shocks. Amiodarone with a β-blocker proved more effective than 
sotalol or β-blockers alone in preventing shocks, although there 
was an increase in drug-related adverse effects.74 Amiodarone can 
also slow rates of VT, making it more amenable to antitachycar-
dia pacing; however, it can increase the defibrillation threshold, 
necessitating repeated ICD testing after initiation of therapy. 
Intravenous amiodarone has been approved by the FDA for treat-
ment and prevention of VF and hemodynamically unstable VT 
and for use in patients who require amiodarone therapy but are 
unable to take it orally.

Dofetilide

Pharmacodynamics
Dofetilide is a potent and specific blocker of IKr, with no other 
significant pharmacologic actions. Because of this specificity, it 
has virtually no extracardiac pharmacologic effects. Its only sig-
nificant toxicity relates to QT prolongation and torsades de 
pointes. Dofetilide preferentially increases the effective refrac-
tory period of the atrium compared with the ventricle. 

Amiodarone

Pharmacodynamics
Amiodarone is certainly the “dirtiest” antiarrhythmic, interacting 
with multiple ion channels, cell surface receptors, and other mol-
ecules to block their function. Because the drug is unusually 
lipophilic, pharmacologic actions including uptake and elimina-
tion can be slow. However, antiadrenergic actions tend to be 
prominent early, and changes in refractoriness can take longer to 
be apparent. Thus, the drug likely produces both acute and 
chronic effects by interacting with ion channels and other molec-
ular targets. Amiodarone prolongs myocardial repolarization 
homogeneously via potassium channel blockade (IKr and IKs) and 
decreases conduction velocity by blocking cardiac sodium chan-
nels. It produces noncompetitive β-adrenergic blockade that can 
cause substantial sinus bradycardia within several days (with peak 
effect at 3 months) and reduces inward L-type (slow) calcium 
channel activity in a use-dependent manner. Inhibition of  
thyroxine deiodination to triiodothyronine can contribute to 
antiarrhythmic efficacy. Although amiodarone prolongs the QT 
interval, torsades de pointes is uncommon (incidence, <1%).68 
Amiodarone is a potent inhibitor of CYP3A4, CYP2C9, and 
P-glycoprotein. The multifaceted electrophysiological effects of 
amiodarone likely contribute to both safety and efficacy as an 
antiarrhythmic drug.

Pharmacokinetics
Amiodarone is 30% to 50% bioavailable; therefore, intravenous 
doses are smaller than oral ones. The drug undergoes CYP3A4-
mediated metabolism to desethylamiodarone, an active metabo-
lite. Amiodarone has a large volume of distribution (66 L/kg); 
therefore, onset of action is delayed (2 days to 3 weeks for oral 
therapy), and it has a long elimination half-life. For this reason, 
loading regimens are required when amiodarone is initiated, and 
dosages can often be reduced progressively during long-term 
therapy. The therapeutic plasma range for amiodarone and des-
ethylamiodarone is 0.5 to 2.5 µg/mL, but measured levels do not 
correlate well with efficacy or adverse effects.

Adverse Effects
Severe cellulitis and phlebitis can occur with intravenous amioda-
rone; therefore, it is advisable to administer the drug through a 
large-bore or central line. Hypotension is common. During 
chronic therapy, PR, QRS, and QT intervals are all prolonged. 
Despite QT prolongation, torsades de pointes is exceedingly 
unusual during amiodarone therapy68; the likely explanation is 
that the drug includes among its many pharmacologic actions 
block of inward currents that prevent initiation of torsades de 
pointes. Generally, amiodarone does not produce major depres-
sion of left ventricular performance, an advantage when com-
pared with the class IA antiarrhythmic drugs. The major forms 
of amiodarone toxicity during chronic therapy are extracardiac.69 
The most feared toxicity is pulmonary fibrosis, which can occur 
in 1% to 17% of patients. A reduced diffusion capacity for carbon 
monoxide (DLCO) is the cardinal laboratory manifestation of 
amiodarone toxicity. Pulmonary toxicity appears to be dose-
related, but it can occur during chronic therapy with doses of 
200 mg or less daily. Routine annual surveillance with chest 
radiographs and pulmonary function studies have been advocated 
as a method to detect early amiodarone toxicity, but the efficacy 
of these maneuvers is not clearly established. Once pulmonary 
toxicity is suspected, further diagnostic workup can include trans-
bronchial biopsy, right heart catheterization (to eliminate a role 
for concomitant heart failure), and gallium scanning. None of 
these is specific, and biopsy often reveals foam cells but cannot 
make a definitive diagnosis of toxicity. The drug should be with-
drawn if amiodarone toxicity is strongly suspected. Corticoste-
roids have been used, but their efficacy is not certain. Death from 
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there is no significant effect on heart rate, PR interval, or QRS 
duration.

Pharmacokinetics
Ibutilide is not available for long-term oral use because of exten-
sive first-pass metabolism. After intravenous administration, the 
plasma concentration declines in a multiexponential manner, 
with a high systemic plasma clearance that approximates liver 
blood flow. The elimination half-life of ibutilide is variable, 
between 2 and 12 hours, with a mean of 6 hours, and the drug is 
extensively metabolized. The parent and most of the inactive 
metabolites are excreted largely in the urine.81 Although the 
metabolic pathways for ibutilide have not been determined com-
pletely, they do not appear to involve the CYP3A4 or CYP2D6 
pathways, suggesting that previously described drug interaction 
with other agents are unlikely. Clearance is unaltered by a reduc-
tion in creatinine clearance or left ventricular dysfunction. In 
patients with liver disease, there is likely reduced clearance and 
prolonged pharmacologic effect, necessitating longer periods of 
monitoring after ibutilide administration.

Adverse Effects
The initial dose is 1 mg over 10 minutes. If AF or atrial flutter 
persists 10 minutes after completion of the first dose, a second 
1-mg dose can be given over 10 minutes. If the patient’s weight 
is less than 60 kg, each dose is reduced to 0.01 mg/kg. The infu-
sion is stopped when sinus rhythm is restored, marked QT pro-
longation occurs, or torsades de pointes develops. Peak 
pharmacologic effects coincide roughly with the end of the infu-
sion. Because the elimination half-life is 6 hours, patients should 
be observed for at least 4 hours after administration of the drug. 
The major adverse effect is torsades de pointes, which has been 
observed in 3.6% to 8.3% of patients.82 The risk of proarrhyth-
mia requires that ibutilide be administered in the hospital, with 
the necessary monitoring and resuscitation equipment. Adminis-
tration of ibutilide with other drugs that prolong the APD is not 
recommended.

Clinical Efficacy
Intravenous ibutilide is effective in converting both AF or atrial 
flutter to sinus rhythm,82,83 but it is more effective in flutter than in 
fibrillation. It is also more effective in recent onset arrhythmias. 
Cardioversion after ibutilide administration can help to maintain 
sinus rhythm in those in whom cardioversion alone is ineffective.84 
Ibutilide can be used safely in patients receiving chronic amioda-
rone therapy. Ibutilide is also effective in patients with preexcited 
AF and rapid ventricular responses because of antegrade accessory 
pathway conduction; in this setting, it not only can convert AF but 
also slows conduction down the bypass tract.85

Sotalol

Pharmacodynamics
Sotalol is a class III antiarrhythmic that also has nonselective 
β-blocking effects. This drug is a racemic mixture of its D- (class 
III effects) and L-stereoisomers (β-blocking effects). In contrast 
to amiodarone, L-sotalol is a competitive β-blocker, and this 
effect is detectable at relatively low doses. The intrinsic negative 
inotropic effect of β-blockade is counterbalanced in vivo by a posi-
tive inotropic effect related to prolongation of the APD, which 
allows more time for the rise in intracellular calcium that mediates 
force of contraction. Clinically, sotalol produces a modest nega-
tive inotropic effect. Both enantiomers have class III effects medi-
ated primarily by antagonism of IKr. The antiarrhythmic displays 
reverse use dependence, increasing APD at slower heart rates, and 
diminishing effectiveness at faster heart rates. Sotalol slows the 
sinus rate and prolongs the PR interval, the atrio-His (AH) 

Nonetheless, dofetilide’s relative selectivity for the atrium likely 
contributes to its effectiveness in the pharmacologic conversion 
of atrial arrhythmias. As with many other class III antiarrhythmic 
agents, dofetilide’s IKr-block is reverse use dependent. A potential 
hazard of reverse use dependence in the ventricle is the develop-
ment of excessive QT prolongation and risk of torsades de 
pointes after cardioversion.75 This hazard is accentuated at slower 
heart rates, and the increased incidence of torsades after the 
restoration of sinus rhythm in part may be related to the relative 
bradycardia.

Pharmacokinetics
The absolute bioavailability of dofetilide exceeds 90%. Within 
the therapeutic range, plasma concentrations follow a dose-
related linear relation, with peak plasma concentrations achieved 
within 2 to 3 hours in the fasting state and 3 to 4 hours when 
taken with food. Dofetilide is eliminated largely by renal excre-
tion and to a small extent by CYP3A4-mediated metabolism. Its 
10-hour elimination half-life allows dosing twice daily. Certain 
drugs inhibit dofetilide elimination and are contraindicated 
because they can increase the extent of QT prolongation and risk 
of torsades de pointes. These drugs include cimetidine, vera-
pamil, ketoconazole, trimethoprim-sulfamethoxazole, prochlor-
perazine, and hydrochlorothiazide.

Adverse Effects
Data on incidence of torsades de pointes are available from large 
trials in which the drug was initiated with in-hospital monitoring. 
In the Danish Investigations of Arrhythmia and Mortality on 
Dofetilide Study (DIAMOND) studies, dofetilide was compared 
to placebo in patients convalescing from MI and in patients with 
recent hospitalization for heart failure.14,76 The incidence of tor-
sades de pointes was 3% in the heart-failure arm, and it was 1% 
in the post-MI group. Because of the risk of torsades de pointes, 
the drug can be prescribed in the United States only by practi-
tioners who have been certified in its use, and the drug must be 
initiated in hospital. It is unique among antiarrhythmics in that 
the starting dose (0.5 mg twice daily) is the highest allowable 
dose; downward dose adjustments are made if the QT interval is 
excessively long or if renal function is impaired. The drug is 
contraindicated in patients with advanced renal failure (creatinine 
clearance < 20 mL/min).

Clinical Efficacy
Dofetilide is about 30% effective at pharmacologic conversion of 
AF at 0.5 mg twice daily oral administration. The drug also 
reduces recurrence of AF following restoration of sinus rhythm.77 
Dofetilide reduces rehospitalization for heart failure, an effect 
that might be attributable to maintenance of sinus rhythm in 
patients with AF.78 Although placebo-controlled trials have failed 
to demonstrate efficacy of the drug in reducing the frequency of 
episodes of paroxysmal AF or of reducing episodes of VT or ICD 
discharges, it is often clinically used for these indications.

Ibutilide

Pharmacodynamics
Ibutilide is a methane sulfonamide derivative with structural  
similarities to sotalol. This drug increases APD as its primary 
mechanism of action, largely by blocking IKr.79 Over a limited 
range of stimulation rate, ibutilide can increase APD without sig-
nificant reverse use dependence or loss of effect at rapid pacing 
rates. In humans, ibutilide causes a dose- and concentration-
dependent increase in the QT interval in healthy volunteers and 
in patients with AF and atrial flutter. Ibutilide can lower the energy 
threshold required for VF.80 Although administration of ibutilide 
can cause mild slowing of sinus rate and AV nodal conduction, 
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reentry, and atrial tachycardia, but its main clinical use lies in the 
treatment of AF and atrial flutter. In the Atrial Fibrillation Fol-
low-up Investigation of Rhythm Management (AFFIRM) trial, 
more than two thirds of patients in the rhythm control arm were 
started on either amiodarone or sotalol.87 Although both drugs 
had a relatively low incidence of adverse effects severe enough to 
cause discontinuation at 1 year (11.1% [sotalol] vs. 12.3% [amio-
darone]), therapy with class I antiarrhythmics had to be stopped 
more often (28.1% at 1 year) because of frequent adverse effects; 
however, amiodarone is clearly superior to sotalol and propafe-
none in maintaining sinus rhythm.70 Although the effect of sotalol 
on primary prevention of SCD in patients recovering from MI 
has been disappointing, it appears to decrease the first defibrilla-
tion shock and death in some patients with ICDs.88 Sotalol also 
reduced the number of inappropriate ICD shocks, most likely 
because of its suppression of atrial arrhythmias; and unlike amio-
darone, it consistently decreases the defibrillation threshold in 
patients with ICDs. The lowering of defibrillation threshold, 
along with the relative lack of noncardiac adverse effects with 
sotalol, makes it the first-line antiarrhythmic drug for patients 
with ICDs.
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interval, the AV node refractory period, and the QT interval; it 
does not change the His-ventricle interval or QRS duration.

Pharmacokinetics
With a bioavailability of almost 100%, peak sotalol plasma con-
centrations occur 2 to 4 hours after oral administration. Sotalol 
is eliminated exclusively by renal excretion of unchanged drug, 
with a half-life of 6 to 12 hours. In patients with renal dysfunc-
tion, the plasma concentrations increase, and there is a greater 
risk of toxicity. Therefore, administration and dosing of sotalol 
should be tailored to the creatinine clearance. Patients with a 
creatinine clearance of less than 40 mL/min should avoid sotalol. 
The typical oral dosing is 80 to 320 mg twice per day. Doses less 
than 120 mg twice per day appear to have primarily a β-blocking 
effect and little class III action. The benefit of higher doses must 
be weighed against the risk of QT prolongation and torsades de 
pointes.

Adverse Effects
Adverse effects of sotalol are related to β-blockade and class III 
effects. Bradycardia, fatigue, bronchospasm, and dyspnea are 
related to the β-blockade. The incidence of heart failure or pul-
monary edema with sotalol is 3.3%.86 The incidence of torsades 
de pointes is estimated to be 2.4%, with most events occurring 
within the first week after initiation of treatment or after a change 
in dosage. Predisposing factors for torsades de pointes include 
female sex, doses greater than 320 mg/day, heart failure, recent 
cardioversion, hypokalemia, bradycardia, and elevated baseline 
serum creatinine level.16

Clinical Efficacy
Sotalol is effective in preventing the recurrence of a wide range 
of supraventricular tachycardias including AV nodal reentry, AV 
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Prolongation of Repolarization

Most antiarrhythmic drugs prolong the cardiac action potential 
by inhibiting repolarizing potassium currents. This effect is 
reflected by the QT-prolonging effect in the electrocardiogram 
(ECG) for ventricular repolarization and has been demonstrated 
by invasive electrophysiological measurement of action potential 
duration and refractoriness in the atria (Figure 112-2). Action 
potential prolongation is believed to be the main antiarrhythmic 
mechanism of current antiarrhythmic drugs, and reverses the 
main electrophysiological effect associated with electrical remod-
eling in atrial fibrillation.2 Unfortunately, prolongation of the 
ventricular action potential also appears to be one of the main 
mechanisms of drug-induced ventricular proarrhythmia by pro-
voking torsades de pointes tachycardia.3 Whereas many new anti-
arrhythmic drugs still rely on altering cardiac repolarization, they 
tend to target novel ion channel targets to avoid proarrhythmia, 
thereby increasing safety of therapy.

Induction of Postrepolarization Refractoriness

Many sodium channel blockers, particularly slowly dissociating 
sodium channel blockers, or “class Ic drugs” according to the old 
Vaughan-Williams classification, suppress ectopy. In fact, this 
property was the initial goal for their development and their 
early, now abandoned, clinical use. An important, at times under-
recognized, effect of such compounds is induction of refractori-
ness beyond the end of the action potential. This postrepolarization 
refractoriness appears to reduce inducible ventricular fibrillation 
and is a well-established effect of sodium channel blockers such 
as propafenone or flecainide4 but also of amiodarone and 
dronedarone.4-6

New Antiarrhythmic Drugs

Amiodarone7,8 has served as a model compound for the develop-
ment of new antiarrhythmic drugs, which are often analogues of 
amiodarone. Amiodarone is more effective than other clinically 
available antiarrhythmic drugs, and its proarrhythmic potential 
is relatively low.9 Therefore, it is the only antiarrhythmic agent 
that is recommended for use in patients with overt heart failure. 
This has resulted in the preclinical and clinical development of 
compounds such as SSR149744C, celivarone, ATI-2042, and 
dronedarone, among others, multichannel blockers that have 
similar chemical properties to amiodarone but contain less iodine 
and hence have less iodine-dependent unwanted effects.10,11 Celi-
varone has been tested for the suppression of defibrillator dis-
charges in carriers of an implanted defibrillator but did not have 
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Background and Current Clinical Context

Although ion channel–blocking antiarrhythmic drugs such as 
quinine and digitalis glycosides have been among the first com-
pounds that were evaluated in controlled clinical trials,1 most 
antiarrhythmic drugs in clinical use today have been developed 
for different indications than those for which they are used: Many 
drugs that are currently primarily used in atrial fibrillation were 
initially developed to prevent sudden death. Furthermore, antiar-
rhythmic drugs are currently often part of a “hybrid” therapy: 
used—for example, in patients with defibrillators are treated to 
reduce shocks, or patients with atrial fibrillation receive antiar-
rhythmic drugs to reduce recurrences of atrial fibrillation within 
a therapeutic concept that also makes use of catheter ablation. As 
one of several consequences, complete prevention of arrhythmic 
events is much less needed than it was when the current drugs 
were initially developed.

This chapter discusses new ion channel–blocking and other 
antiarrhythmic drugs that are under clinical development in the 
context of current clinical use management of arrhythmias drugs, 
delineates potential targets for new types of antiarrhythmic 
drugs, and discusses emerging concepts for “personalized” antiar-
rhythmic drug therapy.

Main Effects of Antiarrhythmic Drugs

Many medications can have antiarrhythmic effects, and the 
complex mechanisms that initiate atrial fibrillation and sudden 
death are discussed elsewhere in this book. Understanding these 
mechanisms can provide new targets for antiarrhythmic drugs 
(Figure 112-1). Classical, ion channel–blocking antiarrhythmic 
drugs have a few main electrophysiological mechanisms of action.

112 New Antiarrhythmic Drugs and New 
Concepts for Old Drugs

Paulus Kirchhof
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an antiarrhythmic effect.12 The clinical development of celiva-
rone has since been stopped.

Dronedarone is an amiodarone analogue devoid of iodine. It 
is effective in the prevention of atrial fibrillation in patients with 
paroxysmal or persistent atrial fibrillation.13,14 The fact that 
dronedarone may be less effective in the prevention of atrial 
fibrillation than amiodarone in both indirect comparisons,13-15 
and in a direct “head-to-head” comparison,16 suggests that other, 
potentially pharmacokinetic, factors favor amiodarone’s effective-
ness (discussed next). Dronedarone was found to have a favorable 
safety profile in two large controlled trials that enrolled patients 
with nonpermanent, often recent-onset, atrial fibrillation.13,17 
Indeed, the outcome of the ATHENA trial17 is the first signal 
ever recorded in clinical trials that rhythm control therapy with 
an antiarrhythmic drug can help to prevent outcomes such as 
hospitalization or cardiovascular death in patients with atrial 
fibrillation. Similar to amiodarone, dronedarone also has rate-
controlling effects with a mean reduction in heart rate of 
8 bpm.14,18 It has been speculated that this rate-controlling effect, 
or vascular/vasodilator effects of dronedarone, could have con-
veyed the benefit of dronedarone seen in the ATHENA trial. 
More recent data dispute this hypothesis: When given to patients 
with heart failure in the absence of atrial fibrillation19 or in per-
manent atrial fibrillation,20 dronedarone therapy causes harm, 
most likely as a result of unwanted, only partially understood 
effects of the drug in these populations. Hence, it remains likely 
that the positive outcome associated with dronedarone in the 
ATHENA trial (24% reduction in a composite of cardiovascular 
hospitalization or death, with significant reductions in cardiovas-
cular death and in stroke)17 is the effect of a safe), moderately 
effective antiarrhythmic agent. Furthermore, at the time of this 
writing, there is a clear need to understand why reason droneda-
rone has detrimental effects in patients with heart failure.

Azimilide is a potassium channel blocker that mainly inhibits 
IKr and is, similar to other potassium channel blockers, associated 
with torsades de pointes proarrhythmia.21 Its clinical antiarrhyth-
mic efficacy appears to be relatively weak.7,8 A novel, experimen-
tally available substance that can convert atrial fibrillation in 
experimental models is a selective inhibitor of the slow compo-
nent of the delayed rectifier current, IKs (HMR1556).22 This sub-
stance does not interfere with the rapid component of the delayed 
rectifier current but nonetheless appears to bear proarrhythmic 
potential. This may point to the relevance of the total amount of 

Figure 112-1.  Targets for antiarrhythmic drug treatment for the prevention of atrial fibrillation and sudden cardiac death. Shown is a histologic scheme of a cardiomyocyte 
with some key proteins that might represent targets for antiarrhythmic drug therapy. Antiarrhythmic drug classes are indicated within the scheme to illustrate potential 
sites of action. CaL, L-type calcium channel; Na, sodium channel; K, potassium channels; Cx43, connexin43; CaMKII/akt/calcineurin, examples for relevant protein kinases; SAC, 
stretch-activated channel; SR, sarcoplasmic reticulum; SERCA2A, sarco-endoplasmic reticulum calcium-dependent ATPase type 2A; FKPB 12.6, FKPB 12.6, an accessory protein 
to the ryanodine receptor; RYR, ryanodine receptor; PLB, phospholamban; TRD, triadin; CSQ, calsequestrin. 
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Figure 112-2.  A, Modifications of the cardiac action potential associated with atrial 
fibrillation  (left) and sudden death caused by ventricular arrhythmias  in  inherited 
and acquired cardiomyopathies (right). B, Scheme of ion channel–blocking drugs 
that may affect the cardiac action potential. 
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to patients with congenital long-QT syndromes but also to 
patients with acquired forms of torsades de pointes. An antiar-
rhythmic effect has been reported in case reports42 but has not 
been tested in larger trials.

Fish Oil and Omega-3 Fatty Acids

Dietary supplements containing fish oil or omega-3 fatty acids 
have been proposed as novel, safe antiarrhythmic agents,43 with 
some reports suggesting prevention of recurrent atrial 
fibrillation44-46 and others not finding any effects on atrial fibril-
lation,47 including prospective controlled trials of postoperative 
atrial fibrillation48,49 (and a large trial of spontaneous atrial fibril-
lation recurrence).49 Conflicting results could be a result of dif-
fering dosage and length of treatment45 but may also reflect 
publication bias, which would favor positive effects. Biologically, 
fatty acids could have direct effects on sarcolemmal ion channels50 
or mediate modification of the cardiac action potential through 
alterations in high-density lipoprotein cholesterol.51 Overall, 
their antiarrhythmic effects appear to be weak.

Combining Antiarrhythmic Drugs  
in Fix Combinations

It is assumed that abnormal calcium release within the cardio-
myocyte may provoke triggered activity promoting drug-induced 
ventricular proarrhythmia. A fix combination of verapamil and 
quinidine, another form of a multichannel blocker that has been 
used for many years in Germany, is as effective as sotalol for the 
prevention of atrial fibrillation but appears to provoke less proar-
rhythmia than quinidine alone: In the PAFAC and SOPAT trials, 
telemetric ECG monitoring detected one ventricular tachycardia 
in 895 patients treated with the quinidine-verapamil combination 
over one year compared with 8 episodes of torsades de pointes 
in 645 patients treated with sotalol over one year.52,53 Another fix 
combination that is in clinical development is a fix combination 
of dronedarone and ranolazine, which will have a stronger inhibi-
tory effect on the late sodium current than dronedarone alone 
and add the multichannel-blocking properties of dronedarone to 
ranolazine monotherapy.

New Targets for Antiarrhythmic Drugs

Ion Channel Targets

Two inward rectifying potassium currents, the background 
current IK1 and the acetylcholine-activated current IK,ACh, are 
altered in atrial fibrillation, with IK1 being increased and IK,ACh 
becoming in part constitutively active.37,54 As a consequence, the 
refractory period is shortened. This creates a condition that sup-
ports multiple wavelet reentry and periodic activity of sustained, 
high-frequency functional reentry sources described as 
“rotors.”55,56 In addition, a shift of the resting membrane poten-
tial toward more positive potentials via atypical potassium chan-
nels or unselective membrane pores may increase the chance that 
spontaneous depolarizations (e.g., afterdepolarizations) can acti-
vate sodium channels and thereby initiate a premature response. 
Restoration of normal function of these currents appears to be 
an attractive target for antiarrhythmic drug therapy, especially in 
atrial fibrillation.

Inhibition of stretch-activated channels can prevent atrial 
fibrillation in experimental models.57 Although attractive, inhibi-
tors of stretch-activated channels require more research before 
they may reach clinical applicability, because the only available 

available repolarizing currents for the risk for torsades de pointes 
(repolarization reserve23).

Vernakalant is another multichannel blocker that is in clinical 
use for cardioversion of atrial fibrillation in Europe.24,25 Vernaka-
lant preferentially prolongs the atrial action potential.26 The 
intravenous formulation rapidly terminates atrial fibrillation, 
which compares favorably with amiodarone.27 Vernakalant is rec-
ommended for cardioversion in the most recent atrial fibrillation 
guidelines in Europe.28 Without available data suggesting clinical 
ineffectiveness or safety concerns, the clinical development 
program of the oral formulation of vernakalant was stopped in 
the first half of 2011. To date, vernakalant is not approved for use 
in the United States.

The outward currents that determine repolarization in the 
atria are slightly different than in the ventricle. In theory, inhibi-
tion of atrial-specific ion currents could be safer because such 
compounds would selectively prolong atrial action repolarization 
without affecting ventricular action potentials and QT interval 
(see Figure 112-2). One of the best-studied substances that 
attempts this approach is the relative selective inhibitor of the 
ultra-rapid component of the outward potassium current (IKur), 
AVE0118. AVE0118 prevents atrial fibrillation effectively in pre-
clinical studies in goats,29,30 and restores atrial contractility after 
cardioversion.31 Despite these promising preclinical findings, 
there is no published record of antiarrhythmic efficacy in patients, 
and the company’s development of the oral compound has been 
stopped.

Ranolazine, a multi-channel blocker that may predominantly 
inhibit the inward sodium current is approved for treatment of 
angina.32 Ranolazine may induce atrial postrepolarization refrac-
toriness33 by inhibition of the late sodium current. Ranolazine 
reduced asymptomatic, nonsustained ventricular arrhythmias in 
a large study in postinfarction patients, albeit as a secondary 
outcome parameter.34 Preclinical data also suggest that ranolazine 
could prevent torsades de pointes, at least in models of the 
long-QT syndrome.13,14 The clinical antiarrhythmic effects of 
ranolazine have not been systematically studied in prospective 
trials thus far. Several medium-sized clinical trials are under way 
to assess the clinical efficacy of ranolazine to prevent atrial fibril-
lation and to prevent defibrillator shocks.

Ivabradine is a new type of ion channel–blocking drug that is 
in clinical use as an antianginal agent. Ivabradine inhibits the 
“funny current,” a hyperpolarization-activated inward current 
that is believed to drive impulse generation in the sinus node.29 
This current, most likely generated by ion flow through proteins 
coded by the HCN gene family, is an attractive drug target 
because the target protein isoform is predominantly expressed in 
sinus node and in retina. Consequently, side effects are rare and 
mainly limited to intermittent flashlike visual sensations second-
ary to interactions of the drug with retinal channels. Although 
these occur in 12% of treated patients, they are rarely therapy-
limiting. Ivabradine has been approved for the treatment of 
patients with angina pectoris who have contraindications for 
β-adrenoreceptor blockade35,36 and can be used safely in patients 
with heart failure.36a  The mode of action strongly suggests that 
ivabradine may be a specific and effective treatment for patients 
with inadequate sinus tachycardias, and several patient series 
report a favorable effect of ivabradine in such patients.37-39 Con-
sistent with its mode of action, ivabradine may hence be helpful 
in the management of selected patients with inappropriate sinus 
tachycardias.

Potassium channel openers such as nicorandil or NS1643 
(although they mainly activate ATP-sensitive potassium chan-
nels) may be able to reverse the action potential prolongation 
associated with drug-induced proarrhythmia and arrhythmias in 
the long-QT syndromes.40,41 Such substances could theoretically 
help to acutely treat proarrhythmic situations associated with 
prolongation of the ventricular action potential. This may apply 
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suppress ventricular arrhythmias associated with genetic modifi-
cations, causing leaks in the sarcoplasmic reticulum,58,77,78 and 
probably also in models with reduced calsequestrin function79 or 
increased triadin function.62,71,72 It is possible that store-operated 
calcium also contributes to calcium release–dependent arrhyth-
mogenesis, either indirectly via inducing cardiac hypertrophy80 
or directly.74,75 A thorough understanding of the subcellular 
calcium compartments that undergo independent calcium regula-
tion may help to devise new compounds that inhibit arrhythmo-
genesis while maintaining the essential effects of calcium on 
contractile function, regulation of protein function, and regula-
tion of gene expression.

Antifibrotic Therapy and Improvement  
of Atrial Conduction

Slowing of atrial impulse propagation81,82 is an important con-
tributor to the maintenance of atrial fibrillation. The electrical 
connection between cardiomyocytes is formed by gap junctions, 
which contain ion-channel pores, mainly formed by connexin45 
(atria) or connexin43 (ventricles). Recent observations support 
the assumption that these connections form macromolecular 
complexes and interfere closely with mechanical cell-cell con-
tacts, sodium channels, and intracellular cytoskeleton parts. 
Therefore, interventions that are suitable to improve the function 
of cardiac connexins may in the future be used as antiarrhythmic 
interventions for atrial fibrillation. Designing of such interven-
tions may in part make use of the existing knowledge on mecha-
nisms of sudden death (discussed next) but will require some 
additional pathophysiological data on the genesis of atrial fibril-
lation. It is well established that formation of fibrosis in the fibril-
lating atria can be prevented by angiotensin-receptor blockers in 
models of atrial fibrillation.83 This antifibrotic effect of angioten-
sin receptor blockers and ACE inhibitors probably explains why 
these substances prevent new-onset atrial fibrillation in patients 
with heart failure84 and in patients with left ventricular hypertro-
phy who are at risk for atrial fibrillation.35 In contrast, several 
controlled trials of patients without structural heart disease found 
that angiotensin receptor blockers and ACE inhibitors did not 
prevent recurrent atrial fibrillation,36,85 and their use is not rec-
ommended in patients without structural heart disease.28

There are some data that suggest that statins50,51 and/or ste-
roids52 may prevent postoperative atrial fibrillation. It is possible 
that the antioxidant actions of these substances convey the antiar-
rhythmic effect in this specific clinical situation.86 Whether anti-
inflammatory interventions can really prevent postoperative 
atrial fibrillation has not yet been conclusively determined, and 
further studies are ongoing to address this topic.42

Ventricular tachyarrhythmias after myocardial infarction often 
originate in zones of slow conduction that can form reentrant 
circuits in the border zone of myocardial infarctions. Others are 
initiated by recurrent ischemic events. Therefore, rapid and com-
plete revascularization in patients with acute myocardial infarc-
tion is an important intervention to prevent sudden cardiac death. 
In fact, several drugs routinely used in the care of survivors of a 
myocardial infarction and in patients with heart failure (inhibitors 
of platelet aggregation, statins, ACE inhibitors, and β-blockers) 
sudden death.87 Statins and platelet inhibitors (aspirin, thieno-
pyridines) can prevent plaque rupture, acute coronary syndromes, 
and acute myocardial ische mia, and thereby eliminate a relevant 
trigger for ventricular arrhythmias. Furthermore, prevention of 
myocardial infarctions will prevent myocardial scar formation 
long term. This in turn reduces the “substrate” for ventricular 
arrhythmias. ACE inhibitors and angiotensin receptor antago-
nists may contribute to limiting the substrate for ventricular 
arrhythmias by prevention of pathologic left ventricular remodel-
ing after myocardial infarction, by reducing myocardial stretch 

specific inhibitor of stretch-activated channels is a peptide  
with all the pharmacodynamic difficulties inherent to such 
compounds.

Abnormal Calcium Release and  
Arrhythmia Initiation

Abnormal regulation of intracellular calcium can be found in 
fibrillating human atria.58,59 There is a growing body of evidence 
to suggest that both atrial ectopy and electrical remodeling are 
highly calcium-dependent phenomena. Stabilization of abnormal 
calcium release from the sarcoplasmic reticulum can prevent ven-
tricular tachyarrhythmias in genetically modified models of 
altered calcium release.60-63 Whether the calcium-stabilizing 
interventions that have been investigated in the context of  
ventricular arrhythmias can also provide antiarrhythmic action in 
atrial fibrillation remains to be tested. Contrary to the origin of 
many episodes of atrial fibrillation that may have a focal origin 
at the junction of the pulmonary veins and in the posterior left 
atrium, initiation of ventricular fibrillation is often a consequence 
of several synergistic and regulatory processes that combine to 
provoke triggered activity that may occur in any part of the ven-
tricular myocardium.64

Several observations have long suggested a relevant role for 
calcium in sudden death: Prolongation of the ventricular action 
potential in hypertrophied ventricles and pause-dependence of 
ventricular fibrillation suggest that afterdepolarizations may be 
relevant for sudden death. Autonomic imbalance, and specifically 
excessive sympathetic stimulation, may itself also provoke ven-
tricular arrhythmias, most likely by increased intracellular 
calcium levels in subcellular microdomains and facilitated calcium 
release from the sarcoplasmic reticulum. Furthermore, it is well 
known that diastolic calcium levels are increased in heart failure, 
whereas systolic calcium release is increased in hypertrophy. 
Consequently, abnormally increased systolic calcium release, at 
times combined with increased diastolic calcium levels, provokes 
ventricular fibrillation in models of cardiac hypertrophy65,66 and 
may contribute to ventricular arrhythmias in other forms of 
cardiac hypertrophy and failure.67 Abnormal diastolic calcium 
release from the sarcoplasmic reticulum underlies catecholamin-
ergic ventricular tachycardias in transgenic models.61,62 Prolonged 
calcium release from the contractile apparatus of cardiomyocytes 
may have similar effects in some forms of “hypertrophic” 
cardiomyopathy.68

Because intracellular calcium homeostasis is centrally involved 
in excitation-contraction coupling, intracellular signaling, regu-
lation of protein function, regulation of gene expression, and, 
potentially, cell differentiation, drugs that interact with intracel-
lular calcium homeostasis require thorough study of their acute 
and long-term effects.

Calcium channel blockade by existing drugs (verapamil or, 
with a more specific action on the sarcoplasmic reticulum calcium 
release channels, flecainide)69 may in selected patients suppress 
ventricular arrhythmias, e.g., suffering from catecholaminergic 
ventricular tachycardia.69,70 Ranolazine may also be able to sup-
press calcium release, at least in experimental settings.71 Experi-
mental evidence suggests that early afterdepolarizations often 
occur secondary to abnormal activity of the sodium-calcium 
exchanger.72 Hence, inhibitors of the sodium-calcium exchanger 
are under preclinical evaluation for trigger suppression, but their 
antiarrhythmic efficacy has not yet been proven.73,74 Inhibitors of 
intracellular kinases (e.g., CaMKII inhibitors61,66,75,76), and pos-
sibly also protein phosphatase inhibitors, can acutely suppress 
ventricular arrhythmias in a variety of experimental models (e.g., 
hypertrophy, infarction, electrical storm). Inhibition of spontane-
ous diastolic calcium leaks from the sarcoplasmic reticulum (e.g., 
activation of FKBP 12.6 by JTV519 and related substances)61 can 
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KVLQT2 (LQTS2) gene may require β-adrenoreceptor block-
ade, whereas patients with mutations in the SCN5A gene 
(LQTS3) may benefit more from inhibition of the parasympa-
thetic nervous system, from prevention of bradycardia.98 Further-
more, patients with LQTS3 may benefit from sodium channel 
inhibition, where this reversal of the gene defect by antiarrhyth-
mic drugs may prevent both atrial fibrillation and ventricular 
torsades de pointes.99-101

Flecainide, through its action on the ryanodine receptor, can 
also prevent arrhythmias in patients with catecholaminergic ven-
tricular tachycardias.69 A controlled trial of flecainide in these 
patients is underway. Another recent study suggests that preload-
reducing therapy can prevent ventricular arrhythmias in a mouse 
model of arrhythmogenic right ventricular cardiomyopathy,90,91 
which mimics the pathologic defect seen in these patients.102 On 
the basis of these experimental findings, an early clinical trial of 
preload reduction in patients with arrhythmogenic right ven-
tricular cardiomyopathy is planned.103 Quinidine, a sodium 
channel–blocking drug that has largely been abandoned in 
patients with atrial fibrillation, appears to reduce defibrillator 
shocks in patients with Brugada syndrome104-108 and in short-QT 
syndrome.105,109 Quinidine is known to alleviate some of the elec-
trical inhomogeneities associated with the disease,108 but thus far 
there has been no controlled trial to assess the antiarrhythmic 
effects seen in anecdotal reports and retrospective case series.106

In addition to genetic defects that are amenable to specific 
antiarrhythmic drug therapy, the ECG is a valuable monitoring 
tool to identify patients at risk for proarrhythmic side effects 
while taking antiarrhythmic drugs. A supernormal prolongation 
of the QT interval in the ECG during initiation of therapy with 
potassium channel blockers such as sotalol—often estimated as a 
QT prolongation of more than 0.06 seconds compared to 
baseline—is associated with a markedly increased risk for torsades 
de pointes tachycardia.109 When therapy with a sodium channel 
blocker such as flecainide or propafenone is initiated, prolonga-
tion of the QRS complex by more than 25% of the baseline 
duration is a sign of unexpected conduction slowing and is again 
associated with an increased risk of ventricular proarrhythmia.110 
More recent data suggest that the ECG, by showing transient 
large T-U waves, can also identify imminent risk for proarrhyth-
mia.3 Hence the ECG is a valuable tool to personalize antiar-
rhythmic drug therapy by helping to predict unwanted side 
effects in individual patients.

These are just a few examples to illustrate how a personalized 
use of antiarrhythmic drugs appears to emerge based on a solid 
understanding of the arrhythmic factors in different inherited 
cardiomyopathies, and how the ECG is already in clinical use to 
personalize antiarrhythmic drug therapy. Such a personalized 
approach to antiarrhythmic drug therapy carries much promise 
for the future, especially because we are starting to understand 
the genetic contribution to more common arrhythmias such as 
atrial fibrillation.111-115 It will require intensive cooperation 
between basic scientists and clinicians, most likely in translational 
centers and international consortia, as well as unconventional and 
creative thinking, to develop these concepts and to ultimately 
validate them in well-designed, controlled multicenter trials. As 
expected, these opportunities are also challenges. Accepting these 
challenges will allow us to develop better antiarrhythmic drug 
therapy.

Intelligent Timing of Antiarrhythmic Drug Therapy

Traditionally, antiarrhythmic drug therapy has been long-term 
therapy. Reducing the duration of antiarrhythmic drug treatment 
should reduce the risk for proarrhythmia. In patients with atrial 
fibrillation, two pathophysiological concepts of short-term anti-
arrhythmic drug therapy have been evaluated in patients.

and by antihypertrophic effects in the myocardium. Aldosterone 
antagonists such as spironolactone or eplerenone may have similar 
effects by modulating the activity of the renin-angiotensin-aldo-
sterone system and by direct effects on cardiac gene expression 
patterns.88,89 Any form of inhibiting the renin-angiotensin-aldo-
sterone system will also elevate extracellular and plasma potas-
sium levels and may thereby contribute to the prevention of 
ventricular arrhythmias associated with prolonged 
repolarization.

Improvement of Intercellular Connections  
to Improve Cardiac Conduction

Slowing of impulse propagation in the myocardium is one of the 
major proarrhythmic mechanisms after myocardial infarction. 
Connexins are the main pore-forming molecules that provide the 
electrical connections between cardiomyocytes. Reduced expres-
sion of the ventricular connexin43 is found in areas that are critical 
for ventricular arrhythmias after myocardial infarction.76,77 Genet-
ically weakened mechanical cell-cell connections, such as those 
found in arrhythmogenic right ventricular cardiomyopathy, can 
cause conduction defects even in the absence of fibro-fatty infiltra-
tion secondary to reduced connexin phosphorylation.90,91 Con-
nexins have a high biological safety margin: Studies using inducible 
deletion of the gene encoding for connexin43 have convincingly 
shown that electrical conduction is only affected when ventricular 
connexin43 expression levels are reduced by more than 50%.92 In 
the border zone of a myocardial infarction, such marked reduction 
of connexin43 levels is found, suggesting that reduced connexin43 
expression may be a relevant cause for conduction slowing and 
ventricular arrhythmias in the border zone of an infarction.93 
Experimentally, connexin openers like rotigaptide can improve 
conduction velocity in experimental settings.79,80 Altered 
connexin expression has also been described in atrial fibrillation, 
and rotigaptide may have antiarrhythmic effects on some  
models of atrial fibrillation.94 When the primary defect affects the 
mechanical cell-cell contacts through desmosomal gene defi-
ciency, reducing preload can restore connexins function and 
cardiac conduction, as well as prevent arrhythmias, at least in pre-
clinical models.91

An improvement in conduction velocity has also been found 
in rat cardiomyocytes subjected to bone marrow stimulation.95 
Mobilization of bone marrow–derived cells was associated with 
reduced inducibility of ventricular arrhythmias after an anterior 
myocardial infarction.93 These preliminary findings may suggest 
that mobilization of bone marrow–derived cells could have indi-
rect (paracrine) antiarrhythmic effects. This hypothesis requires 
further validation.

Patient-Specific “Personalized”  
Antiarrhythmic Drug Treatment

In addition to developing new compounds, clinician-researchers 
have identified genotype-specific or patient-specific approaches 
to prevent ventricular arrhythmias in patients with inherited car-
diomyopathies. A decade ago, a small paper was published sug-
gesting that inhibitors of the late sodium current were able to 
shorten the QT interval in the ECG in patients carrying a sodium 
channel mutation leading to the long-QT syndrome type 3 
(LQTS3).96 This genotype-specific, or personalized, antiarrhyth-
mic drug therapy would reverse the abnormal sodium channel 
function induced by the genetic defect and appears pathophysi-
ologically to be very plausible. Large patient surveys suggest  
that different genotypes might benefit from different antiar-
rhythmic drug therapies88,97: Patients with mutations in the 
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channel–blocking drugs have half lives in the range of a few hours 
and are therefore taken twice or three times per day, omission of 
a single tablet will result in subtherapeutic drug plasma levels for 
several hours.

Outlook

Antiarrhythmic drugs have an important role in the management 
of arrhythmias (e.g., in preventing frequent recurrences of ven-
tricular arrhythmias or for rhythm control therapy in atrial fibril-
lation). In the prevention of sudden death, there is a clear clinical 
need related to prevention of defibrillator shocks that will be  
met by antiarrhythmic drugs. Ongoing outcome trials such as 
CABANA (NCT00911508, www.cabanatrial.org)123  and EAST 
(NCT01288352, www.easttrial.org) will address whether rhythm 
control therapy has a prognostic impact for the management of 
atrial fibrillation. In the context of this chapter, it is worth men-
tioning that the EAST trial compares a hybrid therapy concept of 
early catheter ablation and antiarrhythmic drug therapy with 
usual care in atrial fibrillation. Until such a role has been tested, 
the clinical development of new antiarrhythmic drugs will remain 
challenging in light of potential safety concerns. On the other 
hand, there is a host of promising new antiarrhythmic drug targets 
emerging from preclinical and early clinical trials, as well as con-
cepts to shorten or personalize antiarrhythmic drug therapy 
emerge (e.g., in patients with inherited cardiomyopathies or based 
on therapy-induced ECG changes). Addressing safety concerns 
while still meeting clinical needs is one of the current challenges 
that the scientific, clinical, and regulatory communities are faced 
with in the development of new antiarrhythmic drugs.

Summary

There are several new ion channel–blocking antiarrhythmic 
drugs in clinical development, and others have become available 
recently, some of which are approved for conditions other than 
cardiac arrhythmias. In addition to ion channel blockers, several 
other drugs that were not primarily developed as antiarrhythmic 
drugs may have antiarrhythmic effects by modifying scar forma-
tion, interstitial fibrosis, extracellular matrix composition, and 
mechanical cell-cell contacts. It is likely that these substances will 
be supplemented by other drugs with entirely different mecha-
nisms of action in the forthcoming years based on subcellular and 
molecular pathophysiological insights into the mechanisms of 
arrhythmogenesis. The clinical development of antiarrhythmic 
drugs, in contrast, remains challenging in light of the continuing 
safety concerns balanced against the uncertain prognostic  
efficacy of antiarrhythmic drugs. Developing personalized and 
intelligently timed antiarrhythmic drug therapy may a way to 
improve safety without compromising efficacy. The complex 
environment that makes the clinical use of new medications 
dependent on regulatory approval, clinical effectiveness, and 
assessment for reimbursement renders the clinical development 
of new antiarrhythmic drugs challenging despite the clear-cut 
clinical need for new antiarrhythmic drugs.
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Pill-in-the-Pocket Treatment of Paroxysmal Atrial Fibrillation
Patients with infrequent (less than one episode per month), 
symptomatic episodes of paroxysmal atrial fibrillation without 
overt structural heart disease who responded successfully and 
safely to one pharmacologic conversion of atrial fibrillation  
by sodium channel blocker administration can be advised to take 
a single dose of a sodium channel–blocking agent (200-300 mg 
flecainide or 450-600 mg propafenone) at home as soon as atrial 
fibrillation recurs. This patient-initiated treatment converts more 
than 90% of atrial fibrillation recurrences.114 The duration of 
antiarrhythmic drug treatment is reduced by approximately 99% 
by this type of targeted drug treatment compared with standard 
long-term treatment.115

Targeted Reversal of Electrical Remodeling  
after Cardioversion
Atrial fibrillation recurrences are “clustered” within the first few 
weeks after cardioversion of persistent atrial fibrillation. Interest-
ingly, the atrial fibrillation–induced shortening of the atrial action 
potential and refractory period known as electrical remodeling116 
is reversed after approximately four weeks of sinus rhythm.117 
Action potential–prolonging antiarrhythmic drugs may have less, 
if any, antiarrhythmic effects after this period. These consider-
ations have prompted the design of the so-called Flec-SL trial.118 
This trial systematically tested whether a short-term 4-week anti-
arrhythmic drug therapy after cardioversion is noninferior to 
standard long-term therapy. Indeed, short-term antiarrhythmic 
drug therapy limited to four weeks after cardioversion conveyed 
approximately 80% of the antiarrhythmic effect of standard, 
long-term therapy over the observation period of six months. 
Nonetheless, short-term therapy was not noninferior to standard 
long-term therapy.119 Because of its long half-life, amiodarone 
does not appear to be suitable for short-term antiarrhythmic drug 
therapy after cardioversion.120 For other antiarrhythmic drugs, in 
contrast, short-term therapy after cardioversion may be a suitable 
treatment option when either a slightly lower effectiveness 
appears acceptable or when the risk associated with therapy (e.g., 
proarrhythmia) appears to be high.28 The clinical testing of the 
translational concepts of “targeted reversal of electrical remodel-
ing” and “pill-in-the-pocket cardioversion” have resulted in spe-
cific recommendations in the recent atrial fibrillation guidelines 
in Europe illustrating how pathophysiological concepts can 
inform therapy.28

The Longer, the Better? Half-Life  
of Antiarrhythmic Drugs

The effectiveness of amiodarone compared with other ion 
channel–blocking antiarrhythmic drugs remains a puzzling yet 
consistent clinical finding. The puzzlement is in fact increased by 
the moderate effectiveness of dronedarone13,17 when compared 
with amiodarone.16 Dronedarone inhibits similar ion channels 
compared with amiodarone, yet its antiarrhythmic efficacy is 
comparable with other antiarrhythmic drugs such as sotalol, fle-
cainide, or propafenone.121 Different channel-blocking properties 
of dronedarone and amiodarone, although existent, do not appear 
to sufficiently explain this clinical difference. Amiodarone has, 
however, one additional unique property: its biological half-life 
amounts to several months,122 and its lipophilic properties may 
result in accumulation of amiodarone in the cell membranes. 
This unique pharmacokinetic profile may contribute to amioda-
rone’s clinical efficacy. When amiodarone is not taken or not 
absorbed, even for several consecutive days, this will not affect 
the therapeutic myocardial drug levels, and the drug may be 
found in higher concentrations at the site of action (i.e., the 
plasma membrane). Because most of the other available ion 

http://www.cabanatrial.org
http://www.easttrial.org
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agents whose primary mode of action is to not block specific ion 
channels. These drugs, termed nontraditional antiarrhythmic drugs, 
and their mechanisms and roles in mortality and sudden death 
reduction, will highlight this chapter.

Assessing the Impact of  
Nontraditional Antiarrhythmic Drugs  
on Sudden Cardiac Death

One difficulty in interpreting the results of clinical studies on 
SCD is the diversity of potential underlying mechanisms of death, 
with arrhythmic SCD representing a large fraction of underlying 
etiologies. This is further complicated by variable definitions of 
SCD. In some studies, all deaths that occurred up to 24 hours after 
the onset of symptoms were considered SCDs. This definition is 
not specific for sudden arrhythmic death because many patients 
who die from myocardial infarction (MI) within the first 24 hours 
of symptom onset do so from a cause unrelated to a primary 
arrhythmia. Thus, in evaluating the effect of nontraditional anti-
arrhythmic drugs on the incidence of SCD, we will also consider 
the effects on total mortality, with the understanding that it is 
possible that some of the mortality reduction may be the result of 
a decreased incidence of SCD. Studies have suggested that the 
major mechanisms responsible for sudden arrhythmic death are 
ventricular tachycardia (VT) and ventricular fibrillation (VF). 
However, there has been a decreased incidence of VF as a cause 
of out-of-hospital cardiac arrest and a concomitant increase in 
non-VF causes.3,4 Therefore, evaluating how therapies alter the 
occurrence of VT and VF provides more specific insight into the 
pathophysiological action of these agents to reduce SCD.

Broadly, the risk of sudden death stems from several key patho-
physiological components: (1) left ventricular dysfunction; (2) 
myocardial scar or substrate; (3) autonomic nervous system 
effects; and (4) triggers, such as premature ventricular complexes. 
In theory, therapies that directly ameliorate these components can 
indirectly reduce the incidence of SCD. For example, one of the 
strongest predictors of arrhythmic sudden death is left ventricular 
dysfunction. The risk of VT and VF varies inversely with left 
ventricular function. Therefore, therapies that may improve myo-
cardial structure and function and decrease disease progression 
may also reduce the risk of VT and VF and the risk of SCD. In 
addition, left ventricular dilatation may contribute to arrhythmo-
genesis by altering cardiac electrophysiological properties through 
contraction-excitation feedback. Thus, pharmacologic agents that 
modulate cardiac hemodynamics may be antiarrhythmic by alter-
ing ventricular function and size, even if direct antiarrhythmic 
activities are not present.

Despite extensive research in the field of sudden death, a 
coherent pathophysiological framework to identify the series of 
events or conditions necessary and sufficient to trigger sudden 
death has not been fully delineated. Although the majority of 
patients who experience SCD have coronary artery disease, 
patients with nonischemic cardiomyopathy also have substantial 
risk for SCD. In addition, in the minority of patients 
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Although mortality from coronary artery disease has declined in 
the United States, sudden cardiac death (SCD) remains a major 
clinical problem, with a reported range of 184,000 to 462,000 
deaths occurring annually.1 Strategies to decrease the incidence 
of sudden death include preventing underlying structural heart 
disease, screening for hereditary syndromes and cardiac condi-
tions that predispose persons to sudden death, improving efforts 
in resuscitation medicine for patients who experience a cardiac 
arrest (secondary prevention), and identifying patients at high 
risk for sudden death to provide appropriate intervention.

Potential interventions to prevent sudden death include risk 
factor and lifestyle modifications, dietary changes, therapy with 
antiarrhythmic drugs, therapy with other cardiovascular drugs, 
or device therapy with implantable cardioverter-defibrillators 
(ICDs). Results of therapy with antiarrhythmic drugs that block 
sodium or potassium channels for the prevention of sudden death 
have been mostly disappointing. With the exception of amioda-
rone, these drugs have had either a neutral or a deleterious effect 
on mortality.2

Antiarrhythmic drugs have been classified using several differ-
ent systems. The Vaughan-Williams classification is the oldest 
and most commonly used system for antiarrhythmic drugs. In this 
system, drugs that block sodium channels are considered class I 
drugs, those that block β-adrenergic receptors are considered 
class II drugs, those that block potassium channels are considered 
class III drugs, and those that block calcium channels are consid-
ered class IV drugs. Antiarrhythmic drugs that block specific ion 
channels—class I and class III antiarrhythmic drugs—were once 
thought to have the potential to reduce the incidence of SCD. 
However, human studies have been disappointing, because drugs 
that block sodium or potassium channels were either ineffective 
in preventing SCD or they paradoxically increased the risk of life-
threatening arrhythmias. In contrast, other classes of drugs, such 
as β-blockers, which are considered class II antiarrhythmic drugs 
but do not specifically block ion channels and are not considered 
traditional antiarrhythmic drugs, and angiotensin-converting 
enzyme (ACE) inhibitors, which block the conversion of angio-
tensin I to angiotensin II, have been shown to reduce overall 
mortality and sudden death mortality in patients with underlying 
structural heart disease. Class IV agents—those that block calcium 
channels—do not reduce the incidence of SCD. This chapter 
focuses on the prevention of sudden death using pharmacologic 
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changes in cardiac sympathetic nerves, cardiac responsiveness to 
sympathetic stimulation, and circulating catecholamines. After 
MI, for example, there are changes in heart rate variability and 
baroreflex sensitivity that reflect abnormalities of parasympa-
thetic and sympathetic tone. These abnormalities can also 
heighten the risk for ventricular arrhythmias.

Efficacy of β-Blockers After Myocardial Infarction

β-Blockers first were recognized as prophylactic agents for pre-
venting sudden death in patients after MI through trials designed 
to address total mortality reduction. Analysis by Freemantle and 
colleagues7 of more than 50,000 patients evaluated in numerous 
randomized clinical trials demonstrated a substantial reduction 
in total mortality as a result of β-blocker treatment (relative risk 
[RR], 0.77; 95% confidence interval [CI], 0.69 to 0.85). The 
largest observational report, including more than 200,000 patients 
in the Medicare database, supports the role of β-blockers in 
reducing total mortality.8 Their effect on sudden death was noted 
in the landmark Beta-Blocker Heart Attack Trial (BHAT), which 
tested the effect of long-term propranolol therapy in patients 
after a MI.9 More than 3800 patients were randomized to either 
propranolol or placebo starting 5 to 21 days after MI and were 
followed for 2 years. Total mortality was 7.2% in the propranolol 
group and 9.8% in the placebo group (26% reduction). Sudden 
cardiac death occurred in 3.3% of the propranolol patients versus 
4.6% of the placebo patients (28% reduction). A subset of these 
patients also had ambulatory electrocardiographic monitoring at 
baseline and after 6 weeks of therapy. An increase in ventricular 
arrhythmias over the 6-week period was blunted by propranolol. 
Moreover, metoprolol therapy has also been shown to reduce 
total number of deaths, especially SCDs, after MI. The mortality 
reduction was independent of gender, age, and smoking habits.8 
The survival benefit of β-blocker therapy was shown to extend 
at least 6 years after MI in the Norwegian Multicenter Study 
Group.8

The benefits of β-blocker therapy have withstood the test of 
time. In the CAPRICORN study,10 1959 patients who had an MI 
within 3 to 21 days and an ejection fraction (EF) less than or 
equal to 40% were randomly assigned to treatment with either 
carvedilol (n = 975) or placebo (n = 984). Although all-cause 
mortality was not the primary endpoint, after a mean follow-up 
of 1.3 years, 12% mortality was seen in patients treated with 
carvedilol and 15% mortality was seen in those treated with 
placebo (risk reduction, 23%; 95% CI, 2 to 40).10 Further analysis 
from this study showed a lower incidence of malignant ventricu-
lar arrhythmias in the carvedilol-treated group (0.9% vs. 3.9% in 
the placebo group; P < .0001).11 In an analysis of the VALIANT 
registry, Piccini and colleagues12 found that patients presenting 
with VT/VF in the setting of acute MI had higher mortality if 
they did not receive β-blocker therapy within 24 hours (RR, 0.28; 
95% CI, 0.10 to 0.75; P = .013).

Because clinical trials have demonstrated significant benefits 
of β-blocker therapy on survival, the vast majority (>90%) of 
survivors of MI are discharged receiving β-blocker therapy.13 Yet 
the majority of these patients are treated with doses that are 
substantially lower than the doses used in clinical trials. The 
effect of dose on survival benefit has not been definitively dem-
onstrated, although there are reports indicating that low-dose 
β-blocker therapy does improve survival.

Efficacy of β-Blockers in Patients With Congestive 
Heart Failure

β-Blockers also are important agents in the prevention of SCD 
in patients with congestive heart failure. In this population, 

with coronary artery disease who have SCD, acute MI is the 
immediate cause. Transient autonomic and metabolic factors may 
also contribute to SCD. Thus, a pathophysiological framework 
underlying even arrhythmic SCD needs to broadly include many 
contributing factors.

One potential model of the pathophysiology of sudden death 
is shown in Figure 113-1. In this construct, transient factors or 
triggers interact with spontaneous arrhythmias on an abnormal, 
underlying anatomic substrate that contributes to electrophysi-
ological conditions leading to SCD. This model recognizes that 
the triggering beats may be caused by reentry, abnormal automa-
ticity, or triggered activity, and that the electrophysiological sub-
strate could consist of either functional or anatomic reentry. 
Thus, transient metabolic and autonomic factors that alter elec-
trophysiological properties can modulate the anatomic substrate 
to heighten the occurrence of sudden death.

To target the electrophysiological substrate that forms part of 
the model, it is necessary to identify a specific electrophysiological 
mechanism and to identify specific ion channels or other targets 
that are present in the region of the myocardium that predisposes 
to sudden death. At present, antiarrhythmic drugs target sodium 
or potassium channels present throughout the myocardium and 
therefore are not specific for the arrhythmic mechanism (focal or 
reentrant) or abnormal myocardial region. Drugs such as 
β-blockers also operate on global regions of the myocardium, but 
their lack of specificity does not appear to be harmful, but rather 
is protective. Given the overall safety profile of nontraditional 
drugs compared with traditional antiarrhythmic drugs, it should 
not be surprising that nontraditional drugs that act on more global 
mechanisms of arrhythmogenesis are more effective in preventing 
sudden death than are drugs that indiscriminately block ion chan-
nels throughout the myocardium. Potential target sites for thera-
pies that might reduce sudden death discussed in this chapter are 
shown in Figure 113-1. Table 113-1 shows interventions that may 
reduce mortality in patients with heart disease and the drugs that 
may reduce the incidence of sudden death.

β-Adrenergic Blockers

β-adrenergic blockers (β-blockers) have emerged as important 
pharmacologic agents for both primary and secondary prevention 
of SCD (Table 113-2). The mechanism of this class of drugs 
involves competitive β-adrenergic receptor blockade of sympa-
thetically mediated triggering mechanisms, slowing of the sinus 
rate, and, possibly, inhibition of excess calcium release by the 
ryanodine receptor.5,6 Given the presence of β-receptors through-
out the heart, cardiac disease contributes to pathophysiological 

Figure 113-1.  Pathophysiological framework for arrhythmic SCD. 
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Table 113-1. Pharmacologic Agents Shown to Decrease Mortality in Patients With Chronic Heart Disease

Agent Possible Mechanisms

Antiarrhythmic Antiatherosclerotic Antiinflammatory Antiischemic Hemodynamic

β-Blockers X X

ACE inhibitors ? X

Angiotensin-receptor blockers ? X

Fish oil X X

Spironolactone X X

Aspirin X X

3-Hydroxy-3-methylglutaryl X

Coenzyme A–reductase inhibitors

Amiodarone X ?

Vasodilators (hydralazine, nitrates) X

ACE, Angiotensin-converting enzyme; ?, possible effect.

carvedilol has been shown to reduce mortality by 65%.14 In the 
Cardiac Insufficiency Bisoprolol Study II (CIBIS-II),15 the esti-
mated annual mortality was 8.8% in patients treated with biso-
prolol and 13.2% in those receiving placebo (risk reduction, 34%; 
95% CI, 19 to 46). Metoprolol has also been shown to improve 
survival in patients with congestive heart failure. In the Metopro-
lol CR/XL Randomized Intervention Trial in Congestive Heart 
Failure (MERIT-HF), 3991 patients with class II to IV (96% had 
class II and III) congestive heart failure (EF <40%) were ran-
domly assigned to treatment with metoprolol (n = 1990) or 
placebo (n = 2001).16 This trial was also terminated early by the 
safety committee because of the benefit of β-blocker therapy. 
The mortality rate was 7.2% per patient-year of follow-up in the 
metoprolol group versus 11.0% in the placebo group (RR reduc-
tion, 34%; 95% CI, 19 to 47). In both trials, prevention of sudden 
death was an important component of mortality reduction.

Efficacy of β-Blockers in Secondary Prevention of 
Sudden Death

β-Blockers also demonstrate efficacy in patients known to have 
significant ventricular tachyarrhythmias. Clinical information 
from the Antiarrhythmics Versus Implantable Defibrillators 
(AVID) trial registry provides support for the role of β-blocker 
therapy in patients with sustained ventricular tachyarrhythmias,8 
where there was an approximately 50% reduction in adjusted 
relative risk of mortality because of β-blocker therapy. β-Blockers 
have been shown to reduce the incidence of ventricular tachyar-
rhythmias in patients with ICDs.8 The overwhelming majority of 
the study populations in all of these reports were patients with 
coronary artery disease. Limited data suggest that β-blocker 
therapy in patients with nonischemic dilated cardiomyopathy and 
ICDs is associated with a marked reduction in appropriate 
therapy for ventricular tachyarrhythmias.8 In a multivariate anal-
ysis,8 β-blocker therapy was associated with a 0.15 relative risk 
(95% CI, 0.05-0.45; P < .0007) of appropriate ICD therapy.

Although β-blockers appear to be highly effective in reducing 
the risk of SCD, it is noteworthy that there still are other thera-
pies that can provide incremental benefit when added to β-blocker 
therapy. In both the European Myocardial Infarct Amiodarone 
Trial (EMIAT) and the Canadian Amiodarone Myocardial Infarc-
tion Arrhythmia Trial (CAMIAT),8 there appeared to be 

an interaction between the use of β-blockers and amiodarone; 
specifically, amiodarone therapy had a greater effect on mortality 
reduction in patients receiving β-blockers. In CAMIAT, there was 
a 29% reduction in relative risk related to amiodarone therapy 
(versus placebo) in patients who were receiving concomitant 
therapy with β-blockers.8 Thus, although β-blocker therapy 
appears to be an important agent in the strategy of preventing 
SCD, monotherapy with β-blockers is likely not sufficient for the 
prevention of SCD in susceptible populations.8

Renin-Angiotensin-Aldosterone System

Angiotensin-Converting Enzyme Inhibitors

Angiotensin-converting enzyme (ACE) inhibitors have been 
studied extensively in certain patient populations at risk for SCD. 
Although studies involving ACE inhibitors have shown substan-
tial reductions in total mortality (with risk reductions ranging 
from 8%-40%) and/or cardiovascular mortality, very few have 
shown similar effects with respect to death from arrhythmia.

There are several possible antiarrhythmic actions of ACE 
inhibitors. In patients with or without heart failure, hypokalemia 
has been shown to be an important risk factor for ventricular 
arrhythmias. ACE inhibitors can raise serum potassium levels, 
which may lead to a possible beneficial effect on the myocardial 
substrate, minimizing arrhythmic risk.8 These results have not 
been consistent in other studies. However, ACE inhibitors have 
several direct and indirect effects on the autonomic nervous 
system that could modify the risk of ventricular arrhythmias.8 
They enhance baroreflex sensitivity, thereby reducing sympa-
thetic and increasing parasympathetic tone. Improvements in 
hemodynamics can also lead to a decrease in circulating catechol-
amines. Adverse ventricular remodeling, a complex process 
involving fibrosis and dilatation of the failing heart, has been 
shown to have adverse effects on the conduction system, includ-
ing increasing risk for ventricular arrhythmias.8 Treatment with 
an ACE inhibitor can limit adverse remodeling, including reduc-
tions in left ventricular mass, and this, secondarily, may lead to 
reductions in ventricular arrhythmias and a lower incidence of 
sudden death. It is also possible that SCD risk may be contributed 
to by ACE pathways that are, in part, genetically determined.17
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The Acute Infarction Ramipril Efficacy Study (AIRE) and the 
Trandolapril Cardiac Evaluation (TRACE) study are two placebo-
controlled trials that did demonstrate significant reductions in 
SCD.8 In the AIRE study, 2006 patients who had a recent MI 
and clinical evidence of heart failure were randomly assigned to 
treatment with ramipril (5 mg daily) or placebo. At 15 months, 
the ramipril group showed a 27% reduction in total mortality. 
There was also a 30% reduction in SCD (12.3% to 8.9%). In the 
TRACE study, 1749 patients with an acute MI and EF less than 
or equal to 35% were randomly assigned to treatment with tran-
dolapril or placebo to evaluate the effects of ACE inhibitor 
therapy in the early postinfarction period in patients with left 
ventricular dysfunction. At follow-up of 24 to 50 months, there 

was a 25% decrease in cardiovascular deaths and a 24% reduction 
in SCD (RR, 0.76; 95% CI, 0.59 to 0.98; P = .03). A metaanalysis 
of intermediate- or long-term post-MI ACE inhibitor trials 
(including AIRE and RACE) involving 15,104 patients8 showed 
an overall reduction in SCD with an odds ratio of 0.80 (95% CI, 
0.70 to 0.92). There were also similar significant reductions in 
total and cardiovascular mortality. In the Heart Outcomes Pre-
vention Evaluation (HOPE) study, more than 9000 patients with 
vascular disease or diabetes mellitus and cardiac risk factors were 
randomly assigned to treatment with ramipril or placebo.8 After 
5 years, there was a 26% reduction in cardiovascular mortality 
and a 37% reduction in cardiac arrest. In a substudy of HOPE,8 
during a median follow-up of 4.5 years, the composite outcome 

Table 113-2. Efficacy of Drugs in Reducing Mortality and Preventing Sudden Death

Drug Control Study Patients Total N Follow-up
Total Mortality 
(95% CI) SCD (95% CI)

ACE Inhibitors

Ramipril Placebo AIRE* Post-MI + CHF 2006 15 mo RR, 0.73 (0.60-0.89) RR, 0.70 (0.53-0.92)

Ramipril Placebo HOPE CV disease or DM 
+ CRF

9297 5 yr RR, 0.84 (0.75-0.95) RR, 0.62 (0.41-0.94)†

Captopril Placebo SAVE Post MI + low EF 2231 42 mo RR, 0.81 (0.68-0.97) NS

Enalapril Placebo CONSENSuS I AMI 6090 6 mo RR, 1.10 (0.93-1.29) NS

Enalapril Placebo SOLVD-P 
Prevention

EF 4228 37 mo RR, 0.92 (0.79-1.08) RR, 0.93 (0.70-1.22)

Enalapril Hydral/isosorbide V-Heft II CHF 804 2.5 yr RR, 0.72 RR, 0.65

Zofenopril Placebo SMILE AMI 1556 6 wk RR, 0.78 (0.52-1.12) RR, 0.37 (0.11-1.02)

Trandolapril Placebo TRACE Post MI + low EF 1749 24-50 mo RR, 0.78 (0.67-0.91) RR, 0.76 (0.59-0.98)

Angiotensin II–Receptor Blockers

Valsartan Placebo Val-Heft CHF 5010 23 mo RR, 1.02 (0.88-1.18), 
98% CI

NS

Losartan Captopril ELITE CHF 722 48 wk RR, 0.54 (0.31-0.95) RR, 0.36 (0.14-0.97)

Losartan Captopril ELITE II CHF 3152 1.5 yr HR, 1.13; 95.7%  
CI, 0.95-1.35

HR, 1.30 (1.00-1.69)

Losartan Atenolol LIFE HTN+LVH 9193 4.8 yr HR, 0.90 (0.78-1.03) HR, 1.91 (0.64-5.72)‡

Losartan Captopril OPTIMAAL Post MI + CHF 5477 2.7 yr RR, 1.13 (0.99-1.28) RR, 1.19 (0.99-1.43)§

β-Blockers

Class Placebo 1999 
metaanalysis7

Post-MI 24,974 RR, 0.77 (0.69-0.85)

Class Placebo Medicare 
database17a

Post-MI 201,752 2 yr RR, 0.60 (0.57-0.63)

Carvedilol Placebo CAPRICORN10 Post-MI + low EF 1959 1.3 yr HR, 0.77 (0.60-0.98) HR, 0.74 (0.51-1.06)

Metoprolol Placebo MERIT-HF16 CHF 3991 1 yr RR, 0.66 (0.53-0.81) RR, 0.59 (0.45-0.78)

Bisoprolol Placebo CIBIS-II15 CHF 2657 1.3 yr HR, 0.66 (0.54-0.81) HR, 0.56 (0.39-0.80)

*See text for study abbreviations.

†Cardiac arrest.
‡Resuscitated cardiac arrest.
§Sudden cardiac death plus resuscitated cardiac arrest.

ACE, angiotensin-converting enzyme; AMI, acute myocardial infarction; ARB, angiotensin receptor blockers; CHF, congestive heart failure; CI, confidence interval; CRF, 
cardiac risk factor; CV, cardiovascular; DM, diabetes mellitus; EF, ejection fraction; HR, hazard ratio; HTN, hypertension; LVH, left ventricular hypertrophy; MI, myocardial 
infarction; NS, not significant; RR, relative risk; SCD, sudden cardiac death.
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endpoint of the study, the results for the secondary endpoint of 
sudden cardiac death or resuscitated cardiac arrest were 9% for 
the losartan compared with 7% in the captopril group (RR, 1.19; 
95% CI, 0.98 to 1.43; P = .07).

Recent studies have evaluated the role of ARBs in special 
populations. Candesartan was shown to reduce sudden death and 
death from worsening heart failure in patients with symptomatic 
heart failure in the CHARM study.20 Losartan was shown to 
afford better protection than atenolol against cardiac death from 
arrhythmias (14 deaths in the losartan group vs. 30 deaths in the 
atenolol group; P = .027) in diabetic patients in the LIFE study.21 
Thus, ARBs appear to reduce mortality and may even reduce the 
risk of SCD, and they appear to be well-tolerated medications 
without some of the potential side effects of ACE inhibitors.

Aldosterone-Receptor Antagonists

Neurohormonal suppression of the renin-angiotensin-aldoste-
rone system by ACE inhibitors alone is incomplete. Aldosterone 
can continue to exert harmful effects on the cardiovascular system 
in patients with heart failure. Aldosterone promotes sodium 
retention, magnesium and potassium wasting, sympathetic acti-
vation, parasympathetic inhibition, myocardial and vascular 
fibrosis, baroreceptor dysfunction, and vascular damage and 
impairment of arterial compliance. Animal models have provided 
insight into the potential mechanisms of arrhythmogenesis in 
both murine models of mineralcorticoid overexpression, leading 
to lethal ventricular arrhythmias22 and canine models of heart 
failure, in which eplerenone administration reduced susceptibil-
ity to life-threatening arrhythmias.23

Spironolactone, an aldosterone-receptor antagonist and 
potassium-sparing diuretic, has gained acceptance for the treat-
ment of severe congestive heart failure. In the Randomized  
Aldactone Evaluation Study (RALES), 1663 patients with NYHA 
class III-IV heart failure and an EF less than or equal to 35% 
were randomly assigned to treatment with spironolactone (25 mg 
daily) or placebo.24 After a mean follow-up of 24 months, cardiac 
death was reduced by 31%. This decline was the result of a 36% 
decrease in death from progressive heart failure and a 29% reduc-
tion in SCD. A selective aldosterone blocker, eplerenone, was 
evaluated in the EPHESUS study25: 6632 patients with an EF 
less than 40% who had an MI within 30 days, and who had clini-
cal signs of heart failure, were randomly assigned to eplerenone 
treatment or standard treatment. The eplerenone group had a 
15% reduction in all-cause mortality (P < .008) and a significant 
reduction in cardiac deaths (RR, 0.83; 95% CI, 0.72 to 0.94; P < 
.005).25 Similar benefits were demonstrated in patients with an 
EF less than or equal to 30% after MI.26 Specifically, SCD was 
reduced by 33% compared with placebo, and there was a 58% 
relative risk reduction for SCD (P = .008) within 30 days after 
MI.26 Benefits of aldosterone blockade were extended beyond the 
post-MI setting to the chronic heart failure population. Zannad 
et al. reported a 24% reduction in risk of death in the chronic 
heart failure population (hazard ratio [HR], 0.76; 95% CI, 0.62 
to 0.93; P = .008).27 A recent large meta-analysis supports 
the hypothesis that aldosterone-receptor blockade affords protec-
tion against SCD, reporting a 23% lower odds of experiencing 
SCD compared with controls (OR, 0.77; 95% CI, 0.66 to 0.89; 
P = .001).28

There are several possible mechanisms for a therapeutic effect 
of aldosterone-receptor antagonists. One possible explanation is 
that aldosterone seems to enhance positive cardiac remodeling. 
Fibroblasts and inflammatory cells invade the perivascular space 
of damaged vessels, leading to fibrosis. These changes can have 
adverse effects on the mechanical function, vasodilatory reserve, 
and electrical system of the heart. A recent substudy of the 
RALES trial evaluated serum markers of collagen synthesis, 

of unexpected death, documented arrhythmic death, or resusci-
tated cardiac arrest was reduced by 21% in patients without 
clinical heart failure or overt left ventricular systolic dysfunction 
randomized to ramipril therapy compared with those randomized 
to placebo.

No randomized, controlled trials of an ACE inhibitor versus 
placebo in patients with chronic heart failure have shown a reduc-
tion in SCD. The three major trials that have reported results 
for sudden death are the Cooperative New Scandinavian Enala-
pril Survival Study (CONSENSUS), the Studies of Left  
Ventricular Dysfunction (SOLVD)-Treatment, and SOLVD-
Prevention.8 They did not show significant reduction in SCD. A 
meta-analysis of 32 RCTs (n = 7105) in patients with congestive 
heart failure8 reported that treatment with an ACE inhibitor 
reduced the rate of SCD nonsignificantly from 5.6% in the 
control group to 4.7% (odds ratio [OR], 0.91; 95% CI, 0.73 to 
1.12) while reducing all-cause mortality from 21.9% in the 
control group to 15.8% (OR, 0.77; 95% CI, 0.67 to 0.88). In the 
Second Veterans Administration Vasodilator–Heart Failure Trial 
(V-HeFT II), 804 men with New York Heart Association (NYHA) 
class I or III heart failure were randomly assigned to treatment 
with enalapril (20 mg daily) or the combination of hydralazine 
(300 mg daily) and isosorbide dinitrate (160 mg daily).8 At 2 
years, the enalapril group had a 28% reduction in total mortality. 
This effect was because of a 38% decrease in the incidence of 
SCD. It is possible that the beneficial effect of enalapril was 
caused by an increase in sudden death in the hydralazine–
isosorbide arm. Nevertheless, ACE inhibitors confer mortality 
and sudden death reduction in susceptible populations.

Angiotensin-Receptor Blockers

Physiologically active levels of angiotensin II, a potent vasocon-
strictor, persist despite long-term therapy with ACE inhibitors 
and can also be formed by non–ACE-dependent pathways. Pos-
sible arrhythmogenic mechanisms of angiotensin II include 
release of neurohormonal agents (including norepinephrine, 
aldosterone, and endothelin), as well as increased conduction 
velocity and shorter refractory periods in cardiac myocytes.18 
Furthermore, unlike ACE inhibitors, angiotensin II receptor 
blockers (ARBs) do not increase bradykinin levels, which also can 
increase norepinephrine levels.19 Elevated catecholamine levels 
theoretically could result in more ventricular arrhythmias and 
sudden death. Therefore, direct blockade of angiotensin II recep-
tors might further reduce morbidity and mortality in patients 
requiring blockade of the renin-angiotensin-aldosterone system. 
Both ARBs as well as ACE inhibitors increase serum potassium 
levels, which may provide a potential protective mechanism 
against ventricular arrhythmias.

ARBs have mostly been compared with ACE inhibitors in 
several heart failure or hypertension trials. In the Evaluation of 
Losartan in the Elderly (ELITE) study,8 722 patients with NYHA 
Class II-IV heart failure and EF less than or equal to 40% were 
randomly assigned to treatment with losartan or captopril. At 48 
weeks, the losartan group had a 45% reduction in total mortality. 
There was also a decrease in the number of deaths attributable 
to SCD (5 vs. 14 patients) with a relative risk reduction of 36%. 
However, in the much larger ELITE II study, 3152 patients (with 
heart failure and EF ≤ 40%) were randomly assigned to treatment 
with losartan or captopril.8 At 1.5 years, there were trends toward 
reductions in overall mortality and sudden death with captopril 
compared with losartan, but no statistically significant differences 
in all-cause mortality, sudden death, or resuscitated arrests 
between the two treatment groups were noted. In the Optimal 
Trial in Myocardial Infarction with the Angiotensin II Antagonist 
Losartan (OPTIMAAL), losartan and captopril were also studied 
in patients with heart failure after an MI.8 Although not a primary 
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Other studies have suggested that statin therapy is associated 
with a reduction in ventricular tachyarrhythmias or appropriate 
ICD therapy in patients with coronary artery disease.33,34 Post hoc 
analyses of the AVID and MADIT-II patients with coronary 
artery disease treated with an ICD33,35 demonstrated 40% and 
28% reductions, respectively, in VT and VF episodes in the 
patients treated with statins. The benefit of statins may not be 
limited to those patients with ischemic heart disease. Retrospec-
tive analyses36-38 in patients with nonischemic dilated cardiomy-
opathy have also shown a reduction in sudden death or mortality 
associated with statin use. In the DEFINITE study, of 458 
patients with nonischemic dilated cardiomyopathy (randomized 
to medical therapy vs. medical therapy plus an ICD), 110 were 
being treated with statins.36 Statin use was associated with a sig-
nificant reduction in total mortality (adjusted HR, 0.23; 95% CI, 
0.09 to 0.58; P = .002). Only one arrhythmic death was noted in 
the 110 patients treated with statins, and 18 were noted in the 
348 patients not treated with statins. Interestingly, there was no 
difference in the incidence of appropriate shocks in those treated 
compared with those not treated with statin therapy. Patients in 
MADIT-II were evaluated for the effect of statin use on the 
combined endpoint of ICD therapy for VT/VF or cardiac death 
and for the end point of VT/VF alone. The cumulative rate of 
ICD therapy for VT/VF or cardiac death was significantly 
reduced in those with more than or equal to 90% statin usage 
compared with those with lower statin usage (P = .01). A recent 
study37 evaluated the association between statin therapy on the 
risk of appropriate defibrillator therapy for fast VT/VF or death 
and appropriate ICD shocks among 821 patients with nonisch-
emic cardiac myopathy (NICM) enrolled in the MADIT-CRT 
trial. Multivariate analysis showed that time-dependent statin 
therapy was independently associated with a significant 77% 
reduction in the risk of fast VT/VF or death (P < .001) and with 
a significant 46% reduction in the risk of appropriate ICD shocks 
(P = .01). Consistent with these findings, the cumulative proba-
bility of fast VT/VF or death at 4 years’ follow-up was signifi-
cantly lower among patients who were treated with statins (11%) 
compared with study patients who were not treated with statins 
(19%; P = .006 for the overall difference during follow-up).

An analysis of the SCD-HeFT study38 showed that the mor-
tality reduction related to statin use was identical in those with 
ischemic heart disease as in those with nonischemic dilated car-
diomyopathy (HRs, 0.69 and 0.67, respectively). The mechanism 
for possible antiarrhythmic effects of statins and the reduction in 
sudden death in patients with nonischemic cardiomyopathy 
remains unclear. In patients with coronary artery disease, statins 
have been reported to improve regulation of coronary arterial 
tone and nitric oxide–mediated endothelial function, inhibit cell 
proliferation, stabilize atherosclerotic plaques, exert antiinflam-
matory properties, and provide antioxidant effects. The mecha-
nism by which statins reduce ventricular tachyarrhythmias may 
relate indirectly to one or more of these effects. For example, the 
antioxidant and antiproliferative effects of statins may play a role 
in plaque stabilization and thus contribute to an antiarrhythmic 
effect by reducing ischemia-related ventricular tachyarrhythmias. 
An antiischemic effect also is plausible in patients with nonische-
mic cardiomyopathy, because a substantial proportion of patients 
with nonischemic cardiomyopathy are found to have coronary 
artery disease at autopsy. Finally, small studies that have identified 
improvements in EF and exercise capacity related to statin 
therapy support the notion that statins may have beneficial effects 
on left ventricular remodeling. Thus, it is most likely that statin 
therapy exerts multiple beneficial effects in patients with nonis-
chemic cardiomyopathy through not only its lipid-lowering  
effects but also its antiinflammatory, antioxidant, and autonomic 
effects. Although these data provide strong support for the pos-
sibility that statins reduce the incidence of arrhythmic sudden 
death, a recent metaanalysis39 did not demonstrate such a benefit. 

which has been shown to correlate with morphologic evidence of 
cardiac fibrosis.29 Spironolactone decreased the levels of these 
markers at 6 months, whereas the placebo group levels of these 
markers remained constant. Several studies have shown that non–
potassium-sparing diuretics are associated with a dose-dependent 
increase in SCD. Modification of the electrophysiological sub-
strate is another potential mechanism of aldosterone blockade. 
In a canine model of heart failure induced by rapid ventricular 
pacing, eplerenone attenuated increases in refractory periods and 
dispersion of refractoriness, as well as ventricular tachyarrhyth-
mia induction.30 Thus, aldosterone-receptor blockers also seem 
to provide mortality and possibly sudden death reduction in sus-
ceptible heart failure groups through a variety of pathways.

Modulators of Cholesterol and Inflammation

3-Hydroxy-3-Methylglutaryl-Coenzyme A–
Reductase Inhibitors

Although the benefit of statin therapy in patients with coronary 
artery disease has been well-established in multiple large-scale 
randomized clinical trials, only a few studies have focused on the 
effect of statins on ventricular tachyarrhythmias and effects on 
sudden death risk reduction in patients with coronary artery 
disease or in patients with nonischemic cardiomyopathy. Statins 
are a group of lipid-lowering drugs that are 3-hydroxy-3-
methylglutaryl-coenzyme A–reductase inhibitors. As a class, they 
may indirectly exert an antiarrhythmic benefit by reducing the 
overall ischemic burden by prevention of plaque progression, and 
reducing ischemia and infarction. However, statins have been 
shown to have beneficial effects beyond prevention of plaque 
progression. They can modulate endothelial function, signaling 
pathways for inflammation, endothelial nitric oxide synthesis, 
plasminogen, endothelin-1, platelet activation, angiotensin II–
receptor regulation, oxidative stress, sympathetic nerve activity, 
left ventricular mass regression, and left ventricular reverse 
remodeling. Statins may also have direct antiarrhythmic property 
by modulating sarcolemmal ion channel function. A recent study 
suggested that reconstituted high-density lipoprotein cholesterol 
infusion shortens cardiac repolarization and thereby provides an 
alternative plausible mechanism for a reduction in sudden cardiac 
death.31

A metaanalysis of 10 randomized controlled trials involving 
22,275 patients who had coronary artery disease reported that 
statins reduced the rate of SCD from 3.8% in the control group to 
3.0% in patients treated with statins (HR, 0.81; 95% CI, 0.71-
0.93) after 4.4 years.32 A potential antiarrhythmic benefit of statins 
was first suggested in 2 secondary prevention trials. In the Scandi-
navian Simvastatin Survival Study (4S), 4444 patients with coro-
nary artery disease and hypercholesterolemia were randomly 
assigned to receive treatment with simvastatin or placebo.8 After 
5.4 years, there was a 30% decrease in total mortality. Data on 
instantaneous death and death occurring within 1 hour of symptom 
onset were supplied but not statistically assessed. There were  
63 sudden deaths in the placebo group, whereas the simvastatin 
group had 37. In the Long-term Intervention with Pravastatin in 
Ischemic Heart Disease (LIPID) study, 9014 patients with coro-
nary artery disease and hypercholesterolemia were randomly 
assigned to receive treatment with pravastatin or placebo.8 After 
6.1 years, there was a 22% reduction in total mortality with pravas-
tatin. There were 211 sudden deaths in the placebo group and 182 
in the simvastatin group. These results were not statistically ana-
lyzed. However, they suggest a possible antiarrhythmic benefit, 
but because of the length of follow-up of these trials, differences 
in sudden death could also be a result of the ability of statins to 
prevent the progression of atherosclerosis.
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left ventricular dysfunction, 3 trials using PUFAs in patients with 
ICDs have shown mixed results.48-50 The initial trial showed that 
a subgroup of PUFA-treated patients had more frequent ICD 
discharges compared with the placebo group, suggesting that 
these supplements may be proarrhythmic in certain subgroups.48 
In another trial, Leaf et al.49 found a trend for lower risk for the 
combined end point of ICD discharge and death from any cause 
(28%; P = .057) in the group randomized to PUFAs, with risk 
reduction of close to 40% (P = .03) when adjusting for probable 
episodes of malignant arrhythmias and compliance. A third trial 
(and the largest) showed no significant differences between 
PUFAs and placebo in patients with ICD, but in a subgroup of 
patients who had a prior MI, the PUFA group had a trend toward 
benefit (P = .09).50 Whether these results from highly selected 
populations translate to other subgroups at risk for ventricular 
arrhythmias, such as ischemia-induced VF, are not known. 
Overall, although evidence from in vitro studies, animal experi-
ments, and some human studies remains compelling, confirma-
tion of any clinically relevant antiarrhythmic effects of omega-3 
PUFA has remained elusive. It is also unclear whether such ben-
efits, if present, are because of direct effects on myocyte electro-
physiology or more indirect effects such as improvements in 
myocardial energetics, autonomic tone, reduction in local inflam-
matory processes, or other pathways.51

Despite the initial reports suggesting the possible arrhythmic 
benefit of PUFAs, recent studies have questioned these initial 
findings. A recent canine model calls into question the prior 
reports suggesting a benefit of dietary omega-3 PUFAs on sudden 
death in the ischemia setting.52 This study reported that dietary 
omega-3 PUFAs did not prevent ischemia-induced VF and actu-
ally increased the risk of susceptibility in both noninfarcted dogs 
and low-risk post-MI dogs.52 Moreover, a large meta-analysis by 
Rizos et al. reported that PUFAs were not associated with lower 
risk of all-cause mortality, cardiac death, sudden death, myocar-
dial infarction, or stroke.53 All things considered, there is now 
discordance of evidence from observational studies and prospec-
tive studies that modest PUFA consumption, compared with no 
PUFA consumption, reduces mortality from chronic heart disease 
and possibly from sudden death.

Conclusion

In contrast to traditional antiarrhythmic drugs that block sodium 
or potassium channels, drugs with antiadrenergic effects and neu-
rohormonal effects have been shown to decrease both total and 
sudden death mortality in patients with underlying structural 
heart disease. There are important lessons to be learned from the 
results of drug trials that decrease sudden death mortality. Life-
threatening cardiac arrhythmias that are by nature highly spo-
radic, or at least in part dependent on a complex series of cardiac 
and extracardiac influences, can be modulated by drugs that 
modify the adrenergic and the renin-angiotensin-aldosterone 
systems. In addition, drugs whose primary mode of action is on 
cardiac ion channels are not effective at reducing SCD. This 
observation suggests that despite advances in our knowledge of 
the basic mechanisms for cardiac arrhythmias, our current under-
standing of the mechanisms of sudden death are not adequate to 
justify targeting specific ion channels to prevent SCD. Further 
studies on regional variations in ion channel properties and myo-
cardial substrate and on genetic interactions may be required 
before it is possible to develop an antiarrhythmic drug that sig-
nificantly reduces SCD. The complexity of the problem cannot 
be overstated. Integrated strategies spanning a broad range of 
scales from molecular through organism, as well as population 
studies, will be required to make continued progress in the area 
of SCD prevention.

Twenty-nine trials of statin versus control (N = 113,568 partici-
pants) were included. Statin therapy did not significantly reduce 
the risk of ventricular tachyarrhythmia (OR, 1.02; 95% CI, 0.84 
to 1.25; P = .87) or of cardiac arrest (OR, 1.05; 95% CI, 0.76 to 
1.45; P = .84) but was associated with a significant 10% reduction 
in sudden cardiac death (OR, 0.90; 95% CI, 0.82 to 0.97;  
P = .01). Results were not altered by the inclusion of eight trials 
(41,452 participants) of intensive versus standard-dose statin 
regimens.39 This large metaanalysis supports a modest beneficial 
effect of statins on SCD and does not support a substantial pro-
tective effect of statins on ventricular arrhythmias.

Polyunsaturated Fatty Acids

Clues to the cardioprotective benefits of omega-3 polyunsatu-
rated fatty acids (PUFAs) were originally discovered in epidemio-
logic studies in Inuit and Mediterranean peoples. Common to 
those peoples’ diets were high intake of fatty fish, which have 
high levels of these molecules, named for their double-bond three 
carbons from the N-terminus. Important omega-3 PUFAs 
include eicosapentaenoic acid, docosahexaenoic acid, and 
α-linolenic acid. The cardioprotective mechanisms of omega-3 
PUFAs are still being elucidated. Experimental evidence in iso-
lated myocytes and animals points to a possible direct antiar-
rhythmic effect of PUFAs. In MI models of canines fed omega-3 
PUFAs, a significantly decreased risk of ischemia-induced ven-
tricular fibrillation was noted. Through their actions on INa and 
ICaL channels, the omega-3 PUFAs cause a mild hyperpolarization 
of the resting membrane potential, resulting in a larger threshold 
voltage and stimulus, and prolonging the refractory period of the 
cardiac cycle. These properties could explain an enhanced electri-
cal stability in the setting of ischemia and toxins.

Several prospective cohort studies have shown an association 
between omega-3 PUFA use and SCD in patients with and 
without known coronary disease. In the DART trial, men who 
had recently survived an MI were randomly assigned to one of 8 
groups of dietary intervention.40 In the group assigned to receive 
an increase in fatty fish consumption, at 2 years there was a 33% 
relative decrease in deaths resulting from coronary heart disease, 
whereas there was a nonsignificant increase in the incidence of 
nonfatal MI. The mortality benefit was mostly seen in the first 6 
months. There were eight SCDs in the experimental group and 
none in the control group. In the Nurse’s Health Study,41 food 
frequency questionnaires in 76,763 participating women were 
used to assess α-linolenic acid intake, which was inversely related 
to the risk of SCD but not nonfatal MI. The GISSI-Prevenzione 
study, a multicenter, open-label, randomized trial, tested 11,323 
patients who had a recent MI.42 At an average of 42 months of 
follow-up, SCD occurred in 2.7% of control subjects and 2% of 
patients receiving omega-3 PUFAs (P < .001), and it accounted 
for 59% of the total mortality benefit. Importantly, there were 
borderline differences in sudden death percentages by 3 months, 
with no change in plasma lipid levels. Additional substudies found 
that the reduction in sudden death related to omega-3 PUFAs 
was greater in patients with left ventricular dysfunction after MI43 
and in chronic heart failure.44 Bucher et al.45 conducted a meta-
analysis of randomized, controlled trials of omega-3 PUFAs in 
coronary heart disease. In their analysis, total mortality, fatal MI, 
and sudden death were significantly decreased by intake of 
omega-3 PUFAs, whereas there was a trend toward reduction in 
nonfatal MI. Finally, Siscovik et al.46 and Albert et al.47 have 
reported that the consumption of fatty acids reduces the risk of 
sudden death, supporting the hypothesis that these compounds 
provide antiarrhythmic properties.

Although PUFAs seem to be effective in reducing SCD in 
post-MI patients and in patients with chronic heart disease with 
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and presence of vascular disease (defined myocardial infarction, 
complex aortic plaque, or peripheral artery disease). This risk 
stratification scheme has been recommended by some interna-
tional guidelines and is useful to patients with a CHADS2 score 
of 1 where there is often uncertainty about whether or not the 
risk of stroke is sufficiently high to justify the use of anticoagula-
tion. The CHA2DS2-VASc score of patient with a CHADS2 score 
of 1 can vary from 1 to 4, with ischemic stroke risk increasing 
significantly throughout this range of scores.3 All current guide-
lines recommend the routine use of CHADS2 or CHA2DS2-VASc 
score in patients with AF.

Bleeding Risk

Bleeding is the major adverse effect of oral anticoagulant (OAC) 
therapy. Bleeding risk varies by patient, and it should be assessed 
carefully before starting anticoagulant therapy. Several validated 
bleeding risk scores have been developed to quantitate this risk, 
of which the HAS-BLED is currently the most popular. The 
score is based on a point system in which one point is assigned 
for any of the following: hypertension, abnormal renal or liver 
function, stroke, bleeding history or predisposition, labile INR, 
old age, and concomitant use of drugs or alcohol. The annual 
risk of bleeding increases as the risk score is higher. Scores of  
3 or greater indicate high risk, requiring caution and regular 
review following the initiation of antithrombotic therapy4 
(Table 114-2).

Stroke Prevention

Stroke prevention is a key goal in the management of AF. The 
most successful approach has been the use of antithrombotic 
agents. However, occlusion of the left atrial appendage (LAA) has 
been proposed as an alternate or complementary approach. Erad-
ication of AF itself has also been proposed, but currently there is 
little evidence that it is effective, possibly because there are no 
treatments that are highly effective and reliable for eradication 
of all AF episodes.

Antithrombotic Therapy

Aspirin

Several trials have evaluated aspirin and other antiplatelet drugs 
for stoke prevention in AF. A metaanalysis of these trials suggests 
that aspirin reduces the risk of stoke by 22% (95% confidence 
interval [CI], 0.02 to 0.38).5 Recently, some authors have ques-
tioned whether aspirin is truly effective against stroke in AF, 
based on an apparent lack of efficacy in at least one large cohort 
study.6 Because of the greater relative efficacy of warfarin and 
other oral anticoagulants, the role of aspirin is diminishing.
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Atrial fibrillation (AF) is the commonest cardiac rhythm disorder 
worldwide, and stroke is its most serious complication with the 
considerable mortality and morbidity. Therefore, stroke preven-
tion is the cornerstone of management of AF. Over the last 
decade, advances in scientific and therapeutic approaches to AF 
have emerged such as novel oral anticoagulants, occlusion of left 
atrial appendage and radiofrequency catheter ablation. The aim 
of this chapter is to review the current treatment strategies for 
stroke prevention in AF.

Stroke Risk Stratification of Patients With 
Atrial Fibrillation

Thromboembolic Risk Scores

Patients with atrial fibrillation have a fivefold increased risk of 
stroke, and one sixth of all strokes are attributable to AF.1 More-
over, strokes complicating AF are often large and clinically dis-
abling.2 The rate of systemic embolism or stroke in patients with 
AF varies greatly between patients, ranging from less than 1% to 
over 10% per year, depending on the presence of additional risk 
factors. Therefore, clinical decision making regarding stroke pre-
vention in patients with AF must incorporate risk stratification. 
Many risk factor systems have been developed to facilitate the 
evaluation of patients with AF. The CHADS2 score is the most 
widely used and validated. It is based on a point system in which 
two points are assigned for a history of stroke or transient ische-
mic attack, and one point is assigned for any of the following risk 
factors: congestive heart failure, systemic hypertension, age 
greater than 75 years, and diabetes mellitus (Table 114-1). The 
annual risk of stroke increases with increasing score (see Table 
114-1). The CHA2DS2-VASc score gives additional points for the 
following risk factors: age between 65 and 75 years, female sex, 
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of warfarin. Patients who received warfarin had lower rates of 
primary outcomes (stroke, systemic embolism, myocardial infarc-
tion, or vascular death; annual risk of 3.9% and 5.6%, respec-
tively; relative risk [RR], 1.44; 95% CI, 1.18 to 1.76; P = .0003). 
The main effect was derived from a significant reduction of 
stroke (RR, 1.72; 95% CI, 1.24 to 2.37; P = .001) and systemic 
embolism (RR, 4.66; 95% CI, 1.58 to 13.8; P = .005) related to 
warfarin use. Furthermore, there were no differences in major 
bleeding between groups (2.42% per year with clopidogrel plus 
aspirin vs. 2.21% per year with warfarin; RR 1.1; 95% CI, 0.83 
to 1.45; P = .53).7

ACTIVE-A, a double-blind randomized trial, compared clop-
idogrel (75 mg/day) plus aspirin (75 to 100 mg/day) to aspirin 
alone in patients with AF at risk for stroke but who were unsuit-
able for therapy with vitamin K antagonists (VKAs). The com-
bined antiplatelet therapy was demonstrated to be superior to 
aspirin alone, with a 28% reduction in stroke (RR, 0.72; 95% CI, 
0.62 to 0.83; P < .001). Dual antiplatelet therapy, however, was 
associated with higher risk of major bleeding (RR, 1.57; 95% CI, 
1.29 to 1.92; P < .001).8

The results of the two ACTIVE trials indicate clearly that 
antiplatelet therapy is effective against stroke in AF and that dual 
antiplatelet therapy is more effective than aspirin alone, but at a 
cost of increased bleeding. The efficacy of dual antiplatelet 
therapy lies somewhere between that of aspirin alone and VKA 
therapy. The role of dual antiplatelet therapy for stroke preven-
tion in AF is small because the benefit against stroke is offset by 
increased bleeding and because other alternatives to warfarin are 
available.

Vitamin K Antagonist Therapy for Stroke 
Prevention in Atrial Fibrillation

Oral anticoagulation therapy with VKAs has been the gold stan-
dard for stroke reduction in AF since the early 1990s. At that 
time, several randomized controlled trials demonstrated that 
warfarin and other VKAs reduce the risk of stroke in AF. In a 
metaanalysis of the trials of VKAs compared with placebo or 
usual care, the relative risk reduction was 62% (95% CI, 0.48 to 
0.72).5 Some trials have compared warfarin to aspirin, and the 
metaanalysis of these shows that warfarin reduces the risk of 
stroke (RRR, 36%; 95% CI, 0.14 to 0.52).5 The benefit of war-
farin comes with an increased risk of hemorrhage. In a compari-
son with aspirin, the metaanalysis showed that warfarin doubles 
the risk of major extracranial hemorrhage (RR, 2.0; 95% CI, 1.2 
to 3.4; absolute risk increase, 0.2% per year) and intracranial 
hemorrhage (RR, 2.1; 95% CI, 1.0 to 4.6).5

Warfarin has been widely recognized as effective and rela-
tively safe for stroke prevention in AF. Despite these clearly 
demonstrated effects and strong recommendations by interna-
tional guidelines, one can estimate that approximately 50% to 
60% of patients at risk for stroke and without major contraindica-
tions receive long-term VKA. Rates of use like vary greatly  
globally, with even lower rates of use in many countries. Rates of 
discontinuation of VKA therapy are high, with approximately 
half of patients discontinuing therapy within 3 to 5 years.  
Even for those receiving therapy, in many settings poor control 
of the INR reduces the effectiveness of therapy.9-13 The under-
presciption of warfarin is in large part related to the many limita-
tions of VKA therapy, which include the narrow therapeutic 
window, the need for rigorous and inconvenient INR monitor-
ing, the many interactions with food and other drugs, the need 
for discontinuation and periprocedural bridging with heparin, 
and the genetic variability in metabolism. These limitations have 
prompted the development of more convenient alternatives  
to VKAs.

Table 114-1. CHADS2 Score, CHA2DS2-VASc Score and Annual 
Adjusted Stroke Rate

CHADS2 
Score

Adjusted Stroke 
Rate, %/yr  

(95% CI)
CHA2DS2-

VASc Score
Adjusted Stroke 

Rate (%/yr)

0 1.9 (1.2-3.0) 0 0

1 2.8 (2.0-3.8) 1 1.3

2 4.0 (3.1-5.1) 2 2.2

3 5.9 (4.6-7.3) 3 3.2

4 8.5 (6.3-11.1) 4 4.0

5 12.5 (8.2-17.5) 5 6.7

6 18.2 (10.5-27.4) 6 9.8

7 9.6

8 6.7

9 15.2

CHADS2 score calculation: 1 point is given for congestive heart failure, ejection 
fraction less than 40%, systemic hypertension, age > 75 years, and diabetes 
mellitus; 2 points are given for history of stroke or transient ischemic attack. 
CHA2DS2-VASc score calculation: 1 point is given for congestive heart failure, 
ejection fraction < 40%, systemic hypertension, diabetes mellitus, vascular 
disease (myocardial infarction, complex aortic plaque, and peripheral artery 
disease [PAD], including prior revascularization, amputation due to PAD, or 
angiographic evidence of PAD), age between 65 and 75 years, and female sex;  
2 points are given for history of stroke, thromboembolism, transient ischemic 
attack, and age ≥ 75 years.
CI, confidence interval.

Table 114-2. HASBLED Scoring System

Letter Characteristics Points

H Hypertension* 1

A Abnormal renal† and liver‡ function 
(1 point each)

1 or 2

S Stroke 1

B Bleeding 1

L Labile INR 1

E Elderly (>65 years old) 1

D Drugs§ or alcohol (1 point each) 1 or 2

*Systolic blood pressure > 160 mm Hg.
†Chronic dialysis, renal transplantation, serum creatinine ≥ 200 µmol/L.
‡Chronic hepatic disease (e.g., cirrhosis) or biochemical evidence of significant 
hepatic derangement (bilirubin > 2 x upper limit of normal in association with 
AST/ALT > 3 x upper limit normal).
§Concomitant use of drugs such as antiplatelet agents, nonsteroidal 
antiinflammatory drugs.

Combination of Aspirin and Clopidogrel

Two trials have evaluated the effectiveness and safety of the com-
bination of aspirin and clopidogrel for the prevention of stroke 
in patients with AF. ACTIVE-W was designed to compare the 
effects of clopidogrel (75 mg/day) in addition to aspirin (75 to 
100 mg/day) compared to warfarin (target INR, 2.0 to 3.0) in 
patients with AF with at least one additional risk factor for stroke. 
The study was terminated early because of the clear superiority 
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in ischemic stroke with the higher dose, and reduction in major 
bleeding with the lower dose. The major international guidelines 
now recommend dabigatran for stroke reduction in AF. The 
higher dose of dabigatran is recommended for many patients, in 
view of its superior efficacy in the prevention of stroke and sys-
temic embolism. However, the lower dose of dabigatran is rec-
ommended in some countries where there is a higher risk of 
bleeding (HAS-BLED score ≥ 3), moderate renal impairment 
(creatinine clearance, 30 to 49 mL/min) and in most countries 
the elderly (age ≥ 80 years) because of an increase in extracranial 
bleeding with age on both doses of dabigatran.15 The lower dose 
of dabigatran is not available in the United States.

Xa Inhibitors

Rivaroxaban
Rivaroxaban has high bioavailability (90% to 100%), rapid onset 
of action (peak plasma concentration of 2.5 to 4 hours after 
dosing), and a half-life of 7 to 13 hours. Approximately two thirds 
of active drug is metabolized by the liver, being 35% renally 
excreted and 50% excreted via the feces.

The noninferiority of rivaroxaban compared with warfarin 
was demonstrated in the ROCKET-AF study, which was a ran-
domized, double-blind, double-dummy, event-driven trial in 
which 14,264 patients with AF and a CHADS2 score of 2 or 
greater were randomly assigned to receive 20 mg rivaroxaban 
once daily (15 mg in cases of creatinine clearance between 30 and 
49 mL/min) or dose-adjusted warfarin (INR target of 2.0 to 3.0, 
achieved 58% of the time). Noninferiority on efficacy was 
achieved with similar rates of major and nonmajor clinically rel-
evant bleeding events compared with warfarin. There was a large 
reduction in intracranial hemorrhage, and there was a reduction 
in fatal bleeding.16 Several guidelines currently recommend riva-
roxaban as an alternative to warfarin. The dose of 20 mg is used 
for most patients, with the 15-mg dose being used for patients 
with moderate renal impairment (creatinine clearance, 30 to 
49 mL/min).15

Novel Oral Anticoagulants

Several oral drugs directly inhibiting either coagulation factor II 
(thrombin) or factor Xa have been developed as alternatives to 
warfarin for stroke prevention in AF (see Table 114-2).

Thrombin Inhibitors: Dabigatran

Dabigatran etexilate is orally administrated and rapidly converted 
to dabigatran by esterases. The bioavailability is 6% to 7% and 
it has onset of action within 2 hours of administration. The 
elimination half-life is 12 to 14 hours, and approximately 80% of 
the drug is excreted unchanged by the kidneys.14 Dabigatran is 
approved worldwide for prevention of stroke in AF.14

The safety and efficacy of dabigatran was assessed in the 
RE-LY trial, an 18,000-patient noninferiority multicenter ran-
domized clinical trial that compared two different blinded doses 
of dabigatran to unblended dose-adjusted warfarin (INR target 
of 2.0 to 3.0, achieved 64% of the time). Eligible patients had at 
least one risk factor for stroke in addition to AF and had an 
estimated creatinine clearance of 30 mL/min or greater. Dabiga-
tran (150 mg) was shown to be superior to warfarin in reducing 
the primary outcome, which was stroke (including hemorrhagic) 
and systemic embolism by 34% (P < .001) with no significant 
difference in major bleeding. Compared with warfarin, dabiga-
tran (110 mg) was noninferior to warfarin in preventing stroke, 
and systemic embolism and was associated with a 20% relative 
risk reduction in major bleeding (P = .003) (Figure 114-1). Both 
dosages of dabigatran lowered the risk of hemorrhagic stroke and 
subdural hemorrhage, with highly significant reductions of 
greater than 50%. Gastrointestinal major bleeding was more 
common with higher dose dabigatran than warfarin, and there 
was a trend for higher rates of myocardial infarction with dabiga-
tran than with warfarin.

Dabigatran has important advantages over warfarin, including 
large reduction in intracranial bleeding for both doses, reduction 

Figure 114-1.  Cumulative hazard rates for the primary outcome 
of stroke or systemic embolism, according to treatment group. 
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Table 114-3. Comparison of Pharmacologic Characteristics of Warfarin and the New Oral Anticoagulants for Atrial Fibrillation

Warfarin Dabigatran Rivaroxaban Apixaban Edoxaban

Administration Once daily Twice daily Once daily Twice daily Once daily

Target Vitamin K–dependent factors Factor II Factor Xa Factor Xa Factor Xa

Time to peak effect 3-5 days 1 h 2.5-4 h 3 h 1-2 h

Dose Variable 110 or 150 mg bid 20 mg qd
(15 mg qd for renal
impairment)

5 mg bid
(2.5 mg bid 
for high risk)

30 or 60 mg qd (with 
adjustment for high 
exposure)

Half-life 40 h 12-14 h 7-13 h 12 h 9-11 h

Interactions Multiple Inhibitors of PG 
transporter*

Inhibitors of CYP 3A4 
and PG transporter†

Inhibitors of 
CYP 3A4‡

Inhibitors of CYP 3A4 
and PG transporter†

Renal clearance (%) 0 80 35 25 40

Anticoagulation 
monitoring

Required Not required Not required Not required Not required

Antidote Vitamin K, prothrombin 
complex, activated factor 7

None None None None

*Inhibitors of PG transporter include amiodarone (cautions with interaction) and verapamil.
†Inhibitors of CYP 3A4 and PG transporter include antifungals and protease inhibitors.
‡Inhibitors of CYP 3A4 include antifungals, macrolide, and protease inhibitors.

Apixaban
Apixaban has a half-life of approximately 12 hours and is admin-
istrated twice daily. The metabolism is 25% renal, and bioavail-
ability is high. Similar to rivaroxaban, cytochrome P450 is 
involved with metabolism so that strong inhibitors substantially 
increase drug levels.17

Two large, randomized, double-blind trials have been con-
ducted with apixaban for stroke prevention in AF. The AVER-
ROES compared the efficacy of apixaban (5 mg twice daily) with 
aspirin (81 to 324 mg once daily) for prevention of stroke and 
systemic embolism in 5599 patients with AF who were considered 
unsuitable for VKA treatment. There was a greater than 50% 
reduction in stoke or systemic embolism with apixaban (RR, 0.46; 
95% CI, 0.33 to 0.64; P < .001). Although minor bleeding was 
more common in the apixaban group, the rates of major, fatal, 
and intracranial bleeding did not differ between the groups. 
Apixaban was better tolerated than aspirin, with significantly 
fewer study drug discontinuations.18

Apixaban was also compared with warfarin in the ARISTO-
TLE study, a randomized, double-blind trial for the prevention of 
stroke and systemic embolism in 18,201 subjects with nonvalvular 
AF and at least one additional risk factor for stroke. Compared to 
warfarin, apixaban reduced stroke and systemic embolism by 21% 
(P = .01), bleeding by 31% (P < .001), and mortality by 11% (P = 
.047). Apixaban was well tolerated and resulted in less drug discon-
tinuation.19 Some guidelines have recommended apixaban as an 
alternative to warfarin already, anticipating future approvals.

Table 114-3 shows a comparison of the pharmacologic char-
acteristics of warfarin and the new oral anticoagulants for atrial 
fibrillation. Figure 114-2 summarizes the results of the main 
randomized clinical trials of new anticoagulants on stroke pre-
vention in patients with AF.

Guidelines Summary

The AHA/ACC guidelines recommend chronic OAC therapy to 
achieve INR of 2.0 to 3.0 in patients at high risk of stroke, unless 
contraindicated. A lower target INR of 2.0 (1.6 to 2.5) may be 
considered in patients older than 75 years and considered at 

increased risk of bleeding complications, but without frank con-
traindications to OAC therapy.20 The ESC guidelines 2012 update 
recommend antithrombotic therapy for all patients with AF (male 
and female), except in those who are at low risk (<65 years old and 
lone AF) or have contraindications. In patients with a CHA2DS2-
VASc score of 1, either adjusted-dose VKA (targeting INR 
between 2.0 and 3.0) or dabigatran or an oral factor Xa inhibitor 
(rivaroxaban or apixaban) should be considered, based on an 
assessment of the risk of bleeding complications and patient pref-
erences. In patients with a CHA2DS2-VASc score 2 or greater, 
therapy with adjusted-dose VKA or new anticoagulants (dabiga-
tran, rivaroxaban, or apixaban) is recommended, unless contrain-
dicated. In the absence of stroke risk factors (e.g., CHA2DS2-VASc 
of 0) no antithrombotic therapy is recommended. New OACs are 
not recommended in patients with severe renal impairment (cre-
atinine clearance ≤ 30 mL/min).15 The Canadian Cardiovascular 
Society AF guidelines suggest that all patients with AF or atrial 
flutter (paroxysmal, persistent, or permanent) should be stratified 
using the CHADS2 score and that most patients should receive 
antithrombotic therapy. Patients at low risk of stroke (CHADS2 = 
0) are recommended to receive aspirin (81 to 325 mg/day). In the 
absence of standard risk factors for stroke, antithrombotic therapy 
may not be required. Patients at low risk of stroke (CHADS2 = 1) 
should receive either aspirin or OAC therapy (warfarin or dabiga-
tran) depending on individual risk/benefit considerations. For 
patients at moderate risk of stroke (CHADS2 ≥ 2) OAC therapy 
(warfarin or dabigatran) is indicated, with a preference for dabiga-
tran, at the dose of 150 mg twice daily.21 It is likely that with the 
advent and further familiarization with newer OACs that have a 
better safety profile than VKAs, more patients in the low-
intermediate risk will be given these newer agents.

Special Groups

Antithrombotic Therapy for Patients With Atrial 
Fibrillation and Rheumatic Heart Disease

Rheumatic heart disease (RHD) remains a significant cause of AF 
in middle- and lower-income countries. Mitral valve disease 
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thromboembolic risk of 5.5% per year without OAC versus 0.7% 
per year with OAC.32

A randomized study of 103 patients with MS and AF com-
pared high-intensity warfarin (INR target, 3.0) to low-intensity 
warfarin (INR target, 2.0) and found no difference in thrombo-
embolism or major bleeding between the groups. This study was 
small and underpowered, with low events rates of 0.4% per year.33

A substudy of the NASPEAF trial of 311 patients with MS 
who were randomized to conventional warfarin (INR target, 2.0 
to 3.0) versus a low-intensity warfarin (mean INR achieved, 2.2) 
and triflusal (antiplatelet) showed that the combination group 
seemed to benefit higher-risk patients (patients with MS and a 
history of thromboembolism).34

Major society guidelines recommend long-term VKAs (target 
INR, 2.0 to 3.0) for all patients with rheumatic mitral valve 
disease and AF (class I, level of evidence B/C).26,27,35 Some guide-
lines recommend aspirin or a combination of aspirin and clopi-
dogrel for patients as an alternative or who are unable to take to 
VKAs based on non-RHD AF studies.35 Adding an antiplatelet 
drug or aiming for a higher target INR of 3.0 to 4.0 is reasonable 
in patients who have had a thromboembolic event despite  
therapeutic conventional OAC, although there are no data to 
support this practice. Further studies are required for the newer 
OACs. There are no guidelines for the use of OAC in RHD 
patients without AF. In addition, there is clearly a need for a 
better understanding of the risk of stroke in rheumatic valvular 
heart disease for randomized trials of the new oral anticoagulants 
in rheumatic AF.

Antithrombotic Therapy in Patients With Acute 
Coronary Syndrome and Atrial Fibrillation

The combination of aspirin plus clopidogrel is usually recom-
mended for patients with acute coronary syndrome (ACS), 

results in left atrial pressure and volume overload; combined with 
atrial inflammation, it leads to atrial fibrosis and myocyte atrophy, 
which predispose to AF.22

A contemporary worldwide registry of AF has estimated the 
worldwide prevalence of rheumatic AF to be 14%. Prevalence 
rates varied from 2.8% in North America and Western Europe 
to 16% in the Middle East and China, 23.4% in Africa, and 
39.2% in India.

Older natural history studies of RHD (specifically mitral ste-
nosis [MS]) report that AF develops in approximately 40% of 
patients.23,24 Risk factors for developing AF include multivalvular 
involvement, increasing age, and increasing left atrial size. Valve 
severity was not shown to be a risk factor for the development of 
AF in these studies. The development of symptomatic MS and 
AF is associated with a poorer overall survival compared to MS 
patients who maintain sinus rhythm.25

Guidelines have classified MS as a high-risk condition for 
thromboembolic events in patients with AF.26,27 Observational 
studies dating back 40 to 50 years of mitral valve disease with or 
without AF reported the overall incidence of thromboembolic 
episodes to be 1.5% to 4.7% per year with 1 to 20 years of 
follow-up.28 A prospective study showed a sevenfold increase in 
thromboembolism (5% per year) with RHD and AF compared 
to RHD without AF (0.7% per year).29 Analysis from the Fram-
ingham study showed an incidence of stoke of 4.5% per year with 
AF and RHD, which was a seventeenfold increase compared to 
an age-, sex-, and hypertension-matched population without AF 
and RHD.30

There have been no randomized trials of VKA versus placebo 
in patients with RHD and AF. Specifically, RHD patients were 
excluded from contemporary warfarin and newer OAC trials. A 
few case series of RHD patients and AF with prior thromboem-
boli reported a reduction in recurrent thromboemboli with 
OAC.31 A retrospective primary prevention study of 254 patients 
with AF (120 patients with mitral valve disease) reported a 

Figure 114-2.  Results of the main randomized clinical trials of new anticoagulants on stroke prevention in AF patients. 
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is particularly high in patients older than 80 years because of 
worries about safety and inadequate use. A cohort of elderly 
patients given warfarin found that 26% of patients 80 years or 
older had discontinued warfarin by 1 year. Rates of major bleed-
ing were very high: 7.2% per 100 person-years (95% CI, 4.9 to 
10.6), and the rate of intracranial hemorrhage was 2.5% (95% 
CI, 1.1 to 4.7). Patients older than 80 years experienced higher 
rates of major bleeding compared with younger patients (13.08 
per 100 person-years vs. 4.75 per 100 person-years; P = .01) the 
rates of bleeding were higher during the first 90 days, illustrating 
the vulnerability of warfarin during initiation. In addition, INRs 
were in the target range of 2.0 to 3.0 only 58% of the time.42

Should Lower INR Values Be Considered  
in the Elderly?

Advanced age (>74 years) is an independent risk of anticoagulation-
related bleeding events. Some authors defend that lower INR (1.8 
to 2.5) is a reasonable strategy in this population.43 However, the 
BAFTA44 and the WAPSO45 studies have demonstrated clear 
superiority of dose-adjusted warfarin (INR target, 2.0 to 3.0) to 
low doses of aspirin (75 mg daily) on stroke prevention. In the 
BAFTA study (mean age, 81.5 years), the rates of stroke in 
patients older than 75 years were 5% in the aspirin group com-
pared with 2.7% in the warfarin group (RRR, 46%; 95% CI, 0.33 
to 0.80; P = .002). The rates of major bleeding were low and did 
not differ between the groups (1.9% vs. 2.0% for warfarin and 
aspirin arms, respectively; P = .9). The WAPSO study enrolled 
75 patients between 80 and 90 years of age and, although this 
was not statistically significant, it showed higher rates of adverse 
events in the group treated with 300 mg of aspirin daily com-
pared to dose-adjusted warfarin (33% vs. 6%; P < .05), which 
resulted in higher rates of discontinuation of the treatment in the 
aspirin group.

A subanalysis of the RE-LY trial showed evident interaction 
with age for extracranial bleeding, but not for intracranial bleed-
ing, with the risk of the latter being consistently reduced 
with dabigatran compared with warfarin regardless of age. Dabi-
gatran (110 mg) compared to warfarin was associated with similar 
risk of extracranial bleeding (4.43% vs. 4.37%; P = .89; P for 
interaction < .001), whereas 150 mg dabigatran twice per day was 
associated with a trend toward a higher risk of major bleeding in 
patients aged 75 years or older (5.10% vs. 4.37%; P = .07; 
P for interaction < .001).46 This interaction is the main reason 
that most regulatory agencies have recommended that the lower 
dose of dabigatran be used in older patients.

Left Atrial Appendage Closure

Approximately 15% of patients with AF have left atrial (LA) 
thrombus and in 86% to 90% of those, the location is the  
LAA.47-49 Therefore, there is great interest in both surgical 
removal and percutaneous device occlusion of the LAA. Several 
surgical techniques are available to exclude the LAA; however, a 
thoracoscopic approach is technically challenging and carries the 
risk of complications such as direct lesions and major bleeding.50,51 
For percutaneous approach, three devices have been developed: 
the PLAATO, the Watchman, and the Amplatzer Cardiac Plug. 
The Watchman device fills the LAA, and the Amplatzer device 
seals the ostium. The effectiveness and safety of the Watchman 
device was assessed in the large randomized, multicenter, prospec-
tive PROTECT-AF trial that included 707 patients with nonval-
vular AF and at least one additional risk factor for thromboembolic 
events; these patients were randomized to Watchman device 

particularly in the context of percutaneous coronary intervention 
(for both elective and urgent procedures).36 However, OAC con-
tinues to be the optimal antithrombotic therapy for patients with 
chronic AF and moderate to high risk of thromboembolic events.7 
In patients with both AF and ACS, concerns have arisen about 
the safety of triple therapy, currently defined as aspirin plus clopi-
dogrel and warfarin, and the optimal antithrombotic strategy for 
patients with ACS and AF is still uncertain.

In 40,812 patients with myocardial infarction, Sorensen et al.37 
showed that hospital admission for bleeding increased with the 
number of antithrombotic drugs used. The authors reported 
annual incidences of bleeding of 2.6% among those receiving 
aspirin, 4.6% clopidogrel, 4.3% VKA, 3.7% aspirin plus clopi-
dogrel, 5.1% aspirin plus VKA, 12.3% clopidogrel plus VKA, 
and 12% triple therapy. Using aspirin-alone as a reference, the 
adjusted HRs for bleeding were 1.33, 1.23, 1.47, 1.84, 3.52, and 
4.05, respectively.

Strategies that can reduce the risk of bleeding in patients who 
receive triple therapy include the use of low doses of aspirin, the 
coadministration of acid-suppressive therapy to prevent gastro-
intestinal bleeding (proton pump inhibitor), and INR targets of 
2.0 to 2.5.

For patients at low or intermediate risk of bleeding undergo-
ing elective BMS implantation, the ESC, EHRA, and EAPCI 
guidelines recommend 1 month of triple therapy followed by 
long-term oral anticoagulation with warfarin. For patients at high 
risk of bleeding, triple therapy is recommended for 2 to 4 weeks 
followed by long-term oral anticoagulation with warfarin. In 
those with an implanted DES and at a low or intermediate risk 
of bleeding, triple therapy is suggested for 3 months (for those 
with an -olimus group DES) to 6 months (for those with a pacli-
taxel DES), followed by dual therapy with warfarin plus clopido-
grel for up to 12 months, and then long-term anticoagulation 
with warfarin. In the setting of ACS, triple therapy is indicated 
for 6 months regardless of the type of stent for patients with a 
low or intermediate bleeding risk, and for 4 weeks for those at a 
high bleeding risk, followed by dual therapy with clopidogrel plus 
warfarin for a period of up to 12 months, and then long-term 
therapy with warfarin.38,39

On the other hand, the ACC/AHA/ESC AF guidelines rec-
ommend that, after clopidogrel is discontinued, warfarin should 
be continued as monotherapy.40 Recently the WOEST trial was 
presented. It was designed to address the question of the optimal 
antithrombotic treatment for patients taking OAC who undergo 
coronary stenting. The study included 573 patients receiving 
VKA and requiring coronary stent procedure, prospectively ran-
domized to either additional clopidogrel only (double therapy) 
or clopidogrel plus aspirin (triple therapy). The strategy of adding 
clopidogrel only to anticoagulants (and omitting aspirin) was 
associated with less bleeding and lower overall mortality rates 
compared with triple therapy. Furthermore, there was no increase 
in the occurrence of myocardial infarction and stent thrombosis 
compared with the triple-therapy group. Despite the limited 
number of patients in this study, this is an important finding with 
implications for future treatment and guidelines. Additional 
studies evaluating the optimal approach to patients on oral anti-
coagulation having coronary stent procedures are needed.41

Elderly

Age is one of the strongest and best documented risk factors for 
stroke in patients with AF. However, oral anticoagulants tend to 
be underprescribed in the elderly for several reasons such as the 
high prevalence of comorbidities, cognitive deficits, and high 
rates of falls, which raise concerns about potential risk of intra-
cranial bleeding. The discontinuation of anticoagulation therapy 
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AF. This recommendation is supported by a warfarin study that 
suggested that INR of 2.5 or greater at the time of cardioversion 
is associated with a significant reduction in the incidence of sys-
temic embolism compared to patients with INR of 1.5 to 2.5 (0% 
vs. 1.2% of patients, respectively).61

LMWH can be a reasonable alternative to OAC in the peri-
cardioversion setting. A randomized study of enoxaparin given 
subcutaneously for 3 weeks before and 4 weeks after cardiover-
sion was shown to be noninferior for the primary endpoint of 
stroke, thromboembolism, and bleeding compared to IV UFH 
for at least 72 hours and phenprocoumon for 3 weeks before 
cardioversion and then 4 weeks after cardioversion (3.2% vs. 
5.7% of patients, respectively).62

Dabigatran is the only new OAC tested in the pericardiover-
sion setting. A comparison of dabigatran and warfarin in the 
RE-LY study reported that the incidence of thromboembolism 
at 30 days was similar in the warfarin group (0.6%) compared 
with the dabigatran groups (110 mg twice daily [0.8%] and 
150 mg twice daily [0.3%]). This trial was underpowered to 
detect a true difference between the groups, but it suggests that 
dabigatran is a reasonable alternative to warfarin in the pericar-
dioversion setting.63

An alternative to the conventional 3 weeks of OAC for AF 
lasting 48 hours or longer or of unknown duration before car-
dioversion is the TEE-guided strategy. With the TEE-guided 
strategy, a TEE is performed to exclude LA thrombi before 
cardioversion, preventing the need for OAC before cardiover-
sion. If LA thrombi are present, then the cardioversion is post-
poned for an additional 3 weeks on OAC before the TEE is 
repeated. Patients should be given an anticoagulant at the  
time of cardioversion (usually therapeutic OAC for a few days  
or IV bolus of UFH or LMWH before cardioversion). This 
TEE-guided strategy is supported by a randomized trial  
(ACUTE) of 1222 patients randomized to a TEE-guided 
approach followed by 4 weeks of warfarin after cardioversion 
compared to a conventional group of 3 weeks of warfarin before 
and 4 weeks after cardioversion.48 There was no significant dif-
ference in embolic events between the two groups (0.8% in the 
TEE group vs. 0.5% of patients in the conventional group). The 
TEE-guided strategy had significantly fewer bleeding events and 
a shorter time to cardioversion, but a trend toward an unex-
plained increase in all-cause mortality. This approach may be 
suitable for patients who are symptomatic and require hospital-
ization or who have an increased bleeding risk. There appears to 
be no compelling evidence to use a TEE-guided approach rou-
tinely for cardioversion.

Future Directions

For decades, warfarin was the only available oral anticoagulant 
for stroke prevention in patients with AF. Although it is highly 
effective under optimal conditions, its limitations hamper its 
long-term use. Several large-scale, randomized clinical trials have 
shown important advantages of the new oral anticoagulants on 
clinical outcomes, including stroke reduction, a large reduction 
in intracranial hemorrhage, and lower mortality. As a result, 
VKAs will most likely be replaced in a majority of patients for 
these indications. Although results are promising, there is insuf-
ficient evidence of efficacy of the left atrial appendage closure 
device to recommend its routine use. Advances in risk stratifica-
tion are expected, especially related to silent AF and biomarkers 
that predict development of AF and development of stoke in 
those with AF. A key area for discovery will be to learn whether 
ablation of AF can ultimately reduce stoke and in what 
situations.

implantation or standard care with warfarin. The initial proce-
dural success rate was high (91%) with effective sealing of the 
LAA. The trial met its predefined noninferiority margin,  
but ischemic strokes were more frequent in the device group  
(RR, 1.53; 95% CI, 0.654 to 5.43). Adverse events in the interven-
tion group were common, including device migration,  
tamponade, and stroke. Over time, the risk of the procedure-
related adverse events, including device embolization, can be 
reduces52 Currently, there is insufficient evidence of efficacy of the 
Watchman device to recommend its use, especially as an alterna-
tive to one of the newer anticoagulants with excellent safety 
records.

Cardioversion

The prevalence of thromboemboli in patients with AF undergo-
ing cardioversion without anticoagulation has been reported to 
be between 1% and 6% within the weeks following cardiover-
sion.53,54,55 This prevalence is derived from old retrospective 
studies, and the risk could possibly be lower in a contemporary 
population with a much lower prevalence of RHD and better 
control of risk factors such as hypertension and diabetes.

Theoretically, thromboembolism is due to dislodgment of 
preformed LA thrombi at the time of cardioversion when restora-
tion of atrial contraction occurs. Thrombi can also form during 
the period of “mechanical stunning or dysfunction” that usually 
lasts a few weeks following cardioversion.56,57 Pharmacologic 
cardioversion can have an equivalent thromboembolic risk to 
direct current cardioversion.58,59 Pericardioversion oral antico-
agulation aims to reduce the formation of potential atrial thrombi, 
assist in the resolution of preformed thrombi, and prevent 
thrombi formation during the period of transient myocardial 
stunning. It is interesting to note that spontaneous conversion of 
paroxysmal AF to sinus rhythm has only an equivalent or slightly 
lower stroke risk compared to patients with persistent AF not 
undergoing cardioversion.59 This observation suggests that the 
risk of thromboemboli could be related less to the cardioversion 
itself and could be influenced more by the patient’s stroke risk 
factors.

Routine precardioversion anticoagulation was first proposed 
by Lown in 1967 and has been accepted without there ever being 
a randomized trial evaluating this approach.53 All the following 
recommendations are based on indirect observational studies. 
For AF lasting 48 hours or more or of unknown duration, major 
society guidelines recommend a minimum period of 3 weeks of 
OAC before cardioversion and a minimum period of 4 weeks 
after cardioversion.26,27,35 The short-term risk of thromboembo-
lism using this OAC regimen in a contemporary population 
appears to be low (0.5% to 0.6%).48

For AF lasting less than 48 hours, major society guidelines 
recommend no OAC before cardioversion. Observational data 
suggest the stroke risk to be low for AF less than 48 hours (0.8%) 
when cardioversion is performed without OAC.60 Guidelines rec-
ommend intravenous (IV) unfractionated heparin (UFH) or low-
molecular-weight heparin (LMWH) in patients undergoing 
pericardioversion without any evidence from clinical trials.26,35 
OAC is recommended for a minimum of 4 weeks after cardiover-
sion regardless of stroke risk. For hemodynamically unstable AF, 
immediate cardioversion with IV UFH or LMWH pericardio-
version should be followed by a minimum of 4 weeks of OAC, 
but there are no data to support this recommendation.

Vitamin K antagonists are the most widely used OACs in the 
pericardioversion period. Although, no studies have strictly 
determined the optimal INR control in the pericardioversion 
period, a target INR of 2.0 to 3.0 is reasonable similar to chronic 
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vectors after the incision is closed. The IS-4 for LV leads and 
DF-4 for ICD leads are similar but distinct enough not to allow 
connection errors in the header (Figure 115-1).

The DF-4 connector design provides a single setscrew that 
secures on the tip of the lead with spring contacts for the ring 
and DF electrodes. Inside the DF-4 connector, there are double-
sealing rings between electrodes to secure good isolation between 
the high- and low-voltage electrode insulation. These sealing 
rings have been moved from the electrode to the connector block 
to prevent any damage that occurs during lead implantation.

The advantages of DF-4 design include quicker connections 
to the ICD because of the single terminal pin, improved patient 
comfort and satisfaction, and easier reoperations with decreased 
debridement because of shorter and less complex lead body in 
the pocket. The risk of procedural errors, such as set screw strip-
ping, untightenned set screws, and port mismatch (switching RV/
SVC DF-1 electrodes), should decrease. Subcutaneous tunneling 
(submammary implant) may be easier as well.

The potential limitations to this lead design are initially the 
lack of adapters for including additional high- or low-voltage 
leads, including subclavian, subcutaneous, azygous vein, or coro-
nary sinus coils for high defibrillation threshold (DFT) patients. 
As with any change, there are potential unidentified reliability 
risks, but this development was carefully designed and tested over 
a decade of research.

Implantable Cardioverter Defibrillator Generator

Implantable cardioverter defibrillator generators have decreased 
significantly in size because of significant advancements in battery 
and microprocessor technologies. Most of the volume of current 
ICDs is occupied by its battery and capacitors. The newest genera-
tions of devices have added device-initiated long-range telemetry 
device interrogation, automatic alert notifications, bioimpedance 
measurement capability, and other advanced features.

Current devices provide for all these options with a generator 
volume of approximately 30 mL. The ICD generator casing is 
made of electrically active titanium, considered to be the pre-
ferred material, because of its conductivity, strength, biocompat-
ability, corrosion resistance, and light weight. The casing serves 
mainly to protect the circuitry from the corrosive effects of body 
fluids; it also serves as an active high-voltage electrode in many 
current ICD models. The header is generally made of polymeth-
ylmethacrylate, so that the connections with the leads can be 
visually confirmed during implantation and can be inspected if 
ICD system troubleshooting is required for component 
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Implantable cardioverter defibrillators (ICDs) have revolution-
ized the treatment of malignant ventricular arrhyhtmias. Their 
basic tasks include tachycardia detection and termination. To 
achieve these tasks, the ICD relies on complex integral steps 
inlcuding sensing of myocardial potentials, delivering these 
signals to the ICD circuitary board to be filtered and analyzed, 
and delivering life-saving therapies back to the heart. This 
chapter outlines the technical aspects of these life-saving devices, 
including those of the programmer, diagnostics, and telemetry.

System Elements

The physical components of the implanted system consist of the 
ICD generator, the pacing and sensing electrodes, and one or 
more high-energy electrodes. The titanium casing of the ICD 
generator usually constitutes one of the high-energy electrodes. 
The electrodes, or leads, attach to the generator header through 
sealed connectors. Until recently, the ICD leads all divided into 
one bipolar IS-1 (bradycardia) and one or two defibrillation 
(DF)-1 (high energy) connectors that are inserted into the ICD 
generator header. A fully approved (March 15, 2010) Interna-
tional Organization for Standardization (ISO) standard (ISO 
27186) implemented by several manufacturers is the DF-4 con-
nector standard that is also 3.2 mm, but combines the connection 
into a single connector for both low-energy (pacing and sensing) 
and high-energy (shocking) electrode function. The older IS-1/
DF-1 lead design is bulky in the device pocket and adds to the 
length of the lead. In addition, the trifurcation or bifurcation of 
the lead also creates the potential for errors in making connec-
tions to the header. A similarly constructed (IS-4) connection 
standard is also implemented for quadripolar low-voltage leads. 
This standard is implemented only for left ventricular cardiac 
venous leads and permits noninvasive programming of the pacing 
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significant prolongation in charge time; this is called the elective 
replacement time (ERI) or recommended replacement time. Once the 
ERI is reached, generator replacement can be scheduled elec-
tively, usually within 3 months, depending on the frequency of 
therapy (which determines the depletion rate). A later indicator, 
end of life, reflects a significantly lower voltage and indicates a 
more urgent need for generator replacement because of the asso-
ciated long capacitor charge times required to achieve appropri-
ate shock energy. In addition to voltage criteria, the time required 
to charge the capacitors to full energy is also used as a measure-
ment of the battery status, and may activate the elective replace-
ment indicator (ERI). In certain devices, charging the capacitors 
stops after 20 seconds, and delivers the stored energy as shock 
therapy. When these devices reach ERI, the stored energy may 
be significantly less than the programmed energy.

Newer ICDs have encorporated newer battery technologies 
to improve battery performance and longevity. Balancing the cell 
to an appropriate electron reduction slows the progression of 
internal battery impedance overtime. In addition, the develop-
ment of hybrid cathode batteries (lithium/silver vanadium oxide 
blended with carbon monofluoride [Li/CFx-SVO]) as well as 
manganese oxide (lithium manganese dioxide [LiMnO2]) has 
improved service life and resulted in a stable charge time through-
out the lifetime of the battery. In addition, LiMnO2 batteries have 
no midlife impedance rise and stable voltage during the lifetime 
of the device, with a slow gradual decay toward an ERI indepen-
dent of the rate of energy use.

Capacitors

The rate of energy delivery for cardiac defibrillation is much 
greater than can be delivered directly from ICD batteries. There-
fore, capacitors are used to store the energy over longer period 
of time (seconds) and deliver it over a shorter period of time 
(milliseconds). Capacitors are measured by their capacitance (C), 
which is a measure of the amount of electrical charge that the 
capacitor can store for a given voltage. Multiple capacitors are 
charged in the parallel configuration from the battery through a 
DC-DC converter and then connected in series to be able to 
deliver the stored energy (30 to 80 J) but at high voltages (up to 
850 V) within 10 to 20 ms. The rate with which the capacitor is 
being charged depends on its capacitance (C) and the internal 
impedance of the battery and the circuitry; however, the rate with 
which the capacitor delivers its charge to the patient depends on 
its capacitance (C) and the lead–body impedance.

malfunction or suspicion of failure. The lead connections gain 
access to the ICD circuitry through feed through wires, which 
penetrate the casing through sealed openings.

The interior of the ICD consists of one or more batteries, 
capacitors, a direct current (DC)-DC converter, hybrid with 
microprocessor, telemetry communication coil, and their con-
nections. The sensed ventricular signals, generally 5 to 25 mV in 
amplitude, enter the generator through the leads, are filtered, and 
then are analyzed by the algorithms programmed into the hybrid. 
The hybrid consists of electronic circuitry embedded in a silicon 
wafer, specifically designed for analysis of these signals and iden-
tification of either tachycardia or fibrillation. Once the detection 
criteria are met, the specific programmed pacing and high-energy 
shock therapies are then delivered to the patient.

Batteries

Unlike other batteries, ICD batteries have many performance 
requirements. Besides being compact, the battery must be capable 
of charging the capacitors by delivering high-energy currents in 
the range of 75 A to charge the capacitors within seconds, and it 
must have a low current drain on the order of mA. Factors affect-
ing the current drain include pacing and defibrillation needs and 
the quiescent current needed for ongoing tasks such as powering 
the hybrid, monitoring intrinsic rhythm, and logging the data in 
the memory. In addition, the battery performance over time must 
be predictable to allow for adequate warnings before it is depleted.

The battery used by most ICD generators is a lithium silver 
vanadium oxide cell (Li/SVO). There are two kinds of Li/SVO 
batteries: anode-limited (Li) and cathode-limited (SVO) batter-
ies. Anode-limited limited batteries have two voltage plateaus: an 
early short-lived one followed later by a long-lived one. Most 
current ICD batteries are cathode-limited (SVO) batteries and 
carry a charge of 1000 to 2000 mA-hr and at the beginning of 
life. The battery generates approximately 3.2 V at full charge. At 
middle of life, these batteries suffer from inherent internal 
impedance buildup resulting from the accumulation of a film on 
the Li electrode. Although this impedance can result in pro-
longed charge time, pulsing the battery frequently by charging 
the capacitors is usually sufficient in preventing this 
phenomenon.

The battery status is generally estimated by its measured 
output voltage. With significant decline in open circuit voltage 
and a rise in internal resistance, the ability to deliver adequate 
current to charge the capacitors becomes impaired causing 

Figure 115-1.  DF-4/IS-4 lead design. A, DF-4 lead design 
eliminates  the  yoke  and  the  redundant  lead  formation 
seen  in  the  IS-1/DF-1  design.  1,  distal  pace/sense  elec-
trode; 2, proximal pace/sense electrode; 3, distal DF-1 coil 
electrode;  4,  proximal  DF-1  coil  electrode.  B,  IS-4  lead 
design is similar to DF-4 lead design except that all elec-
trodes  are  pace/sense  low-voltage  electrodes.  C,  IS-1/
DF-1 lead connector has three setscrews with the sealing 
rings  built  on  the  lead.  D,  DF-4/IS-4  connector  has  a 
single setscrew that secures on the tip of the lead with 
spring contacts for the ring and DF electrodes. Inside the 
DF-4  connector,  there  are  double-sealing  rings  (blue) 
between  electrodes  to  secure  good  isolation  between 
the high- and low-voltage electrode insulation. 
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ICD leads are designed with either coaxial or multilumen 

constructions. Coaxial design in which layered conductors are 
separated by layers of polyurethane insulation material—used in 
some original designs—is no longer used. This design was associ-
ated with insulation failure because of metal ion oxidation of the 
middle polyuerethane insulation layer in the Medtronic Trans-
vene (Minneapolis, MN) family of leads and was manifest by low 
stimulation impedance and undersensing and oversensing. 
Current ICD leads use multilumen construction designs in which 
conductors run in parallel through a single insulating body. 
However, some variations of this design have been the subject of 
other failure mechinisms, such as in the case of Sprint Fidelis 
(Medtronic) and Riata leads (St. Jude Medical [Sylmar, CA]).

Currently available leads either (1) have silicone insulation 
back filling in between and behind the metal defibrillation coils 
to decrease tissue ingrowth or (2) have been covered with 
expanded polytetrafluoroethylene (WL GORE & Associates, 
(Flagstaff, AZ) ePTFE). This ePTFE coating is slippery, permits 
the defibrillation current to be transmitted, and prevents tissue 
ingrowth.

Invariably, NTLs have a high-energy coil located near the 
distal end and lying within the right ventricular cavity. Manufac-
turers have released NTLs with similar construction, although 
some details differ (Table 115-1). The physics of DC flow, 
however, requires at least one other electrode to complete the 
shocking circuit. The development of smaller ICD generators 
has allowed for pectoral implantation, which has enabled the use 
of the generator casing as the second electrode (i.e., “hot can”). 
An animal study compared the defibrillation efficacy of a hot can 
ICD system placed in the left pectoral or subaxillary location with 
a right pectoral location, and left or right abdominal locations. 
The left pectoral and axillary subcutaneous positions were supe-
rior to all other locations. The right pectoral location was supe-
rior to either abdominal location. These results imply that 
alternative ICD implantation sites are feasible in the event of an 
inability to implant a left prepectoral device: left subclavian 
venous occlusion, history of left mastectomy or radiation, left 
sided arteriovenous fistula, or other reasons to avoid the left 
prepectoral area.

Tachyarrhythmia Detection

The recognition of tachyarrhythmias by an ICD is a complex 
interaction of several dependent variables; however, the task of 
the ICD is more complicated because it must also recognize the 
lack of tachyarrhythmias. This central insight is crucial, because 
the patient will spend all but a small fraction of his or her life in 
a nontachycardia rhythm. Therefore, assuming the efficacy of  
the pacing and shock therapies, rhythm recognition arbitrates 
between quality and length of life.

Not all of the factors required for accurate rhythm recogni-
tion are potentially affected by the ICD technology. Most notably, 
the rate and mechanism of the arrhythmia and the programming 
of the ICD are major determinants of rhythm recognition and 
are factors that are almost completely independent of the tech-
nologic solution. However, by understanding the nature of the 
signals presented to the ICD, allowing the ICD to adapt to these 
signals, and limiting programming options, appropriate ICD 
function is frequently achieved.

Sensing

All current ICDs use ventricular heart rate as the cornerstone 
variable in tachycardia recognition. To determine heart rate, the 
interval between each depolarization of the ventricle must be 

To achieve high stored charge, current ICDs incorporate new 
designs such as the use of multiple capacitors in series and the 
use of capacitors with convoluted surfaces to increase surface 
area. Most capacitors used in the ICD industry are aluminum and 
tantalum electrolytic capacitors because of their ability to charge 
within the prescribed time limitations. With time, the dielectric 
layer in these capacitors becomes deformed, causing current to 
flow through it (“capacitor leak”). This leak will result in subop-
timal charge and prolonged charge time. Capacitor reformation, 
in which the capacitors are discharged through a high-impedance 
circuitry to allow for longer discharge time, will usually regener-
ate the dielectric layer and fix the leak.

Electrodes

There are three essential functions of defibrillator systems: (1) 
detection of the tachycardia, (2) pacing stimulation of the heart, 
and (3) shock stimulation of the heart. The electrodes are the 
noninsulated segments of the leads that deliver these functions. 
The technology used for detection (sensing) and pacing is similar 
to that used by pacemakers; however, the bipole for sensing and 
pacing is sometimes from the tip of the ventricular lead to the 
distal shocking electrode instead of from the tip to the ring elec-
trode. This system is an integrated bipolar instead of a true 
bipolar system. In cardiac resynchronization therapy devices, 
tachycardia detection is usually restricted to the right ventricular 
electrodes.

High-voltage coil electrodes are ideal for high-energy shocks. 
The lower impedance of the coils and the conductor cables to 
the coils permit a high-current charge discharge from the capaci-
tors. In addition, their wide surface area creates a broader electric 
field that can enable the defibrillation of more myocardial mass 
and reduce the current density near the coil.

Nonthoracotomy or Transvenous Leads

Nonthoracotomy ICD leads (NTLs) were designed to carry high 
defibrillation energy to the inside of the heart. These leads can 
have a dedicated proximal sensing/pacing ring electrode (true 
bipolar) or use the distal high-voltage shocking coil as the proxi-
mal sensing/pacing electrode (integrated bipolar). True bipolar 
leads usually offer better discrimination for sensing, being less 
susceptable to far-field oversensing and postshock undersensing. 
On the other hand, integrated bipolar leads offer better defibril-
lation performance because of the shorter tip-to–distal coil dis-
tance. NTL leads can have one right ventricular (single coil) or 
two (dual coil) high-voltage shocking electrodes. The distal coil 
is usually placed in the right ventricular apex, and the proximal 
coil is placed in the superior vena cava. Although the dual-coil 
ICD lead system have predominated in the United States and 
Europe, its clinical superiority over the single-coil lead system is 
not well established. Defibrillation efficiancy is slightly improved, 
usually by 1 to 3 J.1 The effect of the dual-coil ICD lead on 
defibrillation threshold is multifactorial: altered defibrillation 
electrical field vector, lowered shock impedance, and an on short-
ening the shock waveform duration. However, this small benefit 
needs to be weighed against the added complexity of lead con-
struction and its potential effect on lead reliability, as well as the 
potential for more complex extraction when needed. In addition, 
the lower right atrial position of the proximal coil, in the case of 
severely enlarged right ventricle, can increase DFT by a negative 
current vector effect. In other patients, there is a need to implant 
other coils (coronary sinus, middle cardiac vein, subcutaneous 
coil, or azygous coil) when maximal shocks are ineffective; this is 
almost always more effective in reducing the required defibrilla-
tion energy by 5 to 15 J.2
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Frequency and Amplitude

Both large signal amplitude and high-frequency content improves 
the chances of the signal being detected. In addition, there is a 
strong relation between the amplitude of the signal presented to 
the band pass filter and the frequencies contained within that 
signal. Larger signals usually improve the specificity of electro-
gram event detection by placing the frequency content into the 
center frequencies of the band-pass filter. However, a signal that 
is relatively small, such as 4 to 6 mV, but has good frequency 
content as represented by the slew rate measured on the pacing 
system analyzer of more than 1 V/s will probably do better than 
a larger signal such as 8 to 10 mV, with much poorer frequency 
content of less than 0.1 V/s.

Autogain and Autothreshold

One of the larger challenges presented to ICD detection algo-
rithms is the marked variability in the amplitudes of the signals 
presented to the ventricular lead: naturally conducted beats 
through the His-Purkinje system of 5 to 25 mV, paced amplitudes 
of 5000 mV with polarization voltage after each pacer spike, 
premature ventricular contractions and ventricular tachycardia 
amplitudes from 2 to 25 mV, asystolic electrogram amplitudes of 
0 to 0.15 mV, and ventricular fibrillation amplitudes from 0.2 to 
20 mV. The transitions between each of the rhythms must be 
identified accurately.

The most difficult problems are distinguishing frequent 
excursions from low to high amplitude and back to low-amplitude 
electrogram events. The two approaches are the use of autogain 
and autothreshold. The autogain technique uses fixed amplitude 
voltage thresholds and amplifies the signal at continually varying 
gains according to various algorithms to single count both small 
and large signals. The autothreshold technique uses one amplifier 
gain and a continuously varying threshold to accomplish the same 
end. Usually the threshold will vary within a single cycle, decay-
ing after each sensed event after an adjustment proportional to 
the amplitude of the signal. Sometimes the floor or minimal 
voltage limit can be programmed to distinguish between noise 

measured. It is not interval recognition but the detection of 
individual electrogram events that becomes the basic building 
block in this process. The process begins with the placement  
of the sensing lead. The sensed electrogram depends on the 
health of the myocardium in close proximity to the lead, the far-
field structures of the diaphragm, anterior chest wall and right 
atrium, and other electrical devices such as pacemakers, cellular 
phones, and other sources of electromagnetic interference. 
Detection of the electrogram events is completely dependent on 
the quality of the signal, and the quality of the signal is deter-
mined primarilly at the time of the lead placement. Additional 
aspects that are potentially dependent on the position of the lead 
are measures of electrogram morphology, such as electrogram 
event width.

In dual-chamber devices, the accurate recognition of arrhyth-
mias adds another layer of complexity and hopefully specificity 
with the inclusion of atrial lead data input into the generator. The 
intracardiac location of the atrial lead (far away from the annulus 
to minimize the far field right ventricular signal) and a short 
interelectrode distance between the distal and proximal elec-
trodes improve the signal-to-noise ratio of the sensed atrial signal 
and can thus improve the accuracy of the data used for tachcyar-
dia discrimination.

Band-Pass Filtering

The sense amplifier processes signals presented to the pulse gen-
erator by the sensing electrodes and allows signals of certain 
frequencies to be presented to the detection logic, whereas others 
are filtered out. This band-pass filter consists of a high-frequency 
cuttoff to filter out myopotentials signals and a low-frequency 
cutoff to filter out repolarization T wave signals. The mid range 
is intended to represent a band of frequency containing true 
signal events. The intent is to prevent extraneous signals from 
fooling the device into falsely detecting tachyarrhythmias. Unfor-
tunately, there is some frequency overlap between repolarization 
and depolarization waves, atrial and ventricular events, postpac-
ing polarization and depolarization of the ventricles, myopoten-
tials and cardiac depolarizations, and environmental signals and 
cardiac events.

Table 115-1. Summary of Characteristics of Currently Available nonthoracotomy Leads

Manufacturer Model Conductors: Pace:Sense/Coil
Electrodes: 
Pace:Sense/Coil

Sensing

Number of Coils Configuration

boston Scientific/Guidant,  
St. Paul, Minn.

All MP35n/DbS Titanium Pt-Ir/Pt coated 1 or 2 Integrated bipolar

Medtronic, St. Paul , Minn. Sprint Fedalis MP35n/MP35n, Tantalum Tn-Pt-Ir/ Pt-clad 1 or 2 True bipolar

Medtronic Quattro MP35n/MP35n-Ag , Tantalum Pt-Ir/Pt-Ir cladded 2 True bipolar

Medtronic All others MP35n/MP35n-Ag Pr-Ir/Pt-Ir 1 or 2 True or integrated 
bipolar

St. Jude Medical, Sylmar, Calif. Riata/TvL-ADX MP35n/MP35n Tn-Pt-Ir/Pt-Ir 1 or 2 True bipolar

St. Jude Medical Durata MP35n/MP35n Tn-Pt-Ir/Pt-Ir 1 or 2 True bipolar

St. Jude Medical All others MP35n/MP35n Pt-Ir/Pt-Ir 1 or 2 Integrated bipolar

biotronik, Portland, ore. Linox MP35n/MP35n Pt-Ir-Fr/Pt-Ir-Fr 1 0r 2 True bipolar

biotronik Kentrox MP35n/MP35n Pt-Ir-Fr/Pt-Ir-Fr 1 or 2 Integrated bipolar

Sorin, Plymouth, Minn. Swift MP35n/MP35n-Ag Pr-Ir/Pt-Ir 1 Integrated bipolar

DBS, Drawn brazed strand cable; MP35N, cobalt-chrome-nickel alloy; MP35N-Ag, cobalt-chrome-nickel alloy with silver core; Pt-Ir, platinum iridium alloy; Pt-Ir-Fr, platinum 
iridium fractal coated; TN-Pt-Ir, titanium nitride coated iridium alloy.
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interval and are then classified as ventricular tachycardia or  
ventricular fibrillation. The duration of the arrhythmia is  
then measured by the number of interval to detect (NID) or the 
length of time to detect (seconds). For ventricular tachycardia 
detection, consecutive intervals faster than a programmed rate 
provide an effective algorithm. However, for VF, a probabilistic 
NID counter where X short cycle length intervals out of a larger 
number of Y consecutive intervals is more sensitive because of 
the marked variability of electrogram amplitudes and intervals 
during VF.

Sudden Onset

Reentrant ventricular tachycardia and some not clearly reentrant 
arrhythmias start at a rapid rate, which is usually distinct from 
the preceding nontachycardia rhythm. The sudden shortening of 
the cycle length is a factor that is somewhat useful in differentiat-
ing sinus tachycardia from slow ventricular tachycardia. The best 
criterion for preventing ventricular tachycardia detection during 
sinus tachycardia is programming a more rapid ventricular tachy-
cardia detection rate; however, when that is not possible there is 
some, but limited, value in using sudden onset. Unfortunately, 
using this approach increases the risk that the arrhythmia will not 
be treated if the ventricular tachycardia arises in the setting of 
sinus tachycardia or exercise. In addition, this discriminator 
might inhibit therapies for ventricular tachycardia (VT) that 
started below the programmed detection rate, even when it accel-
erates beyond the programmed detection rate.

Cycle Length Stability

Most ventricular tachycardias, in distinction from the ventricular 
response in atrial fibrillation, have a stable cycle length with little 
beat-to-beat variation (<40 ms) in the interval. Unfortunately, 
this is not always the case, but when the ventricular response is 
rapid during relatively infrequent episodes of atrial fibrillation, 
this can be an effective tool. If there is continuous atrial fibrilla-
tion or frequent paroxysmal episodes, especially in the setting of 
a slow ventricular tachycardia that also needs treatment, then AV 
junctional ablation with a rate-responsive pacemaker mode is a 
better choice.

Morphology and QRS Width

Electrogram width measurements, morphology criteria, and 
most recently morphology template matching and vector correla-
tion techniques have been used to enhance the quickness and 
specificity of tachycardia detection with some success. The digital 
image of every tachycardia electrogram is compared to a presaved 
template of the baseline rhythm. Although helpful, this discrimi-
nator is limited by multiple scenarios, including physiological 
rate-dependent changes in electrogram morphology and trunca-
tion and allignment errors in the digitalization process.

Atrial Lead Criteria

With placement of an atrial lead, the relation of atrial activity to 
the ventricular activity is available for analysis. If the data are 
accurate, with the caveats mentioned earlier concerning far-field 
signals, then AV dissociation during a rapid ventricular rhythm 
makes the diagnosis of ventricular tachycardia certain. If there is 
a 1 : 1 relation, the chance that the rhythm is ventricular tachy-
cardia or supraventricular tachycardia is dependent on the ratio 
of the durations of the AV to the VA interval. Unfortunately, it 

on the signal and low-amplitude VF signals. After a paced beat, 
the autogain is set to maximum and the autothreshold is set to 
minumum.

Estimation of Adequate Amplitude

The ventricular sensing electrode is placed during a nontachy-
cardia rhythm. Therefore, the adequacy of that placement must 
be determined before the VF is induced for defibrillation ade-
quacy testing. Although there is marked variability in the average 
electrogram event amplitude between VF episodes and within a 
single VF episode, there is a relation between the amplitude of 
the sinus rhythm electrogram amplitude and the average, 
minimum, and maximum VF electrogram events of subsequently 
induced arrhythmias. As an estimate of adequacy, sinus rhythm 
electrograms of at least 5 mV reliably predict that less than 10% 
of the electrogram events will be undersensed and that failure of 
tachyarrhythmia detection is eliminated.

Detection Algorithms

Once an electrogram event is marked or detected, the detection 
algorithm interprets the pattern of the intervals between the 
events. The algorithms attempt to develop a hierarchy of detected 
rhythms that require different therapies such as bradycardia, ven-
tricular tachycardia requiring antitachycardia pacing, ventricular 
tachycardia requiring low-energy shocks, and VF requiring 
higher-energy shocks. The exclusion of sinus tachycardia and 
atrial fibrillation with overlapping rates with ventricular arrhyth-
mias is particularly difficult. Additional criteria to distinguish 
these rhythms include the ventricular rate criterion the duration 
of the arrhythmia, the acuteness of the increase in rate, and the 
beat-to-beat variation of the cycle length. Derivatives of the elec-
trogram morphology including templates, duration, and vector 
correlations, and with the addition of an atrial electrode, the 
pattern of the relation of the atrial and ventricular events have 
more recently improved the specificity of arrhythmia detection.

Sensitivity Versus Specificity: Discriminating 
Supraventricular from Ventricular Arrhythmias

Life-threatening arrhythmias must always be detected and elimi-
nated; however, the arrhythmia’s mechanism, rate, or both do not 
always correlate with its hemodynamic significance. Atrial flutter 
with 1 : 1 atrioventricular (AV) conduction or monomorphic ven-
tricular tachycardia at 110 beats/min could result in hemody-
namic collapse. The lower the rate cutoff, the greater the 
sensitivity, but the poorer the specificity for truly life-threatening 
situations. The challenge is to use the algorithms to avoid the 
delivery of inappropriate therapy so that the ICD is better toler-
ated and contributes to an improved quality of life.

Rate and Duration

The primary characteristic of ventricular arrhythmias requiring 
treatment is the rate and duration of the arrhythmia. Slow or 
nonsustained arrhythmias do not require therapy; however, the 
negative consequence of waiting to see whether an arrhythmia is 
going to end without an intervention from the ICD increases 
with rapid rates. The possibility that failure to detect low-
amplitude electrogram events will cause a delay or prevent detec-
tion is also a serious issue. Consequently, the faster the rhythm, 
the shorter the duration that should be required for detection. 
Arrhtyhmia rates are measured by measuring the beat-to-beat 
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In addition, antitachycardia pacing is available in all the 
current transvnous ICDs, but not in the subcutaneous defibrilla-
tor. This therapy consists of the delivery of a short burst of 
ventricular pacing, at a programmable rate faster than the 
detected ventricular tachycardia rate. A variety of antitachycardia 
pacing techniques are available, including simple bursts at a fixed 
rate and ramp pacing, in which each subsequent paced interval is 
incrementally shorter (i.e., faster) than the preceding interval. 
Effectiveness has been demonstrated to be 90% and 72% in 
terminating slower and fast ventricular tachycardia using antit-
achycardia pacing programmed empirically. Its effectiveness was 
95% when the testing of the antitachycardia pacing modality was 
performed before discharge. Antitachycardia pacing was also 
effective in terminating supraventricular tachcyardias for which 
patients would have received a shock.

For some patients, a drawback to antitachycardia pacing is the 
potential for acceleration of the tachycardia to greater rates or to 
VF, so that high-energy shocks are required. Although 4% of 
patients experience acceleration of the tachycardia by antitachy-
cardia pacing, this was not associated with any increase in mortal-
ity or incidence of syncopal events.7,8 Compared to shock therapy, 
antitachycardia pacing is delivered with no delay from the detec-
tion of the tachycardia (no capacitor to charge), with less morbid-
ity (pain and ventricular stunning) and less battery usage. Once 
antitachycardia pacing therapy fails to terminate the tachyar-
rhythmia, shock therapy is delivered. In fact, in the EMPIRIC 
trial, standardized prespecified ICD programming with antit-
achycardia pacing during slow and fast ventricular tachycardia 
was at least as effective as physician-tailored programming 
without an increase in mortality or shock-related morbidity.9

Shock Therapy

The electrical shocks delivered by ICDs arise from the discharge 
of the capacitors through the heart via the high-voltage elec-
trodes. Capacitor discharge follows an exponential decay (Figure 
115-2), dependent on two variables: the capacitance, and the 
impedance of the electrode/patient body system. As either of 
these variables is increased, the voltage and current discharge 
decayed more slowly, producing a flatter waveform. One to three 
capacitors are commonly used in each generator, each rated at 
106 to 480 µF capacitance and capable of a maximum voltage of 

is still possible to have atrial tachyarrhythmia and ventricular 
tachycardia at the same time. Atrial leads reduce the incidence 
but will not prevent inappropriate therapy because all algorithms 
are biased so that VF is rarely, if ever, missed. In one study, the 
addition of an atrial lead significantly decrease the rate of inap-
propriate supraventricular tachycardia (SVT) detection (as VT) 
and the rate of inappropriate therapy delivery, but it did not 
decrease the rate of ICD shock; however, this is not a consistent 
finding.3

Redetection and Reconfirmation

Detection of tachycardia, like any other test, follows bayesian 
statistics. The probability of a truly positive result is directly 
proportional to the prevalence of the condition in the population 
being treated. Once a rhythm has been detected with rigorous 
criteria and treated, the likelihood is that a rhythm that meets 
the rate criteria will need to be treated again, and quickly, to 
prevent syncope. Redetection is the process with which the ICD 
examines whether the programmed therapy was effective in ter-
minating the presenting arrhyhtmia. In most ICDs, the SVT-VT 
discriminators are not applied during this process, and redetec-
tion is based solely on the programmed rate cut off. The  
quickness and sensitivity of arrhythmias algorithms are enhanced 
during redetection by reducing the number of intervals required 
and by eliminating additional criteria. Conversely, it takes  
time to charge the ICD capacitors, during which time the 
arrhythmia may have terminated. For this reason, before the 
delivery of therapy, reconfirmation of the tachycardia is required 
to prevent shocks when treating patients with nonsustained 
tachycardia during sinus rhythm. The danger is that the autogain 
or autothreshold algorithm has failed to detect low-amplitude  
VF during progressive hemodynamic collapse. Therefore, recon-
firmation of rhythms in the VF zone should be used with care. 
Some devices permit the allocation of committed and noncom-
mitted shocks in the VF or in the ventricular tachycardia and VF 
rate zones.

Tachyarrhythmia Therapy

Pacing Therapy

All transvenous ICDs provide for bradycardia support with 
single-, dual-, or triple-chamber stimulation; however, the sub-
cutaneous defibrillator only provides temporary postshock 
cardiac stimulation. The pacing mode, rate, and stimulation 
output is often separately programmable after a high-energy 
shock for a period to provide overdrive suppression of arrhyth-
mias. Although many patients with ICDs receive dual-chambered 
rate-adaptive pacemakers, a small minority of these patients have 
an indication or need for pacing. The Dual Chamber and VVI 
Implantable Defibrillator (DAVID) trial examined the effect of 
pacing in the DDDR mode compared with ventricular backup 
pacing in patients who had ICD but no pacing indications. In 
these patients, DDDR pacing increased the combined end-point 
of hospitalization for congestive heart failure (CHF) or death.4 
In the DAVID-II trial, atrial support pacing at AAI-70 was tested 
and showed no significant improvement in quality-of-life out-
comes compared with VVI-40.5 As a result, patients without clear 
indications for antibradycardia pacing should be set to ventricular 
backup pacing. In patients with wide QRS duration and New 
York Heart Association functional class III or intravenous CHF, 
biventricular stimulation is appropriate. This therapy could also 
be applied in patients with less severe CHF or need for antibra-
dycardia pacing.6

Figure 115-2.  The monophasic waveform is created by truncation of a capacitor 
discharge and is the simplest implantable cardioverter defibrillator (ICD) waveform. 
The  initial  voltage  (VI)  is  dependent  on  the  charge  placed  on  the  capacitor. The 
waveform is truncated after a variable duration (depending on the manufacturer) 
when  a  certain  final  voltage  (Vf)  is  reached.  The  rate  of  voltage  decay  (tilt)  is 
inversely  proportional  to  both  the  impedance  of  the  lead  system  and  the  total 
capacitance in the ICD. Tilt is calculated according to the formula given such that 
waveform A demonstrates a lower tilt than waveform B. 

A

Time (ms)

Tilt

V
ol

ta
ge

0

0

+

−

B

VI

VF (A)

VF (B)

VI −VF

VI



IMPLAnTAbLE CARDIovERTER DEFIbRILLAToRS: TECHnICAL ASPECTS 1145

115 
this period fails to result in VF, it is deemed to be above the DFT; 
subsequently, lower shock intensities can then be tested until VF 
occurs. This concept is termed the upper limit of vulnerability and 
has the advantage of inducing VF only once during the testing 
period. The shock of the lowest energy that does not induce VF 
is considered a similar indicator of defibrillation efficacy. The 
disadvantage of this method is that the ability of the ICD to detect 
VF correctly and the subsequent decision-making algorithm to 
delivery VF therapy will not have been tested.

The concept of the DFT is overly simplistic, because electrical 
defibrillation is best described as a sigmoid-shaped probability 
function (Figure 115-3). Nonetheless, the step-down DFT is a 
convenient clinical measurement to obtain during implantation 
and generally correlates with a probability of success of approxi-
mately 70% to 80%. The probability of success with this approach 
has significant clinical relevance, because appropriate implanta-
tion of ICDs requires a high confidence that the first shock will 
be successful. Historically, using epicardial leads and monophasic 
waveforms, a safety margin (a margin between the DFT and the 
maximal output of the ICD) of 10 J was considered minimal 
implantation criteria. More recent studies have suggested that, 
with biphasic shocks and NTLs, a margin of 1.9-fold the DFT 
energy provides a 95% probability of success. It is important to 
note that DFT testing is device- and lead-specific because the 
delivered energy is not the only parameter required to ensure 
successful defibrillation. Other parameters include lead/body 
impedance, waveform tilt, truncation, pulse duration, and posi-
tive and negative-phase peak voltage; these can all affect defibril-
lation success and are usually device- or lead-specific.11,12

Monophasic Waveforms

The simplest defibrillator waveform is the monophasic wave-
form, in which the capacitor discharge is truncated before com-
plete discharge of the capacitor, because the terminal voltage tail 
may prove proarrhythmic. Monophasic waveforms were used in 
early ICD generators and were effective in epicardial systems. 
The magnitude of a monophasic (or biphasic) shock is generally 
described by both the amplitude (peak voltage or current) and 
tilt of the waveform (see Figure 115-2). For example, a waveform 
whose amplitude is reduced to half the initial value has a 50% 
tilt.

When the NTL was first developed and monophasic wave-
forms were used, the right ventricular coil electrode was config-
ured as the cathode (negative), whereas the superior vena cava 
coil or subcutaneous patch electrode was configured as the anode 
(positive). When subsequent animal and clinical studies were 
performed comparing the right ventricular cathodal 

350 to 850 V. These capacitors are usually charged in parallel, to 
a programmable voltage up to the maximum. When discharged, 
however, these capacitors are configured in series, so that the 
total voltage is doubled or tripled depending on the number of 
capacitors to a maximum voltage of 750 to 850 V. Although the 
voltage is multiplied in the series configuration, the capacitance 
is reduced by the number of capacitors used; therefore, the resul-
tant system capacitance is 120 to 150 µF for most currently avail-
able clinical devices. Lowering the capacitance of the system will 
have favorable clinical outcome by decreasing the discharge time. 
Because most lead impedance values are between 30 and 70 Ω, 
voltage decreases by 60% to 90% in 20 ms. The shock waveform 
(discussed later) is generated by the discharge of the capacitors 
through the electrode system to the patient. Unlike with antit-
achycardia pacing, ICD shocks can be associated with increased 
mortality and morbidity. In the Primary Prevention Parameters 
Evaluation trial, programming strategies to decrease ICD shocks 
by avoiding therapy for slow and nonsuatained ventricular tachc-
yardia and applying antitachycardia even to faster VT were asso-
ciated with less morbidity including mortality.10

Defibrillation Threshold and Safety Margin

The main determinant of success of defibrillation is the magni-
tude of the electric field generated across the heart, which is 
proportional to the spatial derivative of the stored voltage. 
However, because device companies report their device outputs in 
energy units (Joules), it has been a trend to refer to effective defi-
brillation energy in the Joule unit of measure. The simplest 
measure of defibrillation effectiveness is usually termed the DFT, 
defined as the lowest delivered shock strength required for defi-
brillation; however, the clinical predictive value of defibrillation 
testing is limited by the probabilistic nature of defibrillation. The 
DFT is often determined in a step-down manner, in which pro-
gressively lower-intensity shocks are delivered after VF is induced, 
and the lowest successful shock strength is defined as the DFT. 
Alternatively, shocks can be delivered in a step-up fashion, begin-
ning at low energies. However, the step-up method will have more 
failed shocks for patients with high energy requirements. Actually, 
the time of circulatory arrest is shorter for most patients with the 
step-up method because the charge times are much shorter with 
lower energy, but longer for the few patients with high energy 
requirements. A third method of estimating defibrillation efficacy 
has been validated, in which test shocks are delivered to the vul-
nerable period of the cardiac cycle, near the peak of the surface T 
wave. Theoretically, low-energy shocks delivered during this 
phase of repolarization will produce VF caused by the resultant 
dispersion of repolarization times. If a test shock delivered during 

Figure 115-3.  This graph shows the relationship between the probability of suc-
cessful defibrillation and the intensity of the shock—that is, the greater the shock 
intensity, the higher the probability of success. The ED50 and ED90 refer to the shock 
intensities that result in successful defibrillation 50% and 90% of the time, respec-
tively.  In  the examples given, curves  A  and  B  represent waveforms  A  and  B with 
different  defibrillation  efficacy. Waveform  A  shows  a  greater  efficacy  (lower  ED50 
and ED90) than waveform B. 
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Figure 115-4.  The  biphasic  waveform  currently  used  in  all  current  implantable 
defibrillators  is  composed  of  a  capacitor  discharge  divided  into  two  phases  of 
opposite polarity. The duration of each phase is dependent on the manufacturer 
and  is programmable  in some devices. The  initial voltage of the second phase  is 
equivalent to the remaining voltage on the capacitor after truncation of phase I in 
most cases. 
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configuration with the right ventricular anodal configuration, the 
anodal right ventricular electrode resulted in a significantly lower 
DFT in patients and a lower need for supplementary 
electrodes.

Biphasic Waveforms

The most beneficial ICD innovation, from a viewpoint of defi-
brillation efficacy, was the development of the biphasic defibril-
lation waveform (Figure 115-4). This waveform consists of the 
capacitor discharge divided into two phases of opposite polarity. 
The first phase is identical to a monophasic waveform (although 
usually of a shorter duration) before the capacitor discharge is 
truncated. The electrical connection within the generator is then 
quickly reversed (usually within 2 to 3 µs), and the second phase 
is discharged in the opposite polarity for an additional period 
(usually 3 to 6 ms). Table 115-2 lists the biphasic waveform char-
acteristics currently available in clinical ICDs.

The basic physiology of defibrillation and its relationship to 
best or optimized biphasic waveform is well studied. Biphasic 
waveform characteristics in animals identified two factors that 
appear to maximize defibrillation efficacy as follows: (1) the first 
phase should be longer than the second phase; and (2) the polarity 
of the first phase appears to be important only at phase 1 dura-
tions greater than 10 ms or when the second phase duration is 
greater than the first phase.

Additional studies have examined the effectiveness of  
other phase characteristics. One interesting modification involves 

doubling the second phase initial voltage by switching the capaci-
tance from series to parallel between the first and second phases. 
Doing so also reduces the capacitance of the second phase by half, 
resulting in an increased tilt and a more rapid decay of voltage; 
animal studies have suggested that this improves the defibrillation 

Table 115-2. Summary of biphasic Waveform Characteristics in Currently Available Commercial Implantable Cardioverter Defibrillators

Manufacturer Model Capacitance* Phase 1 Characteristic
Phase 2 
Characteristic Monophasic

boston Scientific, 
St. Paul, Minn.

Teligen 140 µF 60% tilt (nonprogrammable) 50% tilt 
(nonprogrammable)

80%

vitality HE 130-150 µF 60% tilt (nonprogrammable) 50% tilt 
(nonprogrammable)

80%

Prizm II 158 µF 60% tilt (nonprogrammable) 50% tilt 
(nonprogrammable)

67%

Medtronic,  
St. Paul , Minn.

Protecta (XT)/Secura/
virtuoso(II)/Entrust

128 µF 
(programmable)*

50% tilt (programmable)† 50% tilt none

GEM III AT 118 µF 50% tilt (programmable)† 50% tilt 
(programmable)†

none

St. Jude Medical Unify/Eclipse 80-120 µF 65% tilt or 5.5 ms PW 
(programmable)

65% tilt or 5.5 ms 
PW (programmable)

65% 
(programmable)

Photon/Atlas 106-126 µF 65% tilt 5.5 ms PW 
(programmable)

65% tilt 5.5 ms PW 
(programmable)

65% 
(programmable)

Epic/Photon 99-102 µF 65% tilt 5.5 ms PW 
(programmable)

65% tilt 5.5 ms PW 
(programmable)

65% 
(programmable)

Sorin, Plymouth, 
Minn.

ovatio/Alto/Paradym, 
105-120 µF

50% tilt 
(nonprogrammable)

50% tilt (nonprogrammable) none

biotronik, 
Portland, ore.

Lumax 160 µF 60% tilt, 16 ms maximum PW 50% tilt, 10 ms 
maximum PW

none

Lumos 145 µF 60% tilt, 16 ms maximum PW 50% tilt, 10 ms 
maximum PW

none

*Capacitance values may vary between models within a given manufacturer and older models may vary from these specifications. In models in which phase parameters 
are programmable, the value given is the default value programmed in the factory. When a range of values is given, it refers to different models offered by the same 
manufacturer.
†Applies only to the atrial shock tilt, the ventricular shocks are not tilt programmable.
PW, Pulse width.
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Figure 115-5.  Inside-out externalizations of the inner cables of Riata leads visualized using fluoroscopy (red arrows). 

efficacy. Multiple recent studies have reported improved defibril-
lation thresholds with modification of the tilt percentages. The 
results of these studies were then used to modify the preset tilts 
in the current available devices. Some devices also have the capac-
ity to specify the duration of the first and second phase of the 
biphasic shock, which determines the tilt. Although this specific-
ity can make a difference in a few patients, in general it is not 
required.

System Malfunction

ICDs and their lead systems are complex medical device systems. 
System integrity is challenged by several factors, including high 
temperature, high osmolarity, high salt environment, and  
continuous mechanical stress from the beating heart and body 
movement. Despite these challenges, the “failure prediction” is 
small—less than 1% over 5 years. ICD safety alerts or recalls are 
usually generated in response to a higher than normal projected 
risk of failure or if the failure would subject the patient to a 
serious adverse consequence. System failure could occur in the 
device battery, device electronics, or lead design and interact with 
the implantation techniques and patient characteristics.

Fortunately, primary battery failure is extremely rare. More 
often, battery depletion is caused by excessive power drain from 
pacing, capacitor charge, and electrogram storage. High pacing 
thresholds and lead insulation failure are additional causes of 
excessive current drain. On the other hand, repetitive capacitor 
charges owing to nonsustained ventricular tachycardia or tempo-
rary ventricular oversensing can cause important reductions in 
battery longevity. In 2012, Medtronic identified a rare (0.04% to 
0.15%) dysfunction resulting in a greater-than-expected drop in 
the Entrust ICD battery voltage. This drop resulted in shortened 
predicted longevity of the ICD and quicker transition from ERI 
to end of life. Usually these high-current drain issues can be 
managed with increased frequency of battery assessments.

In 2005, the U.S. Food and Drug Administration (FDA) 
issued a class I recall (reasonable probability that the use of these 
devices will cause serious adverse health consequences or death 
with failure) regarding the use of Guidant PRIZM 2 DR 
CONTAK Renewal and CONTAK Renewal 2 devices because 
of failure deliver a life-saving therapy as a result of short 

circuiting that occurred across the space between the anode (+) 
backfill tube and the cathode (−) DF feedthrough wire. In 2005, 
there was also a voluntary class II recall (risk of adverse health 
consequences or death is remote) for the Medtronic Marquis 
regarding a battery short circuit.

Failure of transvenous high-voltage ICD leads could be the 
result of a combination of multiple factors: patient-related, 
operator-related, and engineering design–related factors. Patient-
related factors include thoracic inlet syndrome, Twiddler syn-
drome, and certain activities like bench pressing. Operator 
methods that have contributed to lead failure include subclavian 
or second rib approach, venous access, poorly applied suture 
sleeves, excessively tight lead coiling within the pocket, over-
torquing of the lead, and iatrogenic damage to the leads during 
implantation. Lead-related factors that can contribute to lead 
failure include lead engineering and suture design flaws.

Sprint Fidelis ICD leads (Medtronic) were the subject of class 
I recall because of higher-than-expected conductor fracture  
rate. There was also evidence of increased risk of high-voltage 
conductor fracture if a pace-sense conductor fracture has  
previously occurred; therefore, it is recommended to implant a 
new high-voltage lead instead of a pace/sense lead if a lead  
fracture of any type has occurred. Use of a lead integrity  
algorithm is recommended: extending arrhythmia detection,  
activating audible alarms, and using quick alert notification to 
monitor fully functional leads. A lead integrity algorithm could 
provide most patients with a 3-day warning before inappropriate 
shocks.

St. Jude Medical Riata and Riata ST leads were the subjects 
of class I recall because of higher-than-expected erosion in the 
silicone coating around its conductors. Insulation breaks seen in 
these leads could be caused by an inside-out or an outside-in 
abrasion (see Figure 115-5). The latter often occur close to the 
pocket and are often the result of lead contact with another part 
of the lead or the pulse generator. Although inside-out external-
izations of the inner cables are not uncommon and can be visual-
ized easily using fluoroscopy, they do not seem to place patients 
at significant risk of electrical dysfunction. However, outside-in 
abrasions are difficult to be identified using fluoroscopy and can 
result in shorting of the high voltage; this is not unique to the 
Riata lead family, nor is it a new failure mechanism.

Not all recalled elements needs to be replaced. Multiple issues 
should be addressed before replacement, including the risk of 
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keeping the recalled unit, risk of replacement (infection and 
extraction), risk of failure of the new element to be replaced, and 
the age of the unit to be replaced.

Recent and Future Directions

Remote Monitoring

The development of the device monitoring systems with or 
without wandless communication has permitted the early diag-
nosis of arrhythmias and system malfunction from the patient’s 
home and with few limits to geographic location or distance from 
the monitoring physician. It has the potential to safely decrease 
clinic visits by 40% as seen in the TRUST trial.13 The 
CONNECT trial showed that remote monitoring with auto-
matic clinician alerts can reduce the time between clinical events 
and clinical decisions, as well as the length of hospitalization stay. 
The ECOST trial showed that remote monitoring allows for 
early and reliable dectection of ICD lead failure and can reduce 
inappropriate ICD shocks and save battery life. However, other 
trials like the Tele-HF and EVATEL, did not show any signifi-
cant benefit of remote monitoring on hospital readmission, all-
cause mortality, and major clinical events. Additional studies are 
needed to evaluate whether monitoring will result in improve-
ments in outcomes or reduction in heath care expendature.

Long-Distance Telemetric Communication

Long-distance telemetric communication (wandless telemetry) in 
these devices is sometimes accompished through Medical Implant 
Communications Service, which is an ultra-low-power mobile 
radio frequency service designed for transmitting diagnostic and 

therapeutic information from implanted medical devices. Its band 
operates between 402 and 405 MHz. This bandwidth does not 
need any licensing and is shared by different manufacturers (cur-
rently Medtronic, St. Jude Medical, and Biotronik, Portland, 
Oregon). Each manufacturer has applied mechanisms to avoid 
interference and cross communication with other devices. There 
is another frequency spectrum in use for long-range telemetry by 
Boston Scientific (St. Paul, MN), the Industrial, Scientific, and 
Medical band (902 to 928 MHz). A frequency of 914 MHz is 
used for communication from the ICD to the home monitor, 
which is also coupled with Bluetooth communication with a 
weight scale and blood pressure cuff.

Investigational Shock Waveform

Multiple triphasic waveform patterns were tested in animals and 
failed to improve shock efficacy in terminating ventricular fibril-
lation over biphasic waves.14 However, multiple serial monopha-
sic shocks were shown to terminate monomorphic ventricular 
tachycardia with less total energy requirement and peak voltage 
compared to a single monophasic or biphasic shock in a canine 
myocardial infarction model.15 If these findings could be repli-
cated in humans, it could translate into prolonged battery life, 
less pain, and less myocardial stunning and necrosis from the 
ICD shocks.

Subcutaneous Implantable Cardioverter 
Defibrillators

Subcutaneous ICDs were developed to address some of the prob-
lems and limitations of transvenous lead system ICDs (see Figure 
115-6). These systems include but are not limited to: myocardial 
perforation and tamponade, vascular thrombosis and dissection, 

Figure 115-6.  A, The  subcutaneous  implantable  cardioverter-defibrillator  (ICD)  lead  should  run  parallel  to  the  left  sternal  border.  A,  Distal  sensing  electrode;  B,  8-cm 
defibrillation coil; C, proximal sensing electrode; D, subcutaneous ICD device. There are three sensing vectors to capture myocardial signals. Blue arrow, primary sensing 
vector from the proximal electrode to the can; yellow arrow, secondary sensing vector from the distal electrode to the can; red arrow, alternate sensing vector from the 
distal to the proximal electrode. B, The subcutaneous ICD pulse generator is positioned in the anterior or midaxillary region. 
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Displacement was addressed by reducing the ferromagnetic com-
ponents of the ICD. The undesirable interactions seen with the 
reed switch were avoided by replacing it with a Hall sensor. The 
internal circuitry was isolated to prevent unintentional ICD reset 
or reprogramming. Finally, the lead design was modified to 
decrease polarization, improve evoked response sensing, and 
improve heat dispersion, thus preventing lead tip heating.

Adjunctive Sensor Technology

Newer devices have incorporated special adjunctive features  
like intrathoracic impedance monitoring, left atrial pressure 
monitoring, and right ventricular pressure monitoring. Variation 
of intrathoracic impedance, measured by the subthreshold elec-
trical impulse between the can and the right ventricular coil with 
or without a left ventricle lead, correlates with changes in pul-
monary fluid accumulation. Because fluid is a good conductor, 
decompensated heart failure often leads to a decrease in intratho-
racic impedance. However, decreases in impedance are also seen 
in other clinical scenarios, such as pleural or pericardiac effusion, 
pneumonia, and increased intraabdominal pressure, shortly after 
device implantation. Studies are currently underway to evaluate 
the effects on heart failure mortality and hospitalization.

Implantable right ventricular or left atrial pressure sensors, 
which allow for continuous hemodynamic monitoring, have also 
been used in ICDs. These pressure measurements can be used to 
adjust medical therapy. The hope is to prevent acute heart failure 
decompensation with pulmonary edema or complications related 
to overtreatment.

Other Features

Monitoring of ST segment changes derived from far-field intra-
cardiac electrogram was recently evaluated in the management 
of patients with coronary artery disease. This limited study 
showed low sensitivity and specificity in detecting coronary 
events.

Because of the increased risk of infection with device changes, 
there has been significant work to produce batteries with longer 
longevity including biothermal batteries. If proven effective, 
these batteries can extend the life of the device by more than 15 
to 20 years.

pulmonary embolism, brachial plexus injury, and percutaneous 
lead extraction. The Q-TRAK subcutaneous ICD lead (Boston 
Scientific) has two sensing electrodes separated by an 8-cm defi-
brillation coil producing three sensing vectors when connected 
to the defibrillation can. The lead is tunneled subcutaneously 
parallel to the left sternal border and is extended to connect to 
the subcutaneous ICD (SQ-RX Pulse Generator, Boston Scien-
tific) that is placed in the anterior or midaxillary region around 
the fifth or sixth intercostal spaces. The ICD has a lithium-
manganese oxide battery that can deliver an 80-J shock with a 
fixed 50% tilt. Cardiac signal sensing is automatically selected 
from the three available sensing vectors (distal-proximal elec-
trodes, distal electrode-can, and proximal electrode-can) based 
on the analysis of the signal amplitude and signal-to-noise ratio. 
Arrhythmia detection algorithm uses morphology, beat-to-beat 
morphology, and QRS width analysis to define treatable arrhyth-
mias. This algorithm is highly sensitive for the detection of ven-
tricular arrhythmias similar to algorithms found in transvenous 
ICDs.16

Because there is no venous access, this approach is attractive 
for patients with compromised vascular access (AV fistulas, post-
mastectomy, mechanical tricuspid valve, congenital heart disease) 
and could be useful for traditional ICD indications as long as no 
bradycardia, CRT, or antitachycardia pacing is required. Extrac-
tion of this system should also be safer because of the subcutane-
ous location of the lead. The limitations of this system stem from 
its inability to provide pacing therapy. It is not indicated in 
patients who require bradycardia therapy or biventricular pacing. 
In addition, its role could be limited in patients who require 
frequent therapies for ventricular tachycardias that are amenable 
to antitachycardia pacing.

Magnetic Resonance Imaging–Conditional 
Implantable Cardioverter Defibrillators

Several interactions can be seen during magnetic resonance 
imaging scanning of patients with ICDs: displacement of ferro-
magnetic material, reed switch interaction, magnetic saturation of 
the ICD transformer, heat-induced myocardial necrosis, myocar-
dial stimulation, device reset, and oversensing and undersensing of 
ventricular arrhythmias. There is no magnetic resonance imaging–
conditional ICD (FDA designation) available, although CE Mark 
for use in the European Union has been designated for one unit. 
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Implant Testing

Because the ICD generator usually serves as a defibrillation elec-
trode, placing it in the left pectoral region optimizes the shock 
vector for defibrillation (Figure 116-1). Early ICDs did not sense 
VF electrograms (EGMs) or defibrillate with sufficient reliability 
that inducing VF to test sensing, detection, and defibrillation was 
considered mandatory. Modern ICDs perform better. Present 
testing based on the upper limit of vulnerability (ULV) can verify 
the defibrillation safety margin without exposing most patients 
to the risks of VF and circulatory arrest, and some question the 
need for any defibrillation testing.

Sensing

ICDs adjust sensitivity dynamically (Figure 116-2; also see 
Chapter 117) to ensure reliable sensing of low- and variable-
amplitude EGMs in VF while minimizing T-wave oversensing in 
normal rhythm (see Figure 116-2). To permit sensing of rapid 
activations, nominal ICD blanking periods are short (≤140 ms). 
This combination of dynamic adjustment of sensitivity and short 
blanking periods may cause oversensing, so marker channels 
should be inspected in both sinus and paced rhythms for over-
sensing P, R, and T waves (see the section on oversensing later 
in this chapter). The atrial lead should be positioned to minimize 
oversensing of far-field R waves.4

Multiple studies confirm that sensing during VF is reliable if 
the R wave during native rhythm or atrial pacing is at least 5 to 
7 mV. In modern ICDs, undersensing of VF is caused primarily 
by variations in VF EGM amplitude that occur faster than dynam-
ically adjusting sensitivity can track them. It is independent of 
baseline R wave amplitude over the clinically relevant range 
(3-20 mV).5 Thus induction of VF is not required to test sensing 
in the vast majority of implants. However, confirmation of sensing 
during VF is important in specific circumstances, including in 
patients with other implanted electronic devices (device-device 
interactions) or programming of long or frequent ventricular 
blanking periods, which can occur with rate-smoothing pacing in 
dual-chamber ICDs (intradevice interactions).6,8,11

Testing Defibrillation Efficacy

Testing compares a measure of defibrillation efficacy with a level 
of performance (implant criterion) that is expected to result in an 
acceptable success rate for defibrillation of spontaneous VF (see 
Chapter 117). If performance does not meet this criterion, the 
defibrillation system is revised. Because the probability of suc-
cessful defibrillation is a continuous function of shock strength, 
there is a wide range of clinically relevant shocks strengths over 
which defibrillation may either succeed or fail and no true 

CHAPTER OUTLINE

Indications and Use 1151

Implant Testing 1151

Programming 1155

Patient Alerts, Clinical Follow-up, and  
Remote Monitoring 1157

Common Clinical Issues (Oversensing and Shocks) 1157

Other Common Clinical Issues 1162

Complications 1163

Selecting Appropriate Lead and Device 1163

Implantable cardioverter defibrillators (ICDs) are the preferred 
treatment for most patients who are at high risk for ventricular 
fibrillation (VF) or life-threatening ventricular tachycardia (VT). 
This chapter complements Chapter 117 on technical aspects and 
addresses indications, device selection, implant testing, program-
ming, clinical issues, complications, follow-up, and recalls.

Indications and Use

For many years, ICDs have been the treatment of choice for 
secondary prevention of VT/VF. The MADIT II and SCD-
HeFT clinical trials demonstrated 5% to 7% absolute mortality 
reductions over 2 to 4 years and established ICDs as a standard 
of care for primary prevention in high-risk patients. Currently, 
more than 80% of ICDs are implanted for primary prevention. 
Guidelines based on these trials identify patients with ischemic 
or nonischemic cardiomyopathy primarily by heart failure class 
and left ventricular ejection fraction less than or equal to 30% to 
35% (Table 116-1).1 Guidelines based on more limited evidence 
identify subgroups of high-risk patients with less common  
diseases including hypertrophic cardiomyopathy and ion 
channelopathies.1

An overwhelming consensus of experts and practicing cardi-
ologists support secondary prevention guidelines, but primary 
prevention guidelines are applied inconsistently. Experts vary in 
their level of concern about comorbidities as contraindications, 
complications, and the high number of patients who need to 
receive ICDs to save one life (15 to 20). Patients vary in their 
acceptance of ICDs to treat statistical risk. Retrospective analyses 
provide cautionary evidence that ICDs (excluding cardiac resyn-
chronization devices) did not prolong life in identifiable sub-
groups of patients in the MADIT II and SCD-HeFT studies who 
had extensive comorbidities including advanced heart failure and 
renal failure.2,3

116 Implantable Cardioverter  
Defibrillator: Clinical Aspects
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Figure 116-1.  ICD leads and EGMs. A single-chamber ICD system including left pectoral active can and right ventricle (RV) lead is shown on left; telemetered EGM recorded 
between proximal coil and can (“leadless ECG”), high-voltage (shock) far-field EGM, and sensing near-field EGM, are shown with annotated markers on right. The dual-coil 
lead uses true bipolar sensing between tip and ring electrodes. Marker channel denotes timing of R waves sensed from the near-field EGM (arrows) and ICD’s classification 
of each ventricular event by letter symbols: S, sensed ventricular events  in the sinus rate zone. Numbers  indicate R-R intervals  in ms. Morphology of shock EGMs stored 
during detected tachycardias  is useful  for distinguishing ventricular  tachycardia  from supraventricular  tachycardia. Leadless ECGs provide a signal with  identifiable atrial 
EGM with a single-chamber ICD if a dual-coil lead is used. 
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threshold above which shocks always succeed. Thus the goal is 
to identify a high point on the defibrillation probability of success 
of curve efficiently (e.g., the shock strength that defibrillates 90% 
of the time [DF90]).

Fibrillation-Defibrillation Method Versus Vulnerability Method
Defibrillation efficacy can be assessed directly by fibrillation-
defibrillation (“defibrillation”) testing or indirectly by vulnerabil-
ity testing. Both methods can be used either to determine the 
minimum shock strength that defibrillates reliably (patient-
specific strategy) or to estimate whether the maximum output of 
the ICD will defibrillate reliably (safety margin strategy). Defi-
brillation threshold (DFT) testing refers to a group of methods 
that assess defibrillation efficacy by calculating shock strength on 
the sloping portion of the curve based on successes and failures 
of a few shocks at different strengths. Thus the DFT is based on 
a limited, discrete sampling of a continuous statistical distribu-
tion. Figure 116-3, A, shows that clinical sampling methods have 
limited reproducibility. Simulations based on clinical data dem-
onstrate both that the mean DFT depends on the specific testing 
method used (shock protocol, initial shock strength, and shock 
step size) and that the standard deviation of most clinical methods 
is wide.6,7

Vulnerability testing is based on the close relationship between 
the ULV and the minimum shock strength that defibrillates reli-
ably (see Figure 116-3, B).8 The ULV is the weakest shock at 
which VF is not induced when delivered at the most vulnerable 
time point during the vulnerable period of the T wave. It cor-
responds to the peak of the vulnerable zone.8 The ULV is highly 
reproducible because it depends on predictable patterns of activa-
tion and repolarization during normal rhythm. In contrast, the 

Table 116-1. ACC/AHA/HRS Class I Guidelines for Primary Prevention 
ICDs (2008)*,†

Type of 
Cardiomyopathy

LVEF 
(%)

NYHA 
Class

Level of 
Evidence† Restrictions‡

Ischemic ≤30 1 A ≥40 days 
post-MI

Ischemic ≤35 2, 3 A ≥40 days 
post-MI

Nonischemic ≤35 2, 3 B None

*An additional Class I guideline states that primary prevention ICDs are 
indicated in patients with ischemic cardiomyopathy, LVEF <40%, and inducible 
sustained VT/VF at electrophysiological study. This guideline is applied 
infrequently.
†Level of evidence: A, two or more randomized controlled trials; B, one 
randomized controlled trial.
‡Reimbursement criteria mandated by the Centers for Medicare and Medicaid 
Services require fulfillment of additional restrictions. Patients with ischemic 
cardiomyopathy must wait at least 3 months after revascularization. Patients 
with nonischemic cardiomyopathy must have had heart failure for at least 3 
months.
ACC, American College of Cardiology; AHA, American Heart Association; HRS, 
Heart Rhythm Society; LVEF, left ventricular ejection fraction; NYHA, New York 
Heart Association; MI, myocardial infarction.
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myocardial depression or rapid battery depletion if frequent 
delivered or aborted shocks occur. A patient-specific strategy may 
reduce the risk of syncope when long detection times are pro-
grammed, especially if charge times increase as ICDs approach 
end-of-service. A safety margin strategy reduces the number of 
VF episodes during testing.

Recommended patient-specific first-shock programming 
includes 10 J plus DFT and 5 J plus ULV. Recommended safety 
margin testing includes two successful shocks at 10 J less than 
maximum output, one successful shock at 15 J, and no induction 
of VF by a four-shock T wave scan at least 5 to 10 J less than 
maximum output. After safety margin testing, the first shock is 
set to maximum output or 5 to 10 J above the strength of T wave 
shocks that do not induce VF.

No Testing
For ICDs implanted in the left pectoral position, the probability 
of passing the conventional safety margin is sufficiently high 
(>90%) that testing provides limited incremental information. A 

less reproducible DFT depends on unpredictable patterns during 
VF. Mechanistically linked to reinitiation of VF after a shock, the 
ULV corresponds to a high and highly reproducible point on the 
defibrillation probability of success curve (~90 ± 5%).9,10 The 
principle advantage of vulnerability testing is that, when applied 
in a safety-margin strategy, it can determine that defibrillation is 
reliable without inducing VF in 80% to 95% of patients.8,11,12 In 
contrast, fibrillation-defibrillation testing requires inducing VF 
with the attendant risks of circulatory arrest in all patients.13 Until 
recently, the principle disadvantage of vulnerability testing was 
that it required accurate, operator-performed timing measure-
ment using multiple surface leads to ensure that the T wave shock 
is delivered at the most vulnerable interval. However, this interval 
can now be determined automatically using intracardiac EGMs 
available in ICDs.12

Patient-Specific Versus Safety Margin Strategies
A patient-specific strategy minimizes potential long-term adverse 
effects of excessive programmed shock strength such as 

Figure 116-2.  Top, Autoadjusting sensitivity. Real-time bipolar ventricular EGM and sensing threshold are shown during sinus rhythm (first 2 beats) and spontaneous onset 
of F. Sensing is shown by the dots where the signal crosses the variable threshold. The time constant for autoadjusting sensitivity is selected to prevent T wave oversensing 
during sinus or paced rhythms, while permitting reliable sensing of EGMs in VF. *Low-amplitude undersensed EGM in VF immediately after high-amplitude EGM (arrow). 
Center and bottom left, Appropriate detection of VF despite undersensing. Ventricular sensing EGM (RV) is shown with dual-chamber marker channel. EGM is continuous 
from the middle to lower panel. Undersensing occurs because of rapid variations in EGM amplitude and slew rate. Low-amplitude EGMs are undersensed after each high-
amplitude EGM (arrow) until autoadjusting sensitivity increases. VF is detected at the end of the lower EGM (VF Rx 1 Defib) when 18 of 24 intervals are shorter than the VF 
detection interval of 290 ms. The requirements to sense VF EGMs like these and to detect VF reliably despite undersensing results in oversensing and inappropriate detec-
tion of VT or VF under other conditions. Bottom right, Interval plot shows marked variation in sensed RR intervals, with many above the VF detection interval. After the shock 
denoted by 22.1 J, atrioventricular pacing resumes for six cycles, followed by recurrent VF. This shock is classified as unsuccessful because eight consecutive sinus intervals 
are  required  to  redetect sinus  rhythm. The second episode of VF  is  therefore  treated with a maximum output shock  (34.7 J), which converts  rhythm to atrioventricular 
pacing. FS, TS, and VS denote  intervals  in VF, VT, and sinus zones,  respectively. AP and VP denote,  respectively, atrial and ventricular pacing pulses,  the  latter caused by 
ventricular undersensing or ventricular sensing immediately after atrial pacing (ventricular safety pacing). 

(Top, reprinted and modified from Olson WH: Tachyarrhythmia sensing and detection. Implantable cardioverter defibrillator, Armonk, N.Y., 1994, Futura, pp 71-107.)
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Patients With High Defibrillation Thresholds

Defibrillation efficacy is influenced by characteristics of the 
patient, ICD system, and testing method.16 Box 116-1 summa-
rizes a stepwise approach to the patient with a high DFT. Atten-
tion to preventing high DFTs (Step 0) reduces the need to 
troubleshoot them. This includes positioning the distal defibril-
lation coil deep in the right ventricle (possibly in the apical 
septum), optimizing the shock waveform if it is programmable,9 
and confirming that high-voltage connections are correct and 
intact as measured by low-voltage pulses.

Before troubleshooting a high DFT, the diagnosis should be 
confirmed to ensure that the first defibrillation failure was not a 
chance event caused by the probabilistic nature of defibrilla-
tion.6,7 Failure of a test shock at greater than or equal to 20 J and 
the subsequent maximum output rescue shock is sufficient con-
firmation if detection of VF is rapid. However, if a test shock fails 
but a maximum output shock succeeds, the test shock should be 
repeated.

Once a high DFT is confirmed, Step 1 is to identify acutely 
reversible causes or causes that cannot be corrected at implanta-
tion. If there are no reversible causes, alter the shock vector. No 
study compares different options for altering the shock vector, 
and the method chosen often is based on operator experience. 
For most implanters, Step 2 is to insert a transvenous shock 
electrode in a different location, such as the azygous vein,17 the 
coronary sinus or its tributaries, the left subclavian vein for right-
sided implants, or the inferior vena cava. For others, it is to insert 
a subcutaneous electrode or array. Reprogramming the shock 

“no testing” strategy is based on this presumption of reliable 
defibrillation, widespread use of antitachycardia pacing (ATP) to 
terminate VT, implantation of prophylactic ICDs in patients who 
have a low rate of shocks for VT/VF (~5% per year), and  
programming shocks to maximal output. Both simulations14 and 
retrospective data15 suggest that limited safety margin testing 
neither increases risk nor decreases total mortality, and a prospec-
tive clinical trial is in progress. However, there is doubt as to 
whether limited defibrillation safety margin testing is sufficient, 
and, without a consensus on optimal testing, a definitive study 
comparing testing versus no testing strategies will be difficult. 
Furthermore, it will be difficult to demonstrate a mortality 
benefit of testing in patients who have infrequent shocks for  
VT/VF.

In considering the balance between implant safety and long-
term benefit, a no-testing strategy increases implant efficiency 
and prevents rare deaths as a result of fibrillation-defibrillation 
testing,13 although it probably does not increase safety compared 
with vulnerability testing. Overall, sensing issues require induc-
tion of VF in about 5% of ICD recipients, testing defibrillation 
efficacy is required in approximately 10% for lead systems 
without left pectoral ICDs, and testing is contraindicated in 
approximately 5% because of conditions such as left atrial–
appendage thrombus, inadequate anesthesia, and unreliable 
external rescue shocks. Currently, there is no consensus on the 
overall risk/benefit of testing in the remaining majority of primary 
prevention ICD recipients, but assessing defibrillation efficacy at 
implant remains the legal standard of practice and the recom-
mendation of the Heart Rhythm Society.

Figure 116-3.  Implant testing. A, Relationship between defibrillation probability of success curve (left upper panel) and measured defibrillation threshold (DFT, right upper 
panel) during repeated testing in an individual patient using a binary search protocol (lower panel) starting at 12 J, the shock strength with a 50% probability of success 
(DF50). The process defined by the binary search protocol results in a single value, which the clinician records as “the patient’s DFT.” The right upper panel shows the statisti-
cal distribution of 50,000 simulated repetitions of the DFT process. Even for the most frequently measured DFT value (16 J), there  is only about a one-third chance that 
repeating the process will yield the same result. The mean measured DFT is 14.9 J, corresponding to the DF68. However, one standard deviation of measured DFTs extends 
from the DF30 to the DF87. B, Vulnerability testing. The cardiac vulnerable zone is the range of shock strengths and coupling intervals after the R wave or pacing pulse 
that induces VF. Left, The vulnerable zone is shown as a rhomboid-shaped region in a two-dimensional space defined by time (coupling interval) on the abscissa and shock 
strength on the ordinate. The upper border (ULV) and the lower borders (ventricular fibrillation [VF] threshold) are defined by shock strength. Note that the ULV will be 
identified accurately only if a shock times at the most vulnerable interval corresponding to the peak of vulnerable zone. Because this interval cannot be determined from 
first principles, clinical vulnerability testing requires a scan of several shocks timed at  intervals close to the peak of the T wave. The inner (left) and outer (right) borders, 
denoted by dotted vertical lines, are defined by time (coupling interval). The interval during which shocks induce VF is the vulnerable period. Right, An idealized defibrilla-
tion probability-of-success curve. The ULV closely approximates the shock strength that defibrillates with a probability of 90% (DF90). 

(A, Reprinted and modified from Smits K, Virag N: Impact of defibrillation test protocol and test repetition on the probability of meeting implant criteria. Pacing Clin Electrophysiol 
34:1515–1526, 2011.)

0 0

10

20

30

40

50

10
20
30
40
50
60
70
80
90

100

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28

8J 12J

16J

20J

10J5J 24J

28J

305 10 15

-SD

+SD

Mean DFT

DF50 = 12 J

Mean DFT = 14.5 J

Shock Energy (J)

First Shock

12 J

8 J

20 J

Success

Success

Success

SuccessFailure
Failure

Failure

5 J

16 J

24 J

24 J

10 J

Second Shock Third Shock Fourth Shock

Measured DFT

F
re

q
u

en
cy

 (
%

)

D
ef

ib
ri

lla
ti

o
n

 s
u

cc
es

s 
(%

)

20 25 30
A

C

B



IMPLANTABLE CARDIOVERTER DEFIBRILLATOR: CLINICAL ASPECTS  1155

116 

Programming Detection and Therapy  
for VT/VF

When delivered for hypotensive VT/VF, ICD therapies reduce 
mortality, prevent hospitalizations, and improve quality of life. 
However, ATP may be proarrhythmic, and shocks are painful and 
cause acute adverse physiological effects, although their clinical 
significance is debated.18 Thus programming to minimize unnec-
essary therapies is a major focus of managing ICD recipients. We 
distinguish between the narrower term inappropriate therapy 
delivered during a rhythm other that VT/VF and the broader 
term unnecessary therapy that also includes therapies for VT/VF 
that would have terminated if therapy had been delayed. Strategic 
programming reduces unnecessary therapies19 and, rarely, pre-
vents fatal outcomes.

Detection Zones

Detection is the algorithm by which an ICD processes (i.e., counts, 
measures, sorts) sensed signals to classify the rhythm and decide 
whether therapy should be delivered. Detection of VF and fast, 
hemodynamically unstable VT should be highly sensitive. With 
limitations of present technology, this sensitivity requires some 
inappropriate detection of supraventricular tachycardia (SVT). 
Detection of hemodynamically stable (usually slower) VT should 
be more specific, and some delay in detection is acceptable.

Tiered-therapy ICDs have up to two ventricular rate-detection 
zones that permit programming of zone-specific therapies and 
SVT-VT discriminators (Figure 116-4). Different ICDs with 
identical zone programming may classify the same, irregular 
rhythm in different zones, depending on the method of counting 
used. Most methods require that only 60% to 80% of consecutive 
intervals fulfill the interval criterion. The two slower zones are 
classified as VT zones, and the fastest one as a VF zone. The 
sinus-VT rate boundary should be slow enough to ensure detec-
tion of all hemodynamically compromising VTs. The boundary 
between the two VT zones should be based on the cycle length 
at which different durations for detection or different ATP is 
preferred. The VT-VF rate boundary is based on the cycle length 
below which shocks should not be delayed for more than one trial 
of ATP. Because most ventricular arrhythmias treated in the VF 
zone are in fact monomorphic VT, many newer ICDs permit one 
sequence of ATP before or during charging in the VF zone. 
However, ATP during charging has the same battery cost as a 
shock and increases the likelihood that shocks will be delivered 
for self-terminating VT because the confirmation process after 

waveform is a consideration if it is an option,18 but there is no 
evidence that altering a predicted optimal waveform (as opposed 
to a predicted suboptimal one) improves defibrillation efficacy.9

At intervals, consider whether there are new factors that 
cannot be corrected at implantation (Step 1). If so, testing may 
be better performed on another day after the problem has been 
resolved, possibly with a drug that lowers DFT, such as sotalol 
or dofetilide. In the absence of reversible factors, consider an 
epicardial lead system (Step 5).

Figure 116-4.  Implantable  cardioverter  defibrillator  (ICD)  rate  detection  zones. 
Some  ICDs  permit  programming  of  an  additional  monitor-only  zone. The  upper 
panel  shows  programming  for  secondary  prevention  patients.  The  lower  panel 
shows programming for primary prevention patients. See text for details. 
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Box 116-1 Stepwise Approach to the Patient With a High 
Defibrillation Threshold

Step 0: Prevent High DFTs
Before implantation:

• Consider risks and benefits of continuing or withdrawing 
drugs that might increase DFT.

• Optimize medical therapy for heart failure.
• Drain left pleural effusion.

At implantation:
• Position right ventricle electrode tip distally (before 

testing).
• For dual-coil leads, ensure appropriate position of 

proximal coil in high superior vena cava or innominate 
vein; exclude proximal coil if it is low in the atrium.

• Set right ventricular polarity to anode for phase 1 if not 
nominal.

• Optimize waveform duration for shock pathway 
impedance if programmable.

• Use a high-output generator (≥ 35 J).
• Confirm high-voltage connections: correct connections of 

right ventricle and superior vena cava electrodes and 
integrity of current paths using impedance assessed by 
low-voltage pulses.

Step 1: Identify and Correct Acutely Reversible Causes
Correctable at implantation:

• Metabolic: hyperkalemia, hypoxemia, hypercapnia, and 
acidemia as a result of deep sedation

• Ischemia
• Alternate current paths
• Left pleural effusion or hemothorax; pericardial effusion or 

hemopericardium
• Retained guidewire
• Fragments of old intracardiac or intravascular electrodes
• High shock pathway resistance (e.g., pneumothorax)

Not correctable at implantation:
• Myocardial depression
• Pharmacologic (e.g., amiodarone, verapamil, lidocaine)
• Prolonged procedure with multiple fibrillation-

defibrillation episodes

Step 2: Alter Transvenous Shock Vector
• Exclude proximal coil if low.
• For a right-sided implant, exclude can or use inactive can.
• Add separate coil (e.g., left subclavian vein, azygos vein, 

coronary venous branch, inferior vena cava).

Step 3: Implant Subcutaneous Electrode or  
Electrode Array
Step 4: Consider Epicardial System
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4. Frequent delivered or aborted shocks deplete the ICD’s 
battery, but ATP does not.

5. Shocks cause myocardial injury, but ATP does not.
6. The risk of death is higher if fast VT is terminated by 

ATP than if it is terminated by shocks,27 although a 
causal relationship has not been established.

However, ATP may fail for reasons that do not affect shocks, 
such as pacing-induced T-wave oversensing, rise in pacing 
threshold, or conduction block between the pacing site and the 
reentry circuit. Multiple ineffective ATP sequences may delay an 
effective shock, permitting syncope. Overtreatment of self-
terminating VT is more common with ATP than with shocks 
because ATP is delivered immediately after detection, whereas 
shocks are delayed 6 to 15 seconds. Rarely, ATP may be proar-
rhythmic or accelerate hemodynamically stable VT into unstable 
VT/VF.

Early studies in secondary prevention patients reported that 
ATP terminated 80% to 95% of spontaneous, slower VT (cycle 
length >320 ms)24 and ≥70% of fast VT (cycle length 
240-320 ms),25 with low rates of acceleration (1-5%) and syncope. 
However, these studies were performed with short detection 
durations of 12 to 16 beats, and evidence suggests that many of 
these VTs would have terminated spontaneously if duration had 
been longer, particularly in primary prevention patients. In the 
PREPARE study, the duration for detection of fast VT was 30/40 
beats. The adjusted success rate for ATP was only 49%, and at 
least 85% of fast VTs lasting greater than or equal to 12 beats 
terminated spontaneously.22 In the RELEVANT study, 90% of 
fast VTs lasting greater than or equal to 12 beats terminated 
spontaneously.20

A randomized, controlled trial of ATP for fast VT reported 
that adaptive burst pacing with a constant cycle length (88% of 
the VT cycle length) was more effective than adaptive ramp 
pacing (in which the interpulse interval shortens progressively 
during the pacing train) and had a lower incidence of accelera-
tion.28 Usually, adaptive burst cycle lengths should be pro-
grammed to 85% to 90% of the VT cycle length for faster VTs 
and 70% to 80% for slower VTs.24 ATP should be programmed 
empirically in most patients, even if its efficacy has not been 
assessed.19

Strategic Programming in Specific  
Patient Populations

In secondary prevention patients with clinical monomorphic VT, 
the VT interval should be set at least 40 ms longer (10-20 beats/
min slower) than the slowest VT. Three-zone programming is 
indicated in many such patients to permit different ATPs for two 
distinct rates of VT. Typical values for these rate boundaries are 
350 to 500 ms for slower VT, 350 to 300 ms for faster VT, and 
300 to 240 ms for VF. In the VT zone, therapy is programmed 
to two to four bursts of ATP, followed by maximum output shocks 
to maximize the likelihood of terminating AF and minimize the 
risk of inducing VF by shocks weaker than the ULV. In the fast 
VT zone, therapy includes one to two bursts of ATP followed by 
maximum output shocks. In the VF zone, ATP during or before 
charging is programmed, followed by shocks, with shock strength 
determined by implant testing or at maximum output. Program-
ming multiple zones is associated with fewer shocks when the VT 
detection interval is greater than 300 ms.29

As a group, primary prevention patients have fewer VT epi-
sodes with faster ventricular rates than secondary prevention 
patients with monomorphic VT.30 Informed by this observation, 
strategic programming reduces unnecessary shocks based on 
principles summarized in Box 116-2: (1) longer detection time 
(up to 30 to 40 beats or 10 s) to reduce detection of self-
terminating VT or SVT that only crosses the rate boundary 

charging (also called reconfirmation) is less specific than the usual 
redetection process after ATP. Shorter programmed cycle lengths 
for VT detection intervals reduce shocks, primarily by avoiding 
therapy for SVT,19 but they risk not detecting slower hemody-
namically significant VTs, rarely with fatal consequences.

Duration for Detection

Duration is the time or number of intervals required to satisfy 
the rate criterion. Two prospective randomized trials of primary 
prevention patients reported fewer shocks using a duration of 30 
beats for fast VT/VF (up to 10 s) without a significant increase 
in syncope or death.19,20 An observational study reported reduc-
tion in shocks when the number of intervals was greater than or 
equal to 24.21

The effect of duration for the slower VT zone on shock reduc-
tion has not been studied systematically. However, a short dura-
tion for VT may increase the risk of inappropriate shocks for 
SVT, even if ATP is programmed.22 It seems likely that the dura-
tion of up to 30 beats studied for fast VT should be safe and 
preferred for slower VT, except when consecutive interval count-
ing is applied to irregular VTs. Redetection time for VT should 
be increased from nominal if VT is well tolerated but ATP is not.

Supraventricular Tachycardia Versus Ventricular 
Tachycardia Discriminators

SVT-VT discriminators are a programmable subset of an ICD’s 
detection algorithm for VT/VF that withhold ventricular therapy 
for SVT to improve specificity (see Chapter 117).4 SVT discrimi-
nators should be used in all patients with adequate AV conduction 
in whom a VT zone is programmed. Dual-chamber discrimina-
tors should be programmed in those with a stable, functioning 
atrial lead. Usually, morphology algorithms that include the far-
field (high-voltage) ventricular EGM are the most reliable single-
chamber discriminators.23 Dual-chamber algorithms combine 
single-chamber discriminators with an absolute measure of atrial 
rate, comparisons of atrial and ventricular rates, and measures of 
AV association.4,24,25

SVT-VT discriminators apply in a range of cycle lengths 
bounded on the slower end by the VT detection interval and on 
the faster end by a minimum cycle length that varies among 
manufacturers. Programming a sufficiently short minimum cycle 
length for SVT-VT discrimination is critical for reliable rejection 
of SVT. In clinical trials, about 25% of inappropriate therapies 
have been caused by SVT with ventricular cycle length shorter 
than this minimum value. Prospective comparative studies have 
reported superiority of specific SVT-VT discriminators over 
others in bench simulations23 or clinical trials.26

Ventricular Antitachycardia Pacing

Antitachycardia pacing has become the primary ICD therapy for 
VT because it has advantages over shocks:

1. Shocks reduce quality of life, but ATP does not.
2. ATP delivered inappropriately for SVT either terminates 

SVT or slows the ventricular rate during atrial fibrillation 
(AF) below the VT detection rate in about 50% of 
episodes. Thus inappropriate ATP may prevent 
inappropriate shocks.

3. The response to ventricular or dual-chamber ATP that 
does not terminate tachycardia can be used to 
differentiate VT from sinus or atrial tachycardia with  
1 : 1 AV conduction and thus to optimize ICD 
programming.4
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Monitoring of Comorbidities: Heart Failure and 
Atrial Fibrillation

Networks developed for remote monitoring of ICDs can be used 
to monitor comorbidities. Heart failure is the most studied 
comorbidity because of its importance in ICD patients. The 
utility of physiological parameters that can be measured directly 
by conventional ICD electrodes (including intrathoracic 
impedance-based estimates of pulmonary congestion) to predict 
heart failure exacerbation is the subject of continuing 
investigation.

AF is the most frequently detected actionable finding in ICD 
patients undergoing remote monitoring.33 It may precipitate VT/
VF, trigger inappropriate shocks, and exacerbate heart failure 
(especially in cardiac resynchronization patients), and it is a major 
risk factor for stroke. Continuous monitoring shows that AF with 
a rapid ventricular rate identifies patients at up to a fivefold 
increased risk of shocks.21 Remote ICD monitoring of patients 
with infrequent paroxysmal AF might permit safe withdrawal of 
anticoagulation.

Common Clinical Issues  
(Oversensing and Shocks)

Common clinical presentations in ICD patients include shocks, 
ineffective therapy, and failure to deliver therapy. Management 
tools include clinical data (history, chest radiography), ICD-
stored EGMs (Figure 116-5), and other data (e.g., programming, 
lead impedance values and trends).

Diagnosing Shocks

Figure 116-6 summarizes our three-step approach to the patient 
who presents with a shock:

1. Determine whether it was delivered in response to 
oversensing or a tachycardia.

2. Determine whether the tachycardia was VT or SVT.
3. Determine whether the VT could have been treated with 

ATP.

Oversensing
Nonarrhythmic physiological or nonphysiological signals may be 
oversensed and detected as arrhythmias. Nonphysiological signals 
usually are extracardiac. Physiological signals may be intracardiac 
(P, R, or T waves) or extracardiac (myopotentials; Figure 116-7). 
Oversensing accounts for approximately 8.5% of inappropriate 
shocks in long-term follow-up.34

Oversensing of physiological intracardiac signals results in 
two device-detected R waves for each cardiac cycle. P wave over-
sensing and R wave double-counting occur as alternating cycle 
lengths. T wave oversensing occurs as alternating morphologies. 
P wave oversensing can occur if the distal coil of an integrated 
bipolar lead is too close to the tricuspid valve. R wave double-
counting occurs if the duration of the sensing EGM exceeds the 
ventricular blanking period of 120 to 140 ms. T wave oversensing 
often occurs in the setting of low-amplitude R waves. Newer 
ICDs implement specific features to reduce T wave oversensing 
including higher-frequency high-pass filters for sensing and a 
specific algorithm based on pattern and differential frequency 
content of R waves versus T waves.

The hallmark of oversensing of extracardiac signals is the 
replacement of the isoelectric baseline with nonphysiological 
signals that have no fixed relationship to the cardiac cycle. Exter-
nal electromagnetic interference usually is continuous. Signal 

transiently20; (2) sinus–VT/VF boundary in the range of 330 to 
300 ms (180 to 200 beats/min) usually rejects SVTs in adults on 
β-blockers, yet rarely withholds therapy from hemodynamically 
significant VTs; (3) systematic programming of SVT-VT dis-
criminators in patients capable of rapid AV conduction; and (4) 
programming of ATP in all detection zones.19 One or two-zone 
programming is recommended.

Single-zone programming with a sinus-VF boundary in the 
range of 300 to 280 ms may be considered for patients whose 
only arrhythmia is polymorphic VT/VF (e.g., long QT syn-
drome) or pediatric patients with rapid maximum sinus rates.

Patient Alerts, Clinical Follow-up,  
and Remote Monitoring

Patient Alerts

Implantable cardioverter defibrillators provide alerts for various 
conditions, including potential programming errors (e.g., VF 
detection or therapy OFF), battery depletion, AF with rapid 
ventricular rate or prolonged duration, and suspected lead failure. 
Alerts include audible tones, pulse generator vibration, and wire-
less Internet transmissions. Remote monitoring is invaluable in 
determining the cause of an alert. A lead integrity alert (discussed 
later) reduces inappropriate shocks caused by lead failure.31

Remote Monitoring

The goals of ICD follow-up are to ensure device function and to 
provide health care professionals with access to stored diagnostic 
data. Historically, patients made routine clinic visits at quarterly 
intervals. Remote Internet-based monitoring permits patients to 
transmit almost all device data, reducing the need for clinic visits. 
In ICDs with standard, short-range telemetry, patients actively 
initiate transmissions by holding an inductive telemetry wand 
over the pulse generator. ICDs with “wireless telemetry” auto-
matically transmit stored data. This permits immediate or daily 
transmission of alerts related to ICD malfunction or spontaneous 
arrhythmias and monitoring of comorbidities. In either approach, 
ICD data are transmitted to a secure server and then to the health 
care professional.26

Remote monitoring reduces the burden on the health care 
system by reducing in-office visits,32,33 improves adherence to 
follow-up,32,33 and increases the fraction of interactions with 
health care providers in which ICD programming or patient 
therapy is altered.32 Wireless remote monitoring improves patient 
care by shortening time for decision-making after clinical events 
and reducing the length of cardiovascular hospitalizations.33

Box 116-2 Programming for Shock Reduction

1. Long detection times (30/40 beats, up to 10 s)
2. Fast VT detection rate (>180 beats/min, <330 ms)
3. SVT-VT discriminators turned on (<230 beats/min, 

>260 ms)*
4. ATP in all detection zones

VT, Ventricular tachycardia; SVT, supraventricular tachycardia; ATP, 
antitachycardia pacing.
*As long as AV conduction is normal and discriminator is reliable.
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Figure 116-5.  Interpretation of implantable cardioverter defibrillator (ICD) electrogram (EGM). The continuous stored EGM shows atrial (RA), near-field integrated-bipolar 
(RV Sense), and far-field (Shock) EGMs. Dual-chamber marker channel displays atrial intervals above and ventricular intervals below the line. The atrial rhythm throughout 
is atrial fibrillation (AF; marker channel). The first  three ventricular  intervals are paced at 1200 ms (50 bpm). The fourth beat shows the onset of  regular tachycardia that 
accelerates to a cycle length of 300 to 290 ms. The vertical line denotes interruption of recording after onset of tachycardia until just before VF is detected initially (V-Epsd 
at end of top panel). Persistence of device-detected “VF” is confirmed in the middle of the  middle panel (V-Detect) followed by ATP in the VF zone that terminates tachy-
cardia. Because antitachycardia pacing (ATP) was delivered in the VF zone, the ICD does not undergo a full redetection process, but rather a more limited reconfirmation 
process. It begins to charge (Chrg) when two of three ventricular intervals after ATP are classified in the ventricular tachycardia (VT) zone. ATP is followed by posttherapy 
pacing  for 5 beats at 855 ms  (70 bpm).  In  the  lower panel, “Chrg Dvrt”  indicates  that  the  ICD classifies  the tachycardia episode as completed so that  the charge on the 
high-voltage capacitors is dissipated. Thus, the patient is spared a shock, but the battery loses the corresponding energy. The last two ventricular EGMs in the lower panel 
represent slowly conducted AF and differ markedly in morphology from tachycardia EGMs. The ICD’s classification of this rhythm based on rate alone is “VF.” The ICD does 
not apply SVT-VT discriminators in the VF zone. The physician’s classification is monomorphic VT during AF based on the abrupt onset of rapid, regular tachycardia with 
morphology different from conducted beats during AF that terminates distinctly with ATP. The ICD may be reprogrammed so that this tachycardia is classified in a VT zone 
to increase the likelihood that ATP will be delivered without charging. 
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Figure 116-6.  Approach to the patient with implantable cardioverter 
defibrillatory shocks. Analyze stored

and clinical data

No tachyarrhythmia
(oversensing)

Intracardiac
signals

Extracardiac
signals

SVT
(inappropriate

detection)

VT/VF
(appropriate
detection)

Unnecessary shock
(ATP preferred)

Necessary shock
(VF or ATP unsuccessful)

Tachyarrhythmia

Figure 116-7.  Oversensing  of  physiological  intracardiac  signals  (A-C)  or  nonphysiological  extracardiac  signals  (D-F),  resulting  in  inappropriate  detection  of  ventricular 
fibrillation (VF). A, P wave oversensing in sinus rhythm from an integrated bipolar lead with distal coil near the tricuspid valve. B, R wave double-counting during conducted 
ventricular tachycardia (VT)/VF (atrial fibrillation) in a biventricular-sensing implantable cardioverter defibrillator. C, T wave oversensing in a patient with low-amplitude R 
wave (note mV calibration marker). D, Electromagnetic interference from a power drill has a higher amplitude on a widely spaced, high-voltage EGM than on closely spaced 
true bipolar sensing EGM. E, Diaphragmatic myopotential oversensing in a patient with an integrated bipolar lead at the right ventricle (RV) apex. Note that the noise level 
is constant, but oversensing does not occur until automatic gain control increases the gain sufficiently, approximately 600 ms after the sensed R waves. F, Lead fracture 
shows intermittent saturation of amplifier range (arrow). HV, High-voltage; RA, right atrium. 
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if a patient presents with a change in shock pattern, even a single 
shock after a long shock-free period.

Patients who have single or infrequent shocks should send an 
immediate remote-monitoring transmission to permit prompt 
diagnosis. If this is not possible, the ICD should be interrogated 
within 24 to 48 hours. In contrast, repetitive shocks constitute an 
emergency. Shocks for VT may be reduced by antiarrhythmic 
drugs, β-blockers, and VT ablation, in addition to programming 
strategies described previously. Retrospective data suggest that 
statins also reduces shocks.39 Box 116-3 summarizes interactions 
between antiarrhythmic drugs and ICDs. Drugs that slow VT 
may result in failure to detect VT if the detection interval is not 
increased. Shocks for self-terminating VT may be prevented by 
reprogramming shock confirmation or episode termination in 
addition to duration for detection. Oversensing may require 
reprogramming or system revision. Shocks for SVT may be cor-
rected by reprogramming (rate zones or SVT-VT discriminators; 
Figure 116-8) or treatment with β-blockers, antiarrhythmic 
drugs, or ablation.

If a patient receives repetitive shocks caused by SVT or over-
sensing, VT/VF detection may be disabled using a programmer 
or magnet. Repetitive shocks for VT may be caused by recurring 
episodes of VT after successful shock termination of VT (VT 
storm) or by multiple unsuccessful shocks for a single episode. 

amplitude is greater on the high-voltage, far-field EGM recorded 
from large, widely spaced electrodes than on the sensing EGM 
recorded from smaller, closely-spaced electrodes. Myopotentials 
have variable duration. Pectoral myopotentials are more promi-
nent on the high-voltage EGM, and diaphragmatic myopoten-
tials are more prominent on the sensing EGM.

Recognition of lead-related oversensing is important because 
the ICD may not deliver adequate pacing or shocks when needed. 
Further, an inappropriate shock into a faulty lead may be strong 
enough to induce VF (if applied in the vulnerable period) but not 
defibrillate it. Signals caused by pace-sense lead or connector 
(header, adapter, or set-screw) problems are recorded only on the 
sensing EGM, except for right-ventricular, high-voltage conduc-
tor failure in an integrated bipolar lead and concomitant failure 
of a high-voltage conductor. A newly implemented lead noise 
algorithm uses this combination of rapid oversensing with a 
normal high-voltage signal to withhold shocks because of pre-
sumptive lead failure.35 Nonphysiological signals caused by con-
ductor fractures have characteristic signals that are intermittent, 
high-frequency, and highly variable.36 Highly specific findings 
include saturation of the sensing amplifier with an entirely normal 
far-field signal and initiation or exacerbation by pacing. Tran-
sient, subclinical, repetitive, nonphysiologically short intervals 
within 20 ms of the ventricular blanking period are characteristic 
of conductor fractures, but may be a result of other causes of 
oversensing including electromagnetic interference (EMI). The 
lead integrity alert responds to repetitive short intervals and/or 
abrupt changes in pace-sense impedance to warn of lead failure.31 
Pacing impedance is normal in approximately half of conductor 
fractures31 but is almost always abnormal in connection problems 
between the lead and header.36 Insulation breaches of inner insu-
lation with or without breaches of silicone or polyurethane outer 
insulation also cause oversensing. These signals may present as 
isolated spikes, and inappropriate detection of VT/VF may occur 
less frequently with insulation breaches than with conductor 
failure.

Ventricular Tachycardia Versus Supraventricular Tachycardia
If stored EGMs indicate a shock was delivered in response to a 
true tachycardia, the second step in diagnosis is to determine 
whether the rhythm is VT or SVT. Established principles of 
electrocardiogram (ECG) and EGM analysis usually lead to  
the correct diagnosis.36 For single-chamber ICDs, diagnosis is 
based on the tachycardia onset and the morphology and regular-
ity of the ventricular EGM. A real-time, reference sinus EGM 
should be recorded with the patient in the same position in which 
the episode occurred to remove effects of postural changes in 
EGM morphology. For dual-chamber ICDs, analyses of the 
chamber of onset, atrial and ventricular rates, AV relationships, 
and response to unsuccessful ATP provide key information. 
Experts agree on the diagnosis of SVT or VT more frequently 
when reviewing dual-chamber EGMs than single-chamber 
EGMs.37

Approach to the Patient With Shocks

ICD shocks remain the only effective therapy for many life-
threatening episodes of VT/VF, but they have important adverse 
effects including psychosocial consequences and immediate det-
rimental effects on contractility. Shocks for VT/VF or rapidly 
conducted AF are associated with increased mortality over weeks 
to months, primarily because of heart failure.38 Although the 
primary cause of this excess mortality is underlying disease rather 
than the shocks themselves,18,34 the approach to the patient 
requires not only diagnosis and treatment of the immediate cause 
of shocks but also consideration of treatments to reduce delayed 
mortality. Heart failure and ischemia status should be reassessed 

Box 116-3 Interactions Between Drugs and Implantable 
Cardioverter Defibrillators

Frequency of Ventricular Tachycardia or Fibrillation
Increased

• Antiarrhythmic drugs
• Drugs with proarrhythmic side effects
• Drugs that interact with proarrhythmic drugs

Decreased
• β-Blockers
• Antiarrhythmic drugs

Consideration for Detection of Ventricular Tachycardia or 
Fibrillation
VT Rate

• Decrease (class IC, amiodarone)

SVT Ventricular Rate
• Decrease (β-blockers, amiodarone, sotalol)
• Increase (class IC drugs, 1 : 1 conduction of atrial flutter)

ICD SVT-VT Discrimination Algorithms
• VT interval stability (IC, amiodarone—more irregular)
• Altered EGM morphology

Therapy for Ventricular Tachycardia or Fibrillation
Defibrillation Energy Requirement

• Increase (class IB, class IC, chronic amiodarone, 
verapamil)

• Decrease (sotalol, dofetilide)

Effects on Pacing
Elevated Thresholds (class IC)

• Bradycardia pacing
• Use-dependent effect during ATP
• More pacing-induced battery drain if drug-induced sinus 

bradycardia or atrioventricular delay

VT, Ventricular tachycardia; SVT, supraventricular tachycardia; ICD, implantable 
cardioverter defibrillator; EGM, electrogram; ATP, antitachycardia pacing.
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shock was delivered for VT/VF and if the shock truly failed to 
terminate the tachycardia.

Multiple unsuccessful high-output shocks for a regular  
tachycardia suggest sinus tachycardia because VT and nonsinus 
SVTs usually are terminated by one or two shocks. Shocks  
from chronic ICD systems that defibrillated reliably at implant 
fail to terminate true VT/VF because of either patient-related  
or ICD system–related reasons. Most patient-related causes  
can be reversed (e.g. hyperkalemia, hypoxemia, hypercapnia,  
acidemia, ischemia), but many system-related causes require 
operative intervention. These include insufficient delivered shock 
strength, battery depletion, lead dislodgment or failure,  
device-lead connection problems, or generator malfunction.  
ICD data should be reviewed for excessive detection time, exces-
sive charge time, evidence of lead or connection failure, mis-
match between programmed and delivered shock strength 
suggesting a short circuit, or out-of-range high-voltage 
impedance.

Therapeutic approaches differ. Treatment of VT storm requires 
reversal of precipitating events and/or antiarrhythmic therapy. 
Causes include acute ischemia, exacerbation of heart failure, 
metabolic abnormalities (e.g., hypokalemia, amiodarone-induced 
hyperthyroidism), and drug effects (e.g., proarrhythmia or non-
compliance). Diagnosis of acute coronary syndromes during VT 
storm is difficult, because shocks can cause changes in repolariza-
tion and elevations of troponin I. Therapy may include β-blockers 
or antiarrhythmic drugs (sotalolol, amiodarone), catheter abla-
tion, or neuraxial modulation.40

Unsuccessful Shocks

Because defibrillation success is probabilistic, some shocks fail, 
but failure of two maximum-output shocks is rare if the safety 
margin is adequate. If an ICD classifies a shock as unsuccessful, 
stored EGMs must be reviewed to determine both whether the 

Figure 116-8.  Inappropriate shock for 1 : 1 conduction of an atrial flutter asymptomatic patient with ischemic cardiomyopathy. Right atrial (RA) and right ventricular (RV) 
true bipolar sensing EGMs are displayed together with dual-chamber marker channel. The top left panel shows a 1 : 1 regular tachycardia with short RP interval and cycle 
length of 230 ms detected in the VF zone. Ventricular antitachycardia pacing (ATP) does not terminate tachycardia, but marker channel shows AV dissociation during ATP, 
permitting diagnosis of atrial flutter (vs. VT with 1 : 1 ventriculoatrial conduction). The upper right panel shows end-of-charging (CE) followed by confirmation that tachycardia 
persists and shock delivery (CD, arrow). Shock terminates atrial flutter and causes distortion of ventricular EGM after a shock. Long-term plots in the bottom panel show that 
atrial fibrillation (AF) or flutter began about 6 weeks before this event, and the ventricular rate approached or exceeded the single-zone detection rate of 187.5 beats/min 
(320 ms) three times before this shock. If the patient had either audible or wireless remote monitoring alerts activated for persistent AF or AF with rapid ventricular rate, 
his arrhythmia or rapid ventricular rate, or both, would have been detected while he was asymptomatic, and he would not have been exposed to the thromboembolic 
risk of atrial cardioversion without anticoagulation. Ab, atrial EGM in postventricular atrial blanking period; FS, ventricular interval in the VF zone; FD, detection of VF based 
on duration criterion; TP, ATP (during capacitor charging). 
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Prolonged exposure can inhibit pacing and detection of VT/VF, 
cause inappropriate detection of VT/VF, or (in some ICDs) 
program VT/VF detection OFF. Some industrial sources pose 
sufficient risks (e.g., arc welding, power tools, large magnets) that 
ICD EGMs and marker channels should be recorded while the 
patient is exposed to them, preferably with the ICD in a monitor-
only mode.

Medical Sources of Electromagnetic Interference
Medical sources are common and most frequently associated with 
surgical procedures, magnetic resonance imaging, and left ven-
tricular assist devices.

Surgical procedures Risk factors for oversensing of surgical 
electrocautery (electrosurgery) include use of monopolar electro-
surgery (between a pen and a remote dispersive ground elec-
trode), surgical site proximity to the ICD or sensing electrodes, 
and a current path within 6 inches of the ICD.45 Professional 
societies’ recommendations differ in details,33,46,47 but all agree 
that preoperative determination of pacemaker dependency, ICD 
model, and planned use of electrosurgery inform intraoperative 
management, which may include magnet application or periop-
erative reprogramming (Box 116-4). A magnet placed over an 
ICD disables detection of VT/VF but does not alter pacing 
mode. This differs from the effect on a pacemaker, which paces 
asynchronously. Surgical procedures that do not require electro-
surgery, or for which the wound and dispersive ground pad are 
both below the umbilicus, have a low risk of EMI and may not 
require any intervention.33 Intraoperative monitoring of ECG 
and peripheral pulse (arterial line, plethysmography, or oxygen 
saturation monitor) are required.

Other medical procedures If possible, cardioversion of AF 
should be performed through the ICD. When external cardiover-
sion is required (especially in patients with single-coil leads), 
defibrillation pads should be placed at least 8 inches from the 
pulse generator. Because radiation therapy can damage ICD cir-
cuitry, ICDs should be shielded or moved to the contralateral 
side. Radiofrequency catheter ablation should be performed as 
far as possible from ICD electrodes, VT/VF detection should be 
disabled, and the inhibition of pacing should be anticipated.

Magnetic resonance imaging Magnetic resonance imaging 
(MRI) exposes ICD patients to risks because of mechanical forces 
generated by the static magnetic field, heat consequent to radio-
frequency fields, and current induced by gradient magnetic 
fields.48 Case series and prospective studies report safe MRI 
imaging in ICD patients by implementing rigorous risk mitiga-
tion strategies and using a team approach including electrophysi-
ologists, radiologists, and imaging physicists.49 Strategies 
include preimaging and postimaging ICD interrogation; dis-
abling VT/VF detection during scanning; monitoring blood 
pressure, ECG, and oximetry during scanning; limiting the 
tissue-specific absorption rate (SAR) during imaging to less than 
2 W/kg; and excluding patients with systems implanted within 4 
to 8 weeks, patients with abandoned leads, and pacemaker-
dependent patients because ICDs cannot be programmed to an 
asynchronous pacing mode.

Left ventricular assist devices In patients with left ventricular 
assist devices (LVADs), VT/VF is common and associated with 
adverse outcomes, possibly because of the loss of right ventricular 
preload.50 LVADs affect ICD pacing and sensing function and 
generate electromagnetic signals that can be oversensed or inter-
fere with telemetry.51 Immediately after LVAD placement, R 
waves become smaller, right ventricular thresholds increase, and 
pacing impedance drops. These changes, which can be caused by 
left ventricular core removal for cannula insertion and post-LVAD 

ICDs misclassify effective therapy as ineffective if VT/VF 
recurs before the ICD determines that the VT/VF episode has 
terminated or if the postshock rhythm is SVT in the VT rate 
zone (catecholamine-induced sinus tachycardia or shock-induced 
AF). Solutions to the latter problem include applying SVT-VT 
discriminators to redetection of VT if programmable, increasing 
shock strength to prevent shock-induced AF, or administering 
β-blockers to slow postshock SVT.

Other Common Clinical Issues

Failure to Deliver Therapy or Delayed Therapy

Delayed therapy and failure to deliver therapy may be caused  
by programming or the ICD system. VT/VF is not detected  
if the ICD is inactivated, VT is slower than the VT detection 
interval, SVT-VT discriminators diagnose SVT, or sensing is 
impaired by device-device or intradevice interactions.36 VF 
may be underdetected as a result of programming (sensitivity, 
rate, or duration), low-amplitude EGMs, rapidly varying  
EGM amplitude, drug effects, or postshock tissue changes. Lead, 
connector, or generator malfunction can prevent delivery of 
therapy.

Psychosocial, Lifestyle, and End-of-Life Issues

ICD patients may experience anxiety about shocks, but they may 
also feel protected from sudden death.41 Patients with VT/VF 
have similar quality of life when treated with ICDs or antiar-
rhythmic drugs, but ICD shocks are associated with reduced 
quality of life. ICD recipients may benefit from counseling, edu-
cation, and support groups.42

Specific guidelines for driving and flying43 are based on 
arrhythmia symptoms and frequency. Patients in whom ICDs are 
implanted for primary prevention are not restricted from driving 
personal cars (as opposed to commercial vehicles). Guidelines 
recommend that patients refrain from all driving for 6 months 
after each shock, and for 6 months after ICD implantation for 
secondary prevention. Even though most patients resume driving 
earlier, accidents in ICD recipients occur less often than in the 
general driving population.

Twenty percent of ICD patients receive painful shocks in their 
last weeks of life. An expert consensus statement highlights legal 
and ethical issues related to withdrawal of ICD therapy to reduce 
suffering at end of life.44 A patient (or legally defined surrogate 
decision maker) has the right to request withdrawal of any 
medical therapy, regardless of whether its withdrawal results in 
death. Legally and ethically, deactivation of ICD therapy for VT/
VF is neither physician-assisted suicide nor euthanasia, but is 
removal of an unwanted treatment that allows the patient to die 
naturally from the underlying disease.

Electromagnetic Interference

EMI may result in temporary or permanent inactivation, inap-
propriate detection of VT/VF, or inappropriate pacing or inhibi-
tion of pacing.

Nonmedical Sources of Electromagnetic Interference
Routine use of household articles should not interfere with ICD 
function. Activated digital cellular phones should be held to the 
contralateral ear and should not be carried in the ipsilateral breast 
pocket. ICD patients may walk through airport metal detectors 
and electronic article surveillance devices at a normal pace. 
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ICD adds a 1% to 4% risk of infection at each pulse generator 
change for the rest the patient’s life, with higher risk when per-
formed at low-volume centers.54 When a new transvenous lead is 
added at the time of replacement or upgrade, the complication 
rate increases to 15%.55

Defibrillation testing adds risk related to shocks alone (e.g., 
thromboembolism), anesthesia required for shocks, and induc-
tion of VF. The latter include cerebral or myocardial ischemia, 
electromechanical dissociation, and refractory VF. Overall, the 
risk of major complications is probably about 1% and risk of 
death is about 0.2%.13

The most common late complications include inappropriate 
shocks and lead failures. In controlled studies, VT/VF occurs 2 
to 3 times as frequently in ICD patients as in control groups, 
suggesting that some VT/VF may be caused by ICD proarrhyth-
mia related to ventricular pacing56 or the defibrillation lead. Pro-
arrhythmia should be considered if the frequency of VT/VF 
increases after ICD implant or in association with a change in 
pacing mode.

Selecting the Appropriate Lead and Device

Dual-Chamber Versus Single-Chamber  
Transvenous ICDs

Dual-chamber ICDs provide dual-chamber pacing, diagnostics 
for AF, and SVT-VT discriminators that are not available in 
single-chamber ICDs. Dual-chamber–stored EGMs provide 
higher diagnostic accuracy than single-chamber ones.37 Disad-
vantages of dual-chamber ICDs include higher cost, atrial lead 
complications, and decreased longevity. Dual-chamber pacing 
modes that minimize ventricular pacing reduce the risk of heart 
failure as a result of obligatory right ventricular pacing. Random-
ized controlled studies24,25 and a meta-analysis showed a modest 
benefit of dual-chamber over single-chamber SVT-VT discrimi-
nation, with the greatest benefit in secondary prevention patients 
and in those in whom SVT and VT occur at overlapping ven-
tricular rates. Primary prevention patients are less likely to benefit 
because their monomorphic VT tends to be sufficiently fast that 
rate overlap with SVT is infrequent.30

Transvenous ICD Leads
Leads have always been the weakest link in ICD systems,57 and 
recent failures of conductors31 and insulation58 have drawn atten-
tion to the limitations of present multilumen lead technology, 
especially as more conductors are included in smaller lead bodies 
(≤8 Fr).

Dual-coil versus single-coil defibrillation leads Early reports 
indicated that dual-coil leads have slightly lower mean ventricular 
DFTs than single-coil leads. More recent analyses indicate that 
the effect of a dual-coil lead depends on multiple factors, includ-
ing location of the proximal electrode (superior vena cava, 
innominate junction superior to right atrium), shock waveform, 
and location of pulse generator (right- vs. left-sided).59,60 Atrial 
cardioversion is more effective with dual-coil than with single-
coil leads. EGMs recorded between the proximal coil and ICD 
housing record atrial signals that are useful for physician inter-
pretation of single-chamber–stored EGMs and may replace 
surface ECG electrodes during follow-up. However, dual-coil 
leads are more difficult to extract, although back-filling the coils 
with silicone and coating them with polytetrafluoroethylene 
(Gore-Tex) to prevent tissue ingrowth reduces this difficulty.

Integrated versus true bipolar sensing Modern integrated 
bipolar and true bipolar leads have similar sensing performance.61 

Box 116-4 Perioperative Management of Implantable 
Cardioverter Defibrillators

Preoperative Evaluation
• Determine whether electrosurgery will be used and the 

operative site in relation to pulse generator.
• Determine type and model of ICD and defibrillation lead 

(history, ICD identification card, chest radiograph).
• Assess whether the patient is pacemaker dependent.
• Assess ICD function if a full check is not performed within 6 

months.

Preoperative Preparation
Apply magnet if surgical site above umbilicus or integrated 

bipolar lead, surgical site above umbilicus.
Disable rate-responsive pacing, VT/VF therapies (and atrial 

therapies if programmed).
Position dispersive grounding pad to minimize current near 

ICD (e.g., apply to shoulder contralateral to ICD for head 
and neck surgery).

Intraoperative Management
Conduct ECG monitoring.
Monitor peripheral pulse (arterial line, plethysmography, 

pulse oximetry).
Be vigilant in pacemaker-dependent patients; magnet 

application does not result in asynchronous pacing.
Transcutaneous pacing and defibrillation pads (anterior-

posterior position) if feasible for pacemaker-dependent 
patients.

Use bipolar cautery, ultrasonic (harmonic) scalpel, or short 
bursts of electrosurgery.

Interrogate ICD Before Discharge from Telemetry If:
ICD was reprogrammed to disable detection or therapy of  

VT/VF or rate-responsive pacing.
Patient underwent cardiothoracic surgery.
Patient experienced clinically significant intraoperative 

arrhythmia.
Urgent surgery was performed above the umbilicus.
ICD cannot be evaluated within 1 month of procedure 

(including remote monitoring).
Procedure included delivery of energy that might alter pacing 

threshold or ICD programming (e.g., radiofrequency 
ablation, therapeutic radiation, cardioversion).

ICF, Implantable cardioverter defibrillator; VT, ventricular tachycardia; VF, 
ventricular fibrillation; ECG, electrocardiogram.

remodeling, infrequently require ICD system revision. Specific 
models of LVADs prevent telemetry communication with specific 
models of ICDs because the LVAD pulse-width modulator oper-
ates on a frequency close to the ICD’s telemetry signal.52

Complications

The principal surgical complications of ICDs are similar to those 
of pacemakers: lead dislodgment, pneumothorax, hematoma, 
infection, and cardiac perforation. With experienced operators, 
these combined complications total 3% to 5% for single- or 
dual-chamber ICDs.53 In addition, the decision to implant an 
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with attendant thromboembolic risk, tricuspid valve injury and 
its sequelae of valvular insufficiency, direct cardiac complications 
during MRI scanning, and risks and costs of transvenous extrac-
tion when lead removal is required. In addition, an S-ICD may 
be implanted without fluoroscopy if testing does not require a 
temporary transvenous electrode to induce VF. However, S-ICDs 
cannot perform antitachycardia, resynchronization, or long-term 
bradycardia or pacing. Given the pain and adverse physiological 
effects of shocks, lack of ATP presently is a significant 
limitation.

The first generation S-ICD has a larger generator than trans-
venous ICDs (70 vs. 30-40 mL) to produce the stronger shocks 
(maximum 80 J) necessary for defibrillation without an intracar-
diac electrode. A bench-testing comparison of SVT-VT discrimi-
nation reported that a simulated S-ICD (using cutaneous rather 
than subcutaneous electrodes) significantly outperformed two of 
three transvenous ICD systems tested.23 Early implant experience 
resulted in inappropriate shocks caused by physiological over-
sensing, including myopotential oversensing, R wave double-
counting, and T-wave oversensing, but most were resolved by 
reprogramming.64 Long-term data regarding specificity of 
sensing and detection are limited. The comparative reliability of 
subcutaneous and transvenous leads is not known.

Integrated bipolar leads have one fewer conductor to break. EMI 
is a greater problem for integrated bipolar leads because of the 
larger integrated bipolar antenna,6 but T wave oversensing may 
be a greater problem for true bipolar leads.

IS-4 connector Until recently, ICD leads connected to three 
separate ports in the generator header with three separate termi-
nal pins, one for the pace-sense bipole and one for each high-
voltage coil. The new IS-4 lead design has a single four-pole 
connector that connects to a single port on a smaller header. This 
design reduces bulk in the pocket, avoids stress at the trifurcation/
bifurcation point that may result in lead failure, and prevents 
accidental reversal of high-voltage connections to a shock vector 
that will not defibrillate.

Implantable Cardioverter Defibrillators With Only 
Subcutaneous Leads

A totally subcutaneous ICD (S-ICD) system is now approved in 
Europe but remains investigational in the United States.62,63 It 
eliminates morbidity associated with transvenous leads, including 
failure caused by repetitive cardiac motion, thrombus formation 
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American Society of Pacing and Electrophysiology (NASPE) and 
the British Pacing and Electrophysiology Group (BPEG). The 
most recent code consists of five letters (Box 117-1). The first 
position indicates the chamber or chambers that are stimulated: 
A (atrium), V (ventricle), or D (dual chamber, both A and V). The 
second position indicates the chamber or chambers in which 
sensing occurs: A (atrium), V (ventricle), or D (dual chamber, 
both A and V). The third position indicates the function: I (inhi-
bition), T (triggered), or D (a dual function of atrial tracking and 
ventricular inhibition). The fourth position of the code indicates 
that rate modulation is present by the letter R. Rate modulation 
is the use of a sensor to meet the patient’s metabolic demands, 
independent of intrinsic cardiac activity. The fifth position indi-
cates whether multisite pacing is present: A (atrium), V (ventri-
cle), or D (both A and V). Multisite pacing is defined as more 
than one stimulation site in any single chamber. In any of the 
positions, O indicates that pacing, sensing, or a function is not 
present.

Indications for Cardiac Pacing

Criteria established by a joint committee of the American College 
of Cardiology, the American Heart Association, and the Heart 
Rhythm Society have categorized indications for pacing as class 
I, generally indicated; class II, possibly indicated; and class III, 
not indicated.2 Class II has been divided into class IIa for recom-
mendations for which there is general agreement and class IIb 
for which there is some disagreement. The evidence supporting 
the recommendations are ranked. The weight of evidence is 
ranked A if there are multiple randomized trials involving a large 
number of subjects and B if data were derived from a limited 
number of trials involving a relatively small number of subjects. 
The weight of evidence is ranked C if expert consensus is the 
primary source of the recommendation.2 Although some indica-
tions for permanent pacing are relatively certain or unambiguous, 
others require considerable expertise and judgment. The clini-
cian prescribing permanent pacing systems should be aware of 
the indications and controversies regarding indications.

Acquired Atrioventricular Block

Acquired atrioventricular (AV) block is most commonly idio-
pathic and related to aging, but the potential causes are many. 
Class I indications for permanent pacing in patients with acquired 
AV block include any AV block with associated symptoms, as well 
as AV block after AV node ablation or persistent AV block after 
cardiac surgery. For some patients, heart failure is a manifestation 
of AV block. In addition, some patients require medications that 
can cause symptomatic bradycardia and might need pacing. For 
postoperative AV block, the guidelines do not specify a period to 
wait postoperatively for recovery of conduction. Class I indica-
tions also include acquired AV block below the level of the AV 
node or associated with marked pauses, such as longer than 3 
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The use and sophistication of permanent pacemakers have 
increased steadily since the first pacemaker was implanted in 
1958. Indications for their use have broadened as the technology 
has advanced, and pacemakers have become a mainstay of therapy. 
Those involved in arrhythmia management must have a good 
understanding of this discipline.

History of Pacing

Since the first epicardial pacing system was implanted in 1958, 
pacemaker technology has evolved rapidly. Sophistication of 
sensing circuitry led to the introduction of single-chamber 
demand pacing systems in 1963. Although atrial-synchronous 
systems and dual-chamber systems were described in the 1950s, 
clinical use of such devices did not occur for many years. In the 
1970s, lithium batteries and programmability were introduced. 
Milestones of the 1980s include greater acceptance of dual-
chamber pacing systems and the introduction of rate-adaptive 
pacing systems. The 1990s and the 2000s witnessed the introduc-
tion of advanced sensor technology, new pacemaker algorithms, 
and enhanced automaticity of many programmable features. The 
use of pacing has increased significantly from 46.7/100,000 in 
1993 to 61.6/100,000 in 2009, with the percentage of dual 
chamber devices increasing from 62% to 82% during this period.1

Pacemaker Nomenclature

Since the first introduction of a three-letter code describing basic 
pacemaker functions in 1974, the code has been updated periodi-
cally by a committee comprising members of the North 
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AV block that might have occurred because of drug use or toxic-
ity, but there is a risk of recurrence of AV block. First-degree AV 
block in a patient with left ventricular dysfunction and congestive 
heart failure in whom hemodynamic improvement with AV inter-
val optimization can be demonstrated is a class IIb indication.2 
Asymptomatic and persistent second- or third-degree block at 
the AV node level is a class IIb indication.2

Class III indications include asymptomatic first-degree AV 
block, asymptomatic second-degree AV block at the supra-His 
level or not known to be intra-His or infra-His, and AV block 
occurring in the setting of reversible conditions such as drug 
toxicity that is unlikely to recur, Lyme disease, transient increases 
in vagal tone, or during sleep apnea.

After a myocardial infarction, a pacemaker is generally indi-
cated for persistent second-degree bilateral bundle branch block, 
third-degree AV block within or below the His bundle, or per-
sistent symptomatic second- or third-degree AV block.

Congenital Complete Heart Block

Symptomatic congenital complete AV block remains a class I indi-
cation for pacing in pediatric patients.2 In addition, in pediatric 
patients with congenital complete AV block, the presence of a wide 
QRS escape rhythm, ventricular dysfunction, or complex ven-
tricular ectopy is also a class I indication. In pediatric patients, an 
average heart rate less than 50 beats/min, pauses two to three times 
the basic cycle length, or symptoms associated with chronotropic 
incompetence are considered class IIa indications. In pediatric and 
adult patients with adequate rate, narrow QRS complex, and 
normal ventricular function, pacing is a class IIb indication.

For adult patients with congenital complete AV block, the 
timing and indications for permanent pacing are more contro-
versial and continue to evolve.4 As a result of data regarding the 
high incidence of unexpected syncope in adult patients with con-
genital complete AV block, prophylactic pacemaker implantation 
is often considered.2,4

Sinus Node Dysfunction

Sinus node dysfunction may be manifested by abrupt sinus pauses 
or gradual sinus slowing. Symptomatic chronotropic incompe-
tence and symptomatic sinus bradycardia occurring spontane-
ously or as the result of drug therapy are considered class I 
indications for pacing. In patients with minimal or no symptoms 
and chronic heart rates less than 40 beats/min, pacing is a class 
IIb indication.2

Class III indications for pacing include asymptomatic sinus 
node dysfunction. Sinus pauses occurring during sleep are gener-
ally not considered indications for pacing. Many patients, par-
ticularly trained athletes, have high levels of vagal tone and have 
significant pauses greater than 3 seconds and periods of sinus 
bradycardia. These patients do not require permanent pacing.

Neurocardiogenic Syncope

Neurocardiogenic syncope typically has both cardioinhibitory 
and vasodepressor components. Pacing during most episodes of 
neurocardiogenic syncope is still associated with a significant fall 
in blood pressure and symptoms because of the continued vasode-
pressor response. Therefore, even in the presence of significant 
bradycardia, pacing is usually not considered first-line therapy. A 
number of randomized trials have failed to show a substantial 
benefit in increasing the freedom from recurrent syncope.5,6 As a 
result, neurocardiogenic syncope with documented bradycardia 
is considered a class IIb indication for pacing; however, there are 

seconds, or a ventricular escape rate less than 40 beats/min. 
Because the cardiovascular risk is believed to be particularly high 
in patients with second- or third-degree block and specific under-
lying conditions, permanent pacing is indicated in these patients 
even in the absence of symptoms. These conditions include neu-
romuscular diseases such as myotonic dystrophy, Kearns-Sayre 
syndrome, peroneal muscular atrophy, and Erb limb girdle dys-
trophy. Myotonic dystrophy has been associated with an increased 
risk of sudden death believed to be caused by progressive conduc-
tion system disease.3

Exercise-related AV block is also an indication for pacing. 
Advanced second-degree AV block or alternating bundle branch 
block in the setting of bifascicular block is considered a class I 
indication. Asymptomatic type II second-degree AV block with a 
wide QRS is a class I indication. Transient, infranodal, high-
grade AV block and associated bundle branch block is a class I 
indication.2

Class IIa indications include asymptomatic type II second-
degree AV block with a narrow QRS complex, and asymptomatic 
second-degree AV block at intra-His or infra-His levels based on 
electrophysiological testing.2 First-degree or second-degree AV 
block with hemodynamic compromise is also considered a class 
IIa indication, because some patients develop pacemaker-like 
syndrome as a result of conduction delay. In patients with bifas-
cicular block, asymptomatic severe prolongation of the His-
ventricle interval (>100 ms), asymptomatic pacing-induced 
infra-His block that is not physiological, or syncope when other 
causes such as ventricular tachycardia have been excluded are 
considered class IIa indications for pacing.

First-degree AV block in patients with neuromuscular disor-
ders is considered a class IIb indication because the risk of pro-
gression to AV block is high. Another class IIb indication includes 

Box 117-1 Revised NASPE/BPEG Generic Code for 
Antibradycardia Pacing

1. Chambers paced
O = None
A = Atrium
V = Ventricle
D = Dual (A + V)
S = Single (A or V; manufacturers’ designation only)

2. Chambers sensed
O = None
A = Atrium
V = Ventricle
D = Dual (A + V)
S = Single (A or V; manufacturers’ designation only)

3. Response to sensing
O = None
T = Triggered
I = Inhibited
D = Dual (T + I)

4. Rate modulation
O = None
R = Rate modulation

5. Multisite pacing
O = None
A = Atrium
V = Ventricle
D = Dual (A+V)

NASPE, North American Society of Pacing and Electrophysiology; BPEG, British 
Pacing and Electrophysiology Group.
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some recent studies that indicate a selective use of pacing.7,8 In 
the Third International Study on Syncope of Uncertain Etiology 
(ISSUE-3) trial, in patients 40 years or older with at least three 
syncope episodes in 2 years, and with documentation of syncope 
with 3 seconds or more of asystole or 6 seconds or more of asys-
tole without syncope, 77 patients were randomized to dual-
chamber pacing on or off with an algorithm to increase the 
pacing rate with a sudden decrease in heart rate. The syncope 
recurrence rate was 57% in the “pacing off” group and 25% in 
the “pacing on” group (P = 0.039).7

When pacing is performed in this setting, dual-chamber 
pacing is necessary to preserve the atrial contribution to cardiac 
output. Modifications to the pacing strategy are being studied to 
make dual chamber pacing more effective in ameliorating neuro-
cardiogenic syncope. The heart rate can be adjusted according to 
measured changes in impedance to estimate myocardial contrac-
tility, using so-called closed loop stimulation. Although retrospec-
tive data suggest that this approach may reduce the frequency of 
recurrence of syncope, additional prospective studies are needed.8

In patients with syncope of unknown origin, a randomized, 
multicenter study examined patients exhibiting a pause of 10 
seconds or more when given an intravenous bolus of 20 mg 
adenosine triphosphate. These patients were randomized to atrial 
inhibited (AAI; 30 beats/min) or DDD pacing (70 beats/min). In 
the DDD pacing group, 21% of patients had recurrence of 
syncope compared to 66% of patients in the AAI group. Of note, 
the mean age in these studies was 76 years of age.9

Carotid Sinus Hypersensitivity

Carotid sinus hypersensitivity has been shown to be a cause of 
syncope, particularly in the elderly. However, because an abnor-
mal response can occur even in asymptomatic persons, caution 
must be used when spontaneous bradycardia has not been dem-
onstrated. In cases in which syncope has occurred during carotid 
sinus stimulation and carotid sinus pressure has resulted in pauses 
of 3 seconds or more, a class I indication is present. If such an 
abnormal carotid sinus pressure response is obtained but syncope 
did not occur in circumstances suggesting carotid sinus stimula-
tion, a class IIa indication is present. In addition, there may be a 
role for pacing in patients with unexplained falls and evidence of 
carotid sinus hypersensitivity. Recent studies do not show a dif-
ference in the recurrence of events in patients pacing on treat-
ment using ventricular inhibited (VVI), DDDR, or DDDR with 
sudden bradycardia response.10

Nonbradycardic Indications for Pacing

An increasing number of patients are receiving pacemakers for 
nonbradycardic indications. Cardiac resynchronization therapy 
for refractory congestive heart failure is the major indication in 
this category. Dual-chamber pacing for medically refractory 
symptoms of hypertrophic obstructive cardiomyopathy and 
pacing therapy for prevention of atrial fibrillation are no longer 
considered major nonbradycardic indications for pacing.

Pacing for Atrial Fibrillation

Numerous studies have examined various pacing algorithms to 
prevent atrial fibrillation. Most of these algorithms involve 
increasing the pacing rate to suppress atrial ectopy that is believed 
to trigger atrial fibrillation. Whereas most randomized studies 
have not demonstrated a beneficial effect, some studies have sug-
gested a modest decrease in the occurrence of atrial fibrillation. 
In the Study of Atrial Fibrillation (SAFARI) trial, patients with 

AF recorded were randomized to atrial fibrillation pacing preven-
tion strategies. Overall, there was a small reduction in the occur-
rence of atrial fibrillation. In patients with a high burden of atrial 
fibrillation, the reduction in atrial fibrillation was greater.11 
Pacing for atrial fibrillation reduction is a class III indication.

Resynchronization Therapy

Numerous randomized, controlled trials have demonstrated 
benefit of cardiac resynchronization therapy in improving symp-
toms and outcomes in patients with drug-refractory heart failure. 
Cardiac resynchronization therapy is the pacing of the left and 
right ventricles to improve the hemodynamics that are impaired 
because of bundle branch block. These randomized studies have 
shown improvement in New York Heart Association classes, 
6-minute walk time, oxygen consumption, brain natriuretic 
peptide levels, neurohormonal levels, ejection fraction, end-
diastolic and end-systolic dimension, heart failure hospitaliza-
tions, and all-cause mortality.12 The current indications for 
resynchronization therapy (class I) include QRS duration of 
120 ms or greater, left ventricular ejection fraction of 35% or 
less, sinus rhythm, and class III or ambulatory class IV heart 
failure symptoms on optimal medical therapy. Because the largest 
randomized trial excluded patients with atrial fibrillation, the 
presence of atrial fibrillation results in classification as a class IIa 
indication.2,12

Hypertrophic Cardiomyopathy

Early studies suggested that right ventricular apical pacing 
resulted in a significant reduction in outflow tract gradient and 
ameliorated symptoms. However, a subsequent randomized mul-
ticenter trial failed to demonstrate benefit in patients with pacing. 
A subset of elderly patients might have exhibited some improve-
ment. An analysis from the Cochrane Database concluded that 
clinical trial data are inconclusive regarding an effect of pacing 
on outcome in this patient population.13 Therefore, pacing in 
medically refractory symptomatic patients with significant resting 
or provoked gradient owing to hypertrophic cardiomyopathy is 
a class IIb indication.2 These patients should be considered for a 
dual chamber ICD because of the risk of sudden death.

Basic Pacemaker Function and Modes

Ventricular Inhibited Pacing

In the ventricular inhibited (VVI) pacing mode, pacemaker 
output is inhibited by a sensed ventricular event (Figure 117-1). 
The lower rate interval determines the longest interval between 
any sensed or paced ventricular events. The interval from the 
previous sensed or paced ventricular event to the subsequent 
paced ventricular event is the lower rate interval. If the time 
interval from the last sensed ventricular event to the first paced 
ventricular beat is longer than the time interval between ventricu-
lar paced beats, ventricular hysteresis is present. Any ventricular 
event occurring after a paced or sensed ventricular event within 
the ventricular refractory period is not sensed and does not reset 
the timing cycle.

Atrial Inhibited Pacing

Atrial inhibited (AAI) pacing incorporates the same timing cycles 
as VVI pacing, with the obvious difference that pacing and 
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Shortening requires that an upper rate limit be programmed to 
define the absolute shortest cycle length allowable.

DDD Pacing

Four different rhythms can be seen as a result of normal DDD 
function: normal sinus rhythm, atrial pacing, AV sequential pacing, 
and P-synchronous pacing. In the DDD mode, the lower rate limit 
determines the lowest rate at which the atrial and ventricular 
events will occur (Figure 117-3). If the intrinsic atrial rate is too 
slow, an atrial paced event will occur. After a paced or intrinsic 
atrial event, if there is no ventricular event, a paced ventricular 
event occurs, at the programmed interval called the AV delay or 
interval. If an intrinsic atrial event occurs before the programmed 
lower rate, the atrial event will be followed by a ventricular paced 
event, a function called atrial tracking. This function permits the 
ventricular pacing to follow the atrial rate as the metabolic demands 
change. There is a maximal tracking rate to prevent the tracking 
of atrial arrhythmias and extraneous signals at excessively rapid 
rates. In addition, if the P wave occurs too early after the previous 
ventricular event, it will occur in the postventricular atrial refrac-
tory period (PVARP) and will not be tracked. The atrial rate at 
which two atrial sensed events will be followed by one ventricular 
paced event is equal to the total atrial refractory period, which is 
the sum of the programmed AV delay and the PVARP.

The timing of the last ventricular beat to the next atrial paced 
beat is determined by the ventriculoatrial (VA) interval. This 
interval is determined by subtracting the AV interval from the 
lower rate interval in milliseconds. Thus, the lower rate interval 
minus the AV interval equals the VA interval. The AV interval 
can be adjusted based on the ventricular rate, a parameter called 
rate-responsive AV interval. In patients with AV block and rapid 
sinus rates that might exceed the programmed upper rate limit 
and 2 : 1 atrial tracking rate, the rate-responsive AV interval might 

sensing occur in the atrium, and pacemaker output is inhibited 
by a sensed atrial event (Figure 117-2). An atrial paced or sensed 
event initiates a refractory period during which atrial events do 
not reset the timing cycle. Confusion can arise when multiple 
ventricular events occur during atrial pacing. For example, when 
the atrial timing cycle ends, an atrial pacing stimulus is delivered 
regardless of ventricular events, because an AAI pacemaker does 
not sense in the ventricle. If the ventricular signal is inappropri-
ately sensed by the atrial lead (far-field sensing), the atrial timing 
cycle is reset. This abnormality can sometimes be corrected by 
making the atrial channel less sensitive or by lengthening the 
atrial refractory period so that a conducted ventricular complex 
is not sensed.

Single-chamber, rate-adaptive pacing modes (AAIR, VVIR) 
have timing cycles that are not markedly different from those of 
their counterparts that are not rate adaptive. The difference lies 
in the potential variability of the paced rate. Depending on the 
sensor incorporated and the patient’s level of exertion, the basic 
interval shortens from the programmed lower rate limit. 

Figure 117-1.  In the ventricular inhibited (VVI) pacing, the lower rate interval (LR) 
is the time from the last intrinsic or paced ventricular event to a ventricular paced 
event. When  the  LR  interval  has  been  completed,  a  ventricular  paced  event  will 
occur. If an intrinsic beat occurs before the LR is completed, the ventricular output 
will  be  inhibited.  The  first  QRS  complex  is  intrinsic,  and  after  the  LR  interval  is 
completed  a  second  intrinsic  beat  has  not  occurred;  therefore,  the  second  QRS 
complex is a paced ventricular event. The third QRS complex is again intrinsic. Fol-
lowing the third QRS complex, intrinsic QRS complexes do not occur within the LR 
interval. Thus,  the  fourth and fifth QRS complexes are paced. The  double-headed 
arrows  indicate  a  full  LR  interval  has  transpired.  The  dotted single-headed arrow 
indicates  that  the  full  LR  interval  has  not  been  completed  and  an  intrinsic  QRS 
complex inhibits ventricular pacing. 

LR LR LR

VVI

Figure 117-2.  In atrial inhibited (AAI) pacing, the lower rate interval (LR) is the time 
from the last intrinsic or paced atrial event to an atrial paced event. When the LR 
interval has been completed, an atrial paced event will occur.  If an  intrinsic beat 
occurs before the LR interval is completed, the atrial output will be inhibited. The 
first  atrial  complex  is  paced.  The  second  atrial  complex  occurs  before  the  LR  is 
completed. A third atrial complex does not occur spontaneously and instead, after 
the LR interval has been completed, an atrial paced beat occurs. The fourth atrial 
complex  is  also  paced  and  occurs  after  another  LR  interval.  The  double-headed 
arrows indicate that a full LR interval has transpired. The dotted single-headed arrow 
indicates  that  the  full  LR  interval  has  not  been  completed,  and  an  intrinsic  QRS 
complex inhibits ventricular pacing. 

LR LR

AAI

Figure 117-3.  The  DDD  timing  cycle  consists  of  a  lower  rate  limit  interval,  an 
atrioventricular (AV) interval, a postventricular atrial refractory period (PVARP), and 
an upper rate limit. In the figure, the first complex consists of an atrial paced event 
and an intrinsic QRS complex. Following the sensed ventricular event, a ventricu-
loatrial (VA) interval is created to indicate the time of the next atrial paced event if 
no  intrinsic  atrial  event  (after  the  postventricular  atrial  refractory  period)  and  no 
intrinsic ventricular event occur. The VA interval equals the lower rate interval minus 
the programmed AV interval. A completed VA interval is indicated by the double-
headed solid arrow. In the second complex, after the atrial paced event there is no 
intrinsic QRS complex within the AV interval of 200 ms; therefore, a paced ventricu-
lar event occurs. If an intrinsic atrial event occurs before the VA interval is completed 
but after the postventricular atrial refractory period, the atrial event will be tracked 
or followed by a paced ventricular event (the third QRS complex). As long as the 
V-V interval does not occur before the upper rate limit interval is complete, the AV 
interval will occur after the tracked atrial event. Following the third QRS complex, 
an intrinsic atrial event occurs before the VA interval  is complete, but an intrinsic 
QRS complex occurs before  the AV  interval  is finished. Following  the  fourth QRS 
complex, the VA interval is completed and another atrial paced event occurs. The 
dotted single-headed arrow  indicates  that  the  full  LR  interval  has  not  been  com-
pleted and an intrinsic QRS complex inhibits ventricular pacing. 

160 ms
VA VA

200 ms 160 ms 160 ms 160 ms

A-R A-V P-V

DDD

P-R A-R
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et al. published prospective data on pacing mode and survival 
with the random assignment of 225 patients with sinus node 
dysfunction to AAI or VVI pacing.14a The study demonstrated a 
lower incidence of atrial fibrillation and thromboembolism in the 
AAI group than in the VVI group. The Canadian Trial of Physi-
ologic Pacing (CTOPP) randomly assigned 2568 patients to 
physiologic pacing (dual-chamber or AAIR) or ventricular pacing 
(VVI). No difference in mortality rate or quality of life was dem-
onstrated; however, there was an 18% relative risk reduction of 
atrial fibrillation.

Two additional trials have examined the outcomes of physio-
logical pacing: Pacing Mode Selection in the Elderly and the 
Mode Selection Trial. The Pacing Mode Selection in the Elderly 
study failed to demonstrate any statistically significant benefit of 
physiological pacing over ventricular pacing. When the patients 
were separated by underlying rhythm disturbance—that is, sinus 
node dysfunction versus AV block—the sinus node dysfunction 
group had some quality-of-life improvements. In addition, there 
was a crossover of 26% of patients assigned to ventricular pacing 
because they were unable to tolerate ventricular pacing. The 
Mode Selection Trial, like the CTOPP, did not demonstrate any 
difference in mortality rates, but it did demonstrate a lower inci-
dence of atrial fibrillation with physiological pacing, reduced signs 
and symptoms of heart failure, and a slightly improved quality of 
life. The study concluded that overall dual-chamber pacing 
offered significant improvement compared with ventricular 

permit much higher upper rate limit tracking rates and maximal 
2 : 1 atrial tracking rates. The AV interval might also be extended 
to promote intrinsic AV conduction, a function called positive AV 
hysteresis (discussed later under Intrinsic Conduction Preference). 
Negative AV hysteresis refers to a function in which the AV interval 
is shortened to promote ventricular pacing, which is desirable in 
biventricular pacing.

Selecting the Appropriate Pacing Mode

Selection Criteria

In selecting the optimal pacing mode, the patient’s overall physi-
cal condition, associated medical problems, exercise capacity, and 
chronotropic response to exercise must be considered, along with 
the underlying rhythm disturbance.14

VVIR pacing is indicated for patients with chronic atrial fibril-
lation and slow ventricular response. Although VVI pacing pro-
tects the patient from lethal bradycardia, its limitations include 
its inability to restore or to maintain AV synchrony and to provide 
rate responsiveness in the chronotropically incompetent patient. 
In addition, some patients with VVI pacing experience symptom-
atic hemodynamic deterioration with ventricular pacing. Adverse 
hemodynamics resulting from pacing are known as pacemaker 
syndrome if the normal coordination of atrial filling and ventricu-
lar emptying is absent because of VA conduction or long AV 
conduction times. The systolic blood pressure might decline 
during ventricular pacing with VA conduction (Figure 117-4). 
The incidence of pacemaker syndrome depends on the definition 
being used, and its incidence has been estimated to be 7% to 10% 
of patients with VVI or VVIR pacing. The most common symp-
toms reported were shortness of breath, dizziness, fatigue, pulsa-
tions in the neck or abdomen, cough, and apprehension.

AAIR pacing is appropriate for patients with sinus node dys-
function. The obvious disadvantage of atrial pacing is the lack of 
ventricular support if AV block occurs. If the patient with sinus 
node dysfunction is carefully assessed for the presence of AV node 
disease at the time of pacemaker implant, the occurrence of clini-
cally significant AV node disease is low, at less than 2% per year. 
The concern of progression to AV block when patients are care-
fully selected for AAIR pacing has been dispelled by long-term 
follow-up of patients. Assessment before AAI pacemaker implan-
tation should include incremental atrial pacing with an adequate 
response defined as 1 : 1 AV nodal conduction to atrial pacing 
rates of 120 to 140 beats/min. Newer pacing algorithms (dis-
cussed later) to avoid the deleterious effects of ventricular pacing 
allow atrial pacing to occur, and they switch to a mode that sup-
ports ventricular pacing only when necessary,

The DDD pacing mode is most appropriate for patients with 
normal sinus node function and AV block. DDDR pacemakers 
are capable of all the variations described for DDD pacemakers. 
In addition to use of P-synchronous pacing as a method for 
increasing the heart rate, the sensor incorporated in the pace-
maker might also drive the increase in heart rate. The resulting 
rhythm may be sinus driven (alternatively called atrial driven or 
P-synchronous) or sensor driven.

DDDR pacing is indicated in patients with sinus node dys-
function and AV conduction disease. DDDR pacing is also appro-
priate for patients with pure sinus node dysfunction and when 
backup ventricular pacing is desired.

Effect of Pacing Mode on Morbidity and Mortality

Several large, randomized, controlled trials have demonstrated 
benefits of physiological AAIR or DDDR versus VVIR. Andersen 

Figure 117-4.  Hemodynamic tracing of a patient with pacemaker syndrome. The 
initial portion of the tracing shows ventricular pacing with a systolic arterial pres-
sure of approximately 75 mm Hg. The patient’s intrinsic sinus rhythm inhibits ven-
tricular  pacing,  and  the  arterial  systolic  pressure  increases  to  approximately 
125 mm Hg. 

(From Hayes DL, Holmes DR Jr: Hemodynamics of cardiac pacing. In Furman S, Hayes 
DL, Holmes DR Jr, editors: A practice of cardiac pacing, ed 3, Mount kisco, N.Y., 1993, 
Futura Publishing, pp 195–218, with permission from Blackwell Publishing.)
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Right Ventricular Impedance-Based Sensor

Closed-loop stimulation measures impedance from the right ven-
tricular unipolar pacing. The impedance measurements correlate 
with dP/dtmax, which is a surrogate for ventricular contractility 
and in turn is a reflection of autonomic activity. As a reflection 
of autonomic activity, this sensor has the potential to respond to 
nonexertional stimuli such as mental stress.17

Dual-Sensor Combinations

The perfect sensor would be resistant to all nonphysiological 
stimuli. A multisensor, rate-adaptive pacing system could improve 
specificity by having one sensor verify or crosscheck the other. 
The most widely used sensor combination is the accelerometer–
minute ventilation combination or blended sensor. Using this 
combination, the accelerometer provides a rapid response to 
exertion, and the minute ventilation provides an excellent physi-
ologic response, achieving a more normal physiological heart rate 
response.18 A dual sensor using a closed-loop sensor and an accel-
erometer could have the advantage of being able to result in 
increased heart rates with mental stress.19

Pacemaker Complications

Complications can occur related to the implantation procedure 
or because of failure of a component of the pacing system. Box 
117-2 lists the most commonly encountered complications and 
whether they are more likely to be seen immediately or over the 
long term.

pacing. Most recently, the DANPACE trial randomized  
1415 patients to AAIR or DDR pacing. There was no significant 
difference in stroke, heart failure, death, and chronic atrial fibril-
lation, but there was a lower incidence of paroxysmal atrial 
fibrillation—28.4% in the AAIR group compared to 23.0% in the 
DDDR group.15

These studies demonstrate the benefit of physiological pacing 
with the maintenance of AV synchrony compared to ventricular 
only pacing in terms of atrial fibrillation and possibly quality of 
life.

Selecting the Appropriate Sensor for  
Rate-Adaptive Pacing

A variety of sensors appropriate for rate-adaptive pacing have 
been developed and achieve excellent responses in heart rate to 
exertion and changes in metabolic demand.16

Activity and Accelerometer Sensors

Accelerometer sensors have replaced basic vibration-based activ-
ity sensors. Both of these sensors use a piezoelectric crystal, 
which produces a minute electric current in response to motion. 
The piezoelectric vibration activity sensor senses vibration from 
up-and-down motion, and the accelerometer senses anterior and 
posterior motion. The accelerometer is relatively free from 
detection of motion leading to inappropriate increases in heart 
rate, and responds rapidly to the onset of exertion. The acceler-
ometer is the most widely used form of rate-adaptation sensor 
because it is simple, easy to apply clinically, and rapid in onset of 
rate response.

Minute-Ventilation Sensor

Minute volume (respiratory rate × tidal volume) has an excellent 
correlation with metabolic demand. The transthoracic imped-
ance, which varies with respiration, can be used to determine 
minute volume. Because minute ventilation maintains a predict-
able relation with metabolic demand, minute-ventilation values 
can be used to modulate the heart rate during various levels of 
activity for the patient. Long-term reliability of the minute-
volume sensor has been excellent.

Stimulus-T or QT-Sensing Sensor

The interval from the onset of a paced QRS complex to the end 
of the T wave has been used for rate adaptation for many years. 
This stimulus-T interval is affected by autonomic activity and 
heart rate. The relation allows measurement of the stimulus-T 
interval to be used for rate adaptation. The QT-sensing, rate-
adaptive pacing system has been successful clinically and responds 
well to mental and emotional stress.

Peak Endocardial Acceleration Sensor

Using a miniature accelerometer within a pacing lead, an index 
called peak endocardial acceleration has been introduced. This 
sensor, placed in the right ventricular lead, provides a surrogate 
measure of myocardial contractility and sympathetic activation. 
The sensor is also being tested as a means to optimize the AV 
interval and right ventricle–left ventricle timing in dual-chamber 
and biventricular pacing devices.

Box 117-2 Implant- and Hardware-Related Complications

Usually Seen Early
Air embolism
Brachial plexus injury
Extracardiac stimulation
Hematoma formation
Intraoperative lead damage
Lead perforation
Pain or ecchymoses
Pneumothorax
Subclavian artery puncture
Subcutaneous emphysema
Thoracic duct injury

Usually Seen Late
Lead fracture or insulation defect
Skin adherence
Skin erosion
Thrombosis

Seen Early or Late
Allergy to pacemaker
Circuit failure
Exit block
Infection
Lead dislodgment
Loose lead or connector block interface
Pacemaker-related arrhythmias
Pacemaker syndrome
Twiddler syndrome
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Troubleshooting Electrocardiographic 
Abnormalities

Electrocardiographic abnormalities in patients with pacemakers 
can be categorized broadly into failure to capture, failure to 
output, oversensing, undersensing, and inappropriate rate 
change.20

Failure to capture indicates that a pacing artifact is present 
without subsequent cardiac depolarization (Figure 117-5, Box 
117-3).

True failure to output is caused when the electrical signal 
cannot reach the heart from the pacemaker so that the electrical 
signal cannot reach the heart (see Box 117-3).

Oversensing is caused by the sensing of signals interpreted as 
the atria or ventricles deflections in their respective channels. 
Sensing of signals originating in the opposite chamber is called 
crosstalk. For example, the ventricular deflection can be sensed on 
the atrial channel (Figure 117-6). More seriously, the atrial stimu-
lus may be detected on the ventricular channel, resulting in ven-
tricular inhibition and asystole. Such an occurrence can be 
prevented by programming on safety pacing so that a ventricular 
stimulus is given if a ventricular event is sensed shortly after an 
atrial stimulus is delivered. The electrocardiographic hallmark of 
safety pacing is the presence of pacing with an shortened AV 

Figure 117-5.  Electrocardiographic tracing demonstrating intermittent ventricular 
failure to capture. The first three ventricular pacing stimuli demonstrate ventricular 
capture. The fourth and the fifth ventricular pacing stimuli demonstrate failure to 
capture. The  sixth  ventricular  stimulus  results  in  ventricular  capture.  An  intrinsic 
sinus beat occurs after the fifth ventricular pacing stimulus. 

Box 117-3 Pacemaker Troubleshooting

Failure to Capture
Air in pocket of unipolar pacemaker
Circuit failure
Functional noncapture
High thresholds with inadequately programmed output
Impending total battery depletion
Insulation defect
Lead dislodgment or perforation
Partial conductor coil fracture
Poor or incompatible connection at connector block

Failure to Output
Circuit failure
Complete or intermittent conductor coil fracture
Intermittent or permanently loose set screw
Internal insulation failure (bipolar lead)
Lack of anodal connector contact (e.g., unipolar lead in 

bipolar generator, bipolar lead in pacemaker programmed 
unipolar, air in the pocket of a unipolar device, and 
unipolar pacemaker not in the pocket.)

Oversensing any noncardiac activity
Total battery depletion

Sensing Abnormalities
Battery depletion
Circuit failure
Electromagnetic interference
Lead dislodgment or poor lead positioning
Lead insulation failure
Magnet application
Malfunction of reed switch
Structure of intrinsic event different from that measured at 

implant

Altered Pacing Rate
Battery depletion
Circuit failure
Crosstalk
Hysteresis
Magnet application
Malfunction of the electrocardiographic recording equipment 

(i.e., alteration of paper speed)
Oversensing
Runaway
Undocumented reprogramming of the pacemaker

interval, ranging from 80 to 130 ms. Ventricular oversensing 
results in a prolonged ventricular interval, and atrial oversensing 
in the DDD mode results in tracking of atrial signals and rapid 
ventricular pacing (Figure 117-7).

The differential diagnoses of the electrocardiographic abnor-
malities might overlap. For example, a ventricular lead fracture 
can result in failure to capture and ventricular oversensing of 
noise, causing inhibition of pacing. A lead fracture can also result 
in undersensing.

Insulation defects similarly can manifest with oversensing or 
with failure to capture, although the most common presentation 
of insulation failure is a sensing abnormality. Lead impedance 
measurements are helpful in making the diagnosis, with lead 
fractures resulting in high impedances (>2500 Ω) and insulation 

Figure 117-6.  Electrocardiographic tracing demonstrating oversensing of the ven-
tricular  deflection  on  the  atrial  channel.  Top channel,  Surface  electrocardiogram. 
Middle channel,  Bipolar  atrial  electrogram  (tip-ring).  Bottom channel,  Bipolar  ven-
tricular electrogram. Atrial pacing at a cycle length of 1000 ms occurs with intact 
AV conduction. There is sensing of the intrinsic ventricular deflection on the atrial 
channel, indicated by the P. 



1174 ELECTRICAL THERAPY

pacemaker stimulus occurs during the physiological refractory 
period of a spontaneous beat. This condition is referred to as 
functional noncapture.

Every pacing mode has a defined lower rate limit, and dual-
chamber and rate-adaptive pacemakers require a defined upper 
rate limit. One must be familiar with the timing cycle of a par-
ticular pacing mode, as well as any idiosyncrasies of the specific 
pacemaker, to determine whether the paced rate is appropriate. 
The causes of an altered pacing rate are numerous (see  
Box 117-3).

Drugs can affect sensing and pacing thresholds and can result 
in electrocardiographic abnormalities.31,32 Although many drugs 
have been reported to affect pacing thresholds, only the class IC 
agents commonly result in a clinical problem. If these drugs are 
administered to a patient with a pacemaker, especially a 
pacemaker-dependent patient, he or she should be monitored for 
an increase in pacing threshold. Class IC agents can also cause 
sensing abnormalities.

Electrolyte and metabolic abnormalities can also affect pacing 
and sensing thresholds. Hyperkalemia is the most common elec-
trolyte abnormality to cause clinically significant problems, but 
severe acidosis or alkalosis, hypercapnia, severe hyperglycemia, 
hypoxemia, and myxedema should also be considered.

breaks with low impedances (<250 Ω). As pacemaker battery 
power is depleted, there may be a decreased output or no output 
at all. This degree of battery depletion is avoidable with appropri-
ate pacemaker follow-up. The pacemaker also might revert to 
VVI or VOO mode from DDDR mode when the replacement 
indicator occurs.

Sensing abnormalities can be divided into true abnormalities 
and functional sensing abnormalities (see Box 117-3). True 
abnormalities include undersensing, which is a failure to recog-
nize normal intrinsic cardiac activity, and oversensing, which is 
unexpected sensing of an intrinsic or extrinsic electrical signal 
(Figure 117-8). Artifact can also create the appearance of over-
sensing. True undersensing is most commonly caused by lead 
dislodgment or inadequate intrinsic amplitude. Sensing abnor-
malities are commonly seen secondary to insulation defects and 
lead fracture.

Functional undersensing is present when an intrinsic cardiac 
event is not sensed because it falls within a programmed refrac-
tory period. For example, if an intrinsic atrial event occurs within 
the postventricular atrial refractory period, the event is not 
sensed. However, without a thorough understanding of the 
timing cycle, it might appear as though true undersensing has 
occurred. Similarly, apparent failure to capture is noted if a 

Figure 117-7.  Electrograms demonstrating oversensing on the atrial and ventricular channels. Top channel is the marker channel. A indicates atrial paced event, P indicates 
intrinsic atrial activity, V indicates ventricular paced event, R indicates ventricular sensed event. Middle channel is the bipolar atrial electrogram. Bottom channel is the bipolar 
ventricular  channel.  In  the  first  three,  AV  complexes  represent  intrinsic  atrial  activity  (P)  followed  by  ventricular  paced  beats  (V).  Artifact  is  seen  on  both  the  atrial  and 
ventricular channels. The artifact is sensed on the ventricular channel, indicated by the R markers and the asterisks. The artifact is sensed on the atrial channel, indicated by 
the P and the plus sign. 

Figure 117-8.  Electrogram indicating intermittent undersensing on the atrial channel of atrial fibrillation. Top channel is the ventricular electrogram. Middle channel is the 
marker channel. AS indicates an intrinsic atrial event that is sensed, AR indicates an intrinsic atrial event that falls within a refractory period. BV indicates a biventricular paced 
event. Bottom channel is the bipolar atrial electrogram. The atrial activity indicates the presence of atrial fibrillation. 
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such a situation, a greater number of shorter episodes might be 
recorded rather than fewer longer episodes. Longer detection 
times during onset can decrease inappropriate far-field oversens-
ing. Atrial electrodes with shorter tip-to-ring distances, particu-
larly shorter than 10 mm, can also reduce far-field R wave 
sensing. Postventricular atrial blanking periods can also contrib-
ute to undersensing.22

Intrinsic Conduction Preference

There has been an increasing recognition that hemodynamics are 
improved when intrinsic ventricular conduction is permitted in 
the absence of bundle branch block. New algorithms have been 
designed to permit the automatic restoration of intrinsic conduc-
tion. These algorithms can represent a form of AV search hys-
teresis or mode switching from DDD or DDDR to AAI or AAIR. 
When ventricular pacing occurs, AV search hysteresis periodi-
cally lengthens the AV interval so that intrinsic AV conduction 
occurs. If AV conduction does not occur, AV pacing resumes. In 
mode-switching algorithms, the pacing mode is AAI or AAIR 
until AV block occurs and the mode switches to DDD or DDDR 
(Figure 117-10). Periodically, the mode switches back to AAI or 
AAIR to check that AV conduction has resumed (Figure 117-11). 
These algorithms are extremely successful in decreasing the inci-
dence of ventricular pacing in patients with intact AV conduction 
and can decrease the incidence of atrial fibrillation.

Automatic Pacemaker Function

Atrial Arrhythmia Detection and Automatic  
Mode Switching

The onset of atrial arrhythmias in the DDD or DDDR mode 
results in tracking of the atrial activity and rapid ventricular 
pacing, typically at the upper rate limit. Modern algorithms 
detect the rapid atrial rate on the atrial channel and result in 
automatic switching of the mode to a nontracking mode such as 
DDI, DDIR, VVI, or VVIR (Figure 117-9). In any of these 
modes, tracking of atrial activity ceases. Once the atrial arrhyth-
mia stops, the mode switches back to the DDD or DDDR mode. 
Atrial mode switching is generally considered accurate. Simula-
tion studies have demonstrated that rate-based algorithms are 
most effective in detecting atrial arrhythmias.21

Algorithms might also detect pacemaker-mediated tachycar-
dia and intervene by prolonging the PVARP transiently or by 
avoiding atrial tracking for a single cycle. Pacemaker-mediated 
tachycardia occurs when VA conduction is longer than the pro-
grammed PVARP and is typically induced by a premature ven-
tricular beat or atrial failure to capture.

There is some variability in the ability to detect atrial fibril-
lation by different atrial tachyarrhythmia detection algorithms. 
Undersensing can lead to decreased detection of episodes and in 
the incorrect determination that an episode has terminated. In 

Figure 117-9.  Electrogram demonstrating automatic mode switching after detection of atrial fibrillation. Top channel is the marker channel. P indicates a sensed atrial event. 
A indicates a paced atrial event. R indicates intrinsic ventricular event and V indicates a paced ventricular event. AMS indicates automatic mode switching from DDDR to 
DDIR mode. Middle channel is the bipolar atrial electrogram. Bottom channel is the bipolar ventricular electrogram. The ventricular pacing rate abruptly drops with mode 
switching. 

Figure 117-10.  An electrocardiographic tracing reveals mode switching algorithm from AAI or AAIR to DDD or DDDR. The managed ventricular pacing algorithm signifi-
cantly decreases the incidence of ventricular pacing in patients with intact AV conduction. If transient AV block occurs in the AAIR mode after an A-A interval without a 
ventricular sensed event, a ventricular paced event occurs 80 ms after the escape interval. If two of the four most recent A-A intervals are missing a ventricular event, the 
device will switch from AAIR to DDDR or from AAI to DDD. 

(From Flammang D, Church TR, De Roy L: Medtronic Adapta/Versa/Sensia Device Manual, Minneapolis, 2010, Medtronic, Inc.)

1

ECG

Marker channel

V-V intervals

2
3



1176 ELECTRICAL THERAPY

Hospital equipment that can interfere with pacemaker func-
tion includes electrocautery, cardioversion and defibrillation, 
lithotripsy, radiofrequency ablation, electroshock therapy, and 
diathermy.

Potential EMI can arise from a relatively small number of 
sources in the nonhospital environment, including some welding 
equipment, degaussing equipment, conduction heaters, cellular 
telephones, and antitheft devices. Interference caused by cellular 
telephone use is rare; an adverse clinical event is unlikely if the 
patient places the telephone over the pacemaker.

Certain antitheft devices have the potential for pacemaker 
interference, causing pacemaker inhibition, sensing abnormali-
ties, and induction of extrasystoles.33,34  From a practical stand-
point, if the patient walks through antitheft gates at a regular 
pace, clinically significant abnormalities are unlikely.

Consumer products can also interfere with pacemaker func-
tion. In one report, iPods placed within 2 inches of implanted 
pacemakers resulted in telemetry interference, but no interfer-
ence on pacemaker function or programmed parameters.28

Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) has been shown to pose 
serious risks, including life-threatening arrhythmias and death. A 
pacemaker system has been designed for safe use in MRIs. 
Wilkoff et al.29 examined 464 patients randomized to undergo 
MRI scan between 9 and 12 weeks after implantation or not to 
undergo an MRI scan. During 1.5-T brain and lumbar MRI 
scans, there were no clinically significant ventricular arrhythmias, 
pacemaker inhibition, or changes in threshold.30 MRI imaging 
can pose serious risks if preexisting leads are in place, even if a 
pacemaker system designed for MRI is in place.

Summary

Cardiac pacing has become a sophisticated and critical aspect of 
managing bradyarrhythmias. Changes in indications represent 
ongoing changes in the discipline of cardiac pacing and the influ-
ence of clinical trials on this practice. The future will certainly 
result in increasing automaticity, flexibility, and self-regulation of 
permanent pacemakers.

Automatic Testing and Data Storage

Many pacemakers can perform reliable automatic threshold 
testing of the leads. These data can be used to adjust the pacing 
output automatically. Automatic capture verification appears to 
be reliable in long-term follow-up and provides the benefit of 
maintaining an adequate safety margin, even when the threshold 
has changed. In addition, the use of automatic capture verifica-
tion can prolong pacemaker battery life.23 Such automatic 
features can be effectively programmed with a need for repro-
gramming in 6% of patients in 12 months.24 Pediatric patients 
with constant intrinsic high heart rates might not be able to have 
effective automatic threshold testing.25 In addition, many pace-
makers keep long-term data regarding lead thresholds, lead 
impedances, and R and P wave amplitudes. Such trends are 
extremely helpful in detecting early abnormalities in lead func-
tion and in identifying pacing abnormalities. Many pacemakers 
can store events that are classified as pacemaker-mediated tachy-
cardia, atrial tachyarrhythmia, or rapid ventricular rate.

Routine Follow-Up and Remote Monitoring

Pacemakers should be checked routinely to confirm normal 
device and lead function and to assess the battery status. Tradi-
tionally, these functions have been performed at office visits  
or using home transtelephonic monitoring. New technologies 
permit some devices to be analyzed at home using Internet-based 
services. These systems can assess battery status and create alerts 
notifying the physician of device or lead abnormalities.

Electromagnetic Interference

Electromagnetic interference (EMI) can be defined as any signal, 
either biologic or nonbiologic, that falls within a frequency spec-
trum that can be detected by the sensing circuitry of the pace-
maker. EMI can result in rate alteration, sensing abnormalities, 
magnet mode response, initiation of pacing algorithms, or 
reprogramming.26,27

Biologic signals that might be responsible for oversensing 
include T waves, myopotential interference, afterpotential delay, 
and P waves. Isoelectric extrasystoles can give the appearance of 
oversensing.

Figure 117-11.  An electrocardiographic tracing reveals mode switching algorithm from DDD or DDDR to AAI or AAIR. The algorithm checks for AV conduction at progres-
sively longer intervals, initially 1 minute in duration but increasing up to 16 hours. If atrioventricular conduction is present, the mode changes to AAIR. 

(From the Medtronic Adapta/Versa/Sensia Device Manual.)
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AV conduction delay displaces atrial contraction earlier in 

diastole. Atrial contraction occurs during ventricular filling and 
shortens diastolic filling time. This situation is aggravated by 
ventricular conduction delay, which increases ventricular ejection 
time and delays diastolic filling, increasing the probability of col-
lision with atrial contraction. Atrial contraction before comple-
tion of venous return reduces preload stretching of the LV, which 
reduces ventricular volume and contractile force. Diastolic  
mitral regurgitation (MR) occurs when elevated LV end-diastolic 
pressure exceeds LA pressure. Partial closure of the mitral valve 
may also occur, further shortening diastolic filling time. This 
situation is corrected by proper timing of ventricular contraction 
with pacing. Atrial fibrillation (AF) causes atrial and AV 
desynchronization.

Ventricular Asynchrony

Normal LV electrical activation is rapid and homogeneous with 
minimal temporal dispersion. This elicits synchronous mechani-
cal activation and ventricular contraction. The resulting coordi-
nated myocardial segment activation maximizes ventricular pump 
function. Wiggers established the linkage between pacing-
induced alterations in ventricular conduction and pump function 
with two seminal observations in 1925: (1) Stimulation at virtu-
ally any ventricular site disturbs the natural pattern of activation 
and contraction because the evoked electrical wavefront propa-
gates slowly through ventricular myocardium rather than through 
the Purkinje system; and (2) altered ventricular activation causes 
an immediate reduction in pump function.1

Optimal interventricular and intraventricular synchrony is 
more important than AV synchrony for ventricular pump func-
tion. Left bundle branch block (LBBB) induces delays in  
transseptal and intraventricular conduction. Interventricular 
asynchrony refers to a sequential RV-LV activation delay. In 
LBBB earliest ventricular depolarization is recorded over the 
anterior RV surface and generally is latest at the posterolateral 
basal LV. Interventricular asynchrony can be quantified by the 
time delay between the upslopes of LV and RV systolic pressure, 
as well as the time delay between opening of the pulmonic and 
aortic valves. This disruption to ventricular interdependence is a 
determinant of paradoxical septal motion. Presumably the reduc-
tion in ventricular septal contribution to LV ejection is an impor-
tant factor in the reduction of pump function during LBBB.

Delayed intraventricular activation is the most important 
determinant of reduced pump function in LBBB. Electrical acti-
vation starts in the interventricular septum, and the posterolateral 
LV wall is activated >100 ms later. Such considerable intraven-
tricular delay during LBBB is due to slow spread of the depolar-
ization wavefront through the working myocardium rather than 
through the Purkinje system. LBBB is a complex electrical disease 
that results from LV conduction delay at multiple anatomical 
levels; it may be anatomically fixed or functional and is exhibited 
differently according to substrate characterization (ischemic vs. 
nonischemic cardiomyopathy). High-resolution endocardial and 
epicardial mapping studies have revealed that LV activation 
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Electromechanical Events and Cardiac Pump 
Function in Asynchronous Heart Failure

Optimal cardiac pump function depends on mechanical events 
that are precisely and dynamically synchronized by electrical 
timing. This electromechanical synchrony occurs at multiple 
anatomical levels: within atria, between atria and ventricles, 
between ventricles, and within especially the left ventricle (LV). 
Disruptions to electromechanical synchrony (asynchrony) occur 
in isolation or in various combinations at any level and degrade 
cardiac pump function.

Consequences of Asynchrony  
at Various Levels

Atrial Asynchrony

The right atrium (RA) and the left atrium (LA) are activated 
nearly simultaneously (within 50 to 80 ms) during sinus rhythm. 
Significant interatrial conduction delays can occur in myopathic 
atria and during RA pacing. Delayed LA contraction disrupts 
left-sided atrioventricular (AV) synchrony and may cause atrial 
transport block.

Atrioventricular Asynchrony

Optimal AV synchrony contributes to ventricular pump function 
via Starling’s law. The normal intrinsic AV interval results in atrial 
contraction just before the preejection (isovolumetric) period of 
ventricular contraction that maximizes LV filling (LV end-
diastolic pressure, or preload) and cardiac output. Appropriately 
timed AV coupling maintains low atrial pressure, increases LV 
filling, maximizes preload and pump function (the Starling mech-
anism), and positions the mitral valve for closure during the 
isovolumetric phase of ventricular systole.
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Noninvasive mapping of epicardial activation using body surface 
potentials demonstrates that electrical activation patterns in 
LBBB are highly heterogeneous and unpredictable.4 Lines of 
conduction block do not correlate with regions of wall motion 
abnormality or scarring. Some lines of block arose only during 
pacing and were site dependent (functional), whereas other lines 
of block could not be manipulated with pacing maneuvers, indi-
cating that these were due to slow or absent conduction (fixed). 
Latest activation most often occurred in the posterolateral wall 
but was also observed in the anterior and inferior walls in some 
patients.

Effects of Asynchrony on LV Mechanics  
and Structure

Regions that are activated early also start to contract early. In 
LBBB earliest and latest sites of segmental LV activation corre-
late well with time to peak systolic velocity by Doppler and strain 
by tagged magnetic resonance imaging (MRI), providing evi-
dence that ventricular conduction delay is responsible for 
mechanical asynchrony. The effect is dramatic because the 
various regions differ not only in the time of onset of contraction 
but also in the pattern of contraction (Figure 118-1). Contraction 
of early-activated myocardium is energetically inefficient because 
LV pressure is low and ejection has not begun. Instead, stretching 

during LBBB, despite a similar surface electrocardiographic 
appearance, is heterogeneous. At least three patterns of delayed 
LV activation have been characterized: (1) transseptal delay with 
or without LV endocardial delay, (2) normal transseptal conduc-
tion with slow conduction velocities in peri-infarct regions or 
globally slow in nonischemic disease, and (3) slow U-shaped acti-
vation around a line of functional block on the anterior wall.2-4 
Generally, QRS duration (QRSd) of 120 to 150 ms indicates 
delay confined specifically to the specialized conduction system, 
whereas QRSd >150 ms usually indicates additional conduction 
delay in diseased myocardium. Nominally, the posterolateral 
basal LV is the latest activated region.

The pattern of LV activation is also influenced by the location 
and size of lines of fixed or functional conduction block. Fixed 
conduction block is due to replacement of normal myocardium 
by scar. The physiological basis for functional conduction blocks 
has not been elucidated but could relate to stretch, heart rate, 
and spontaneous diastolic depolarization. Anterior locations of 
the line of functional block are characterized by a U-shaped LV 
activation pattern,3 more prolonged QRSd (>150 ms), and greater 
time to LV breakthrough.3 Late activation of the posterolateral 
basal LV occurred by wavefront propagation around the line of 
block using the apical or inferior LV walls. Lateral locations of 
the lines of block are characterized by less prolonged QRSd 
(<150 ms) and shorter time to LV breakthrough. Pacing maneu-
vers shift either line of block, indicating their functional nature.3 

Figure 118-1.  Effects of synchronous (left panel) and asynchronous (right panel) ventricular activation on LV and aortic pressure (A), regional strain (B), ventricular conduc-
tion (C, electrocardiographic tracings), (D) RV and LV pressure signals, and (E) pressure-volume loops. Asynchronous contraction causes reduction  in ejection time and 
slows rates of rise and fall of LV pressure and aortic pressure and increases the duration of isovolumetic contraction (ic) and relaxation (ir) (A). Onset of LV shortening (strain) 
is regionally delayed (negative deflection of curve) (B). Asynchronous electromechanical activation induces increased QRSd (C) and interventricular/intraventricular activa-
tion times (D), which instantaneously reduce stroke volume, stroke work, dP/dt max, and dP/dt min, indicating an acute reduction in pump function (E). 

(Adapted from Sweeney MO, Prinzen FW: Ventricular pump function and pacing: Physiological and clinical integration. Circ Arrhythm Electrophysiol 1:127-139, 2008.)
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are noted after biventricular pacing.6 Chronic asynchronous LV 
activation results in regional and global structural changes indi-
cated by asymmetric hypertrophy, increased end-diastolic volume, 
and reduced ejection fraction (Figure 118-3),6 as well as locally 
different molecular abnormalities including reductions in sarco-
plasmic reticulum calcium–adenosine triphosphatase (ATPase) 
and phospholamban.

Similar to the situation after myocardial infarction, acute  
loss of pump function initiates compensatory responses (Figure 
118-4). Some of these responses, after a certain time or a certain 
degree of asynchrony, may lead to further impairment of  
pump function and clinical heart failure. Various triggers for 
these “remodeling” processes have been identified. As is the case 
for other conditions of hemodynamic overload, LBBB leads to 
stimulation of the sympathetic system, resulting in elevated myo-
cardial catecholamine levels and activation of the renin-
angiotensin-aldosterone system. Regional differences in stretch 
and mechanical load heterogeneity are most likely important 
stimuli for remodeling processes.

Mechanistic Basis for Development  
of Asynchronous Heart Failure Due to  
Ventricular Conduction Delay

Multiple factors may contribute to heart failure associated with 
ventricular asynchrony. At least three candidate factors are readily 
identified: (1) reduced pump function due to asynchronous con-
traction, (2) adverse remodeling due to long-term asynchrony,  

of not as yet activated remote regions absorbs the energy gener-
ated by the early-activated regions. This stretching further delays 
shortening of these late activation regions and increases their 
force of local contraction by the Frank-Starling mechanism 
(locally enhanced preload). Vigorous late systolic contraction at 
delayed sites occurs against high LV cavity pressures (locally 
enhanced afterload) and imposes loading on the earlier-activated 
regions, which undergo systolic paradoxical stretch. This recip-
rocated stretching of regions within the LV wall causes a less 
effective and energetically efficient contraction.

Hemodynamic consequences of the asynchronous LV con-
traction include reductions in contractility and relaxation. These 
changes occur immediately upon induction of LBBB.5 Loss of 
pump function is indicated by decreases in stroke volume  
and stroke work and slower rates of rise of LV pressure (Figure 
118-2). Moreover, the LV end-systolic pressure-volume relation-
ship shifts rightward, indicating that the LV operates at a larger 
volume to recruit the Frank-Starling mechanism. Premature 
relaxation in early-activated regions and delayed contraction in 
others also cause abnormal relaxation, expressed as a slower rate 
of fall of LV pressure. These changes lead to prolongation of 
isovolumetic contraction and relaxation times, which is charac-
teristic of asynchronous hearts. Prolongation of isovolumetic 
times occurs mainly at the expense of diastolic filling time, 
leading to reduced preload.

Redistribution of the mechanical load within the ventricular 
wall also leads to reduction of regional myocardial perfusion and 
oxygen consumption in the septum.6 These defects express 
regional differences in myocardial workload, are reversible, and 

Figure 118-2.  LBBB-Induced Asynchrony Causes Immediate Reduction in LV Contractility A, LV endocardial activation maps. Inner circle represents LV 
apex, and outer circle represents LV base. S, A, L, and P  indicate the septum and anterior, lateral, and posterior walls, respectively. Arrows indicate activation delay vectors, 
the amplitude of which reflects the degree of intraventricular asynchrony (intraVA). B, Surface ECG tracings, where QRS duration indicates total ventricular asynchrony (total 
VA). C, RV and LV pressure signals normalized to reveal pressure differences (interventricular asynchrony, interVA). D, Pressure-volume (PV) loops. Loop area is stroke work; 
loop width is stroke volume. During normal ventricular conduction (top row, pre-LBBB), intraVA and interVA are minimized, QRSd is normal, and LV contractility is greater 
(larger PV loop). After induction of LBBB (bottom row, post-LBBB), intraVA, interVA, and total VA are increased; this immediately reduces LV pump function (smaller PV loop 
indicating a decline in stroke work, stroke volume, and LV pressure generation). 

(Adapted from Sweeney MO, Prinzen FW: Ventricular pump function and pacing: Physiological and clinical integration. Circ Arrhythm Electrophysiol 1:127-139, 2008.)
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the immediate cause of fMR is delayed activation of the LV pos-
terior “apparatus” due to ventricular conduction delay. This 
apparatus consists of the posterior leaflet and annulus, the LV 
summit it sits on, the chordae, the papillary muscles, and the LV 
wall from which they emanate. Rapid activation of the posterior 
apparatus requires normal ventricular conduction. Early closure 
of the mitral valve is arguably the most important accomplish-
ment of the entire conduction system because it facilitates Star-
ling’s law, that is, it permits isovolumetric systole to occur when 
the ventricle is as full as it can be, given the filling conditions. 
Delayed ventricular conduction prevents mitral valve coaptation 
and induces fMR during isovolumetric contraction. Ventricular 
conduction delay instantaneously reduces the transmitral pres-
sure gradient (systolic LV pressure–LA pressure difference) or 
mitral valve closing force by reducing contractility (↓ LV dP/dt). 
Chronically, volumetric remodeling contributes to fMR by 
further reducing contractility (closing forces) and increasing pap-
illary muscle tethering forces. The latter mechanical effect is 
strongly dependent on alterations in ventricular shape as tether-
ing forces that act on the mitral leaflets are higher in dilated, 
more spherical ventricles. Ventricular dilatation and increased 
chamber sphericity increase the distance from the papillary 
muscles to the enlarged mitral annulus, as well as between each 
other, restricting leaflet motion and increasing the force needed 
for effective mitral valve closure.

Mechanisms of Cardiac Resynchronization 
Therapy (CRT)

CRT uses timed electrical stimulation to correct electromechani-
cal asynchrony within and between chambers to improve pump 

(3) left-sided AV desynchronization, and (4) functional mitral 
regurgitation (fMR). The first three factors have already been 
discussed. With regard to the fourth factor, fMR frequently 
accompanies asynchronous HF and has multiple mechanisms. If 
it is assumed that the anterior mitral leaflet is structurally normal, 

Figure 118-3.  Left, Effects of  induced LBBB on electromechanics. Dashed lines on surface ECG  indicate earliest and  latest LV endocardial activation times. Bull’s eye plots 
indicate septal (S), posterior (P), lateral (L), and anterior (A) LV wall, where the outer ring indicates the LV base, and the inner ring indicates the LV apex. Activation is color 
coded; lighter shades indicate later activation times. During normal ventricular conduction (Baseline), QRSd is narrow and LV electromechanical activation is simultaneous 
throughout. During LBBB, QRS is prolonged and LV electrical and mechanical activation is delayed with lateral wall latest. Right, Change in LV end-diastolic volume (increase), 
LV septal-lateral wall mass ratio (decrease, indicating asymmetric hypertrophy), and ejection fraction (decrease) after 16 weeks of CRT. 

(Modified from Sweeney MO, Prinzen FW: Ventricular pump function and pacing: Physiological and clinical integration. Circ Arrhythm Electrophysiol 1:127-139, 2008.)
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mechanics during CRT is reduction in ventricular conduction 
delay.

Improved Ventricular Mechanics Due to Reduction 
in Ventricular Conduction Delay

Reduction of intraventricular delay during atrial synchronous LV 
or biventricular pacing immediately improves ventricular 
mechanics, which is indicated by increases in LV +dP/dtmax, stroke 
volume, stroke work, arterial pulse pressure, and peak systolic 
pressure8 and reduction in end-systolic volume. Moreover, unlike 
the inotropic effects of dobutamine, systolic augmentation with 
ventricular resynchronization increases the efficiency of conver-
sion of myocardial oxygen consumption to mechanical work. 
This positive contractile response demonstrates a modestly posi-
tive correlation with increasing baseline QRSd.8 These acute 
improvements are maintained chronically and are accompanied 
by reverse volumetric remodeling of the LV (see later).

Maximally effective ventricular resynchronization occurs at 
the midpoint of the interventricular (VV) interval (Figure 118-5), 
which is the conduction time from RV to LV pacing site during 
native activation. A single optimum AV delay (AVD) will achieve 
maximally effective ventricular resynchronization by advancing 
LV activation sufficiently to minimize the VV interval. The AVD 

function. The first-order effect is minimization of ventricular 
electromechanical asynchrony (conduction delay), which restores 
coordinated contraction. The second-order effect is elimination 
of atrioventricular asynchrony, which improves diastolic perfor-
mance and thereby LV pump function. As part of these effects, 
fMR may be reduced. These acute hemodynamic effects translate 
to even more beneficial long-term effects because many adverse 
molecular and cellular derangements elicited by LBBB appear to 
be reversible. The best explanation of the lasting benefit of CRT 
is that it largely restores the normal electromechanical coupling 
of the heart with LBBB. This idea is supported by canine models 
where CRT7 abolished all adverse effects of LBBB. Thus, CRT 
may be “curative” of LBBB-induced asynchronous heart failure 
in some situations.

Improved Mechanics Due to Optimal 
Atrioventricular Resynchronization

When LV contraction timing is delayed, even when AV conduc-
tion times are normal, the hemodynamic consequences  
are similar to a prolonged AV interval. Left-sided AV decoupling 
due to LV conduction delay and/or AV conduction delay is cor-
rected with LV pacing. Optimal AV timing improves LV pump 
function, but the primary mechanism of improved ventricular 

Figure 118-5.  Relationship Between IntraVA and InterVA Under Various Left Ventricular Pacing Conditions At  long AVD, ventricular conduction 
delay persists (large intraVA and interVA). At very short AVD, large intraVA and interVA persist because complete reversal of LV activation has occurred. At the optimal AVD, 
intraVA is minimized and interVA resides at the midpoint of the interVA during either extreme condition; this yields the maximum improvement in pump function. 

(Modified from Verbeek XA, Vernooy K, Peschar M: Intra-ventricular resynchronization for optimal left ventricular function during pacing in experimental left bundle branch 
block. J Am Coll Cardiol 42:558-567, 2003; and Vernooy K, Verbeek XA, Cornelussen Rn, et al: Calculation of effective VV interval facilitates optimization of AV delay and VV 
interval in cardiac resynchronization therapy. Heart Rhythm 4:75-82, 2006.)
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clinical advantage of patient-specific timing optimization has not 
been convincingly demonstrated in clinical trials.

Reverse Volumetric Left Ventricular Remodeling
Mechanical resynchronization reduces load heterogeneity 
throughout the LV. Sustained improvement in ventricular 
mechanics results in regression of adverse LV remodeling, termed 
reverse remodeling. This is indicated by reductions in LV volume 
and mass, reduced mitral orifice size, regression of asymmetric 
hypertrophy, and increased ejection fraction. The magnitude of 
the reduction in end-systolic volume ranges between 10% and 
30%, which is equivalent to or greater than the effects of 
β-blockers and angiotensin-converting enzyme (ACE) inhibitors 
and is related to better survival.11

Evidence of greater baseline electromechanical asynchrony 
and acute mechanical resynchronization appears to be necessary 
for reverse remodeling to occur, and the greater the reduction in 
asynchrony, the higher the probability of remodeling.12 Likewise, 
absence of electromechanical resynchronization acutely elimi-
nates the possibility of chronic reverse remodeling.12 In canine 
hearts with induced LBBB, it was shown that 8 weeks of CRT 
was sufficient to almost completely reverse the ≈25% LV cavity 
dilatation and asymmetric LV hypertrophy induced by dys-
synchrony to pre-LBBB baseline values.7 This observation has 
been replicated in clinical studies, where, in some cases, reverse 
remodeling results in complete normalization of LV volumes and 
ejection fraction.

Reduction in Functional Mitral Regurgitation

In many patients, CRT reduces fMR, and this likely accounts for 
immediate reduction in symptoms in advance of possible reverse 
volumetric remodeling. This can be attributed to a number of 
factors: (1) Correction of left-sided AV timing, which helps posi-
tion the mitral leaflets in the coaptation plane before isovolumet-
ric systole. If the AV time is too long, the leaflets begin to drift 
back toward the atrium and out of the coaptation plane; (2) 
improved contractility, which reduces fMR instantaneously and 
is quantitatively related to an increase in LV dP/dtmax and mitral 
closing pressure; (3) earlier delivery of the posterior apparatus in 
isovolumetric systole; and (4) reverse volumetric LV remodeling, 
which reduces fMR chronically by reducing LV volumes and 
sphericity, thereby reducing tethering forces on the mitral valve. 
Factors 1 to 3 are acute effects and are not related to geometric 
changes (reverse remodeling). Factors 2 to 4 are the primary 

and the VV interval have an interactive relationship. The effect 
of AVD on acute hemodynamic response to CRT is best under-
stood in terms of the effect on ventricular resynchronization 
during biventricular or left univentricular pacing (Figure 118-6). 
During LBBB, the RV is activated by RBB conduction (RBBc) 
before the LV, and the time difference between RV and LV activa-
tion is the interventricular conduction delay.9 Biventricular 
pacing at short AVDs results in complete replacement of intrinsic 
activation, thereby allowing complete control of chamber timing 
with sequential ventricular stimulation. Intermediate AVDs result 
in fusion between RBBc, RV paced activation, and LV paced 
activation. Long AVDs result in “pure” fusion between RBBc and 
LV paced activation because LV preexcitation is still possible as 
the result of interventricular conduction delay.9 Modification of 
the AVD alone therefore can achieve (1) biventricular paced 
fusion, (2) biventricular paced fusion with sequential ventricular 
stimulation (LV first), and (3) “pure” RBBc-LV pacing fusion. LV 
preexcitation is possible across a range of AVDs because LV time 
is delayed relative to RV time. RV pacing is not necessary to 
achieve fusion, and AVD can be used to time the relative prema-
turity of LV preexcitation. At very short AVDs, this requires 
sequential VV timing. At very long AVDs, this occurs spontane-
ously as a result of the native VV interval.

Early acute hemodynamic studies demonstrated that the rela-
tionship between AVD and LV dP/dtmax among patients with 
acute improvement in contractile response to simultaneous 
biventricular pacing is positive and unimodal, with a peak effect 
at approximately 50% of the native PR interval, resulting in 
complete replacement of native ventricular conduction with 
paced activation.8 This maximum improvement in pump function 
(LV +dP/dtmax and stroke volume) occurs at minimal intraven-
tricular asynchrony (see Figure 118-5) and unchanged LV end-
diastolic pressure (preload).9 This indicates that the acute 
contractile response is explained by ventricular resynchroniza-
tion, not by better filling, and that the dose of resynchronization 
is titrated by the AVD.

The best ventricular resynchronization occurs when wave-
fronts from the RV pacing site (or originating from the RBBc) and 
the LV pacing site collide halfway (see Figure 118-5, LV activation 
fusion).10 Experimental evidence suggests that optimal hemody-
namic effect can be achieved by using LV pacing at certain AVDs, 
as well as by using simultaneous and sequential biventricular 
pacing, because fusion of electrical wavefronts can be achieved by 
either approach.9 Although this and other experimental studies 
show a clear mechanism of action for optimizing the interaction 
between AV and VV timing, confusion in this area is great, and a 

Figure 118-6.  Interaction Between AVD and 
VV Interval to Determine LV Activation 
Fusion  T  −  RV  is  time  to  intrinsic  RV  activation  (RA 
sense  to  RV  sense,  or  PR  interval).  During  short  AVD 
pacing (AVD < T − RV), biventricular pacing completely 
replaces  native  activation  (surrogate  fusion),  and  rela-
tive  timing  of  ventricular  activation  is  determined  by 
sequential  ventricular  stimulation  (RV  first,  simultane-
ous,  LV  first).  When  AVD  =  T  −  RV,  RV  pacing  occurs 
simultaneously with intrinsic conduction, resulting in a 
combination  of  RV  pacing  and  intrinsic  conduction, 
whereas  LV  is  still  activated  earlier  than  would  have 
occurred  as  the  result  of  LBBB.  When  AVD  >  T  −  RV, 
LV-only  pacing  occurs  with  true  fusion  of  native  and 
paced activation. 
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between phrenic nerve capture (higher) and LV capture (lower) 
is sufficiently differentiated. In this situation, LV output voltage 
can be automatically “capped” beneath the phrenic nerve capture 
voltage without compromising LV capture.

Tailoring CRT Programming to Improve 
Cardiac Mechanics and to Maximize the 
Probability of Reverse Volumetric LV 
Remodeling

Methods to Guarantee Ventricular 
Electromechanical Resynchronization

The translational mechanism of CRT is ventricular activation 
wavefront fusion.5,12 Therefore, the primary goal of CRT pro-
gramming is maximal and continuous correction of LV conduc-
tion delay. Maximal means the greatest achievable correction of 
the delayed LV activation sequence, and continuous means on 
every cardiac cycle for the duration of the patient’s lifetime. The 
following conditions must be specified to achieve this goal: (1) 
LV stimulation is delivered from a site capable of reversing LBBB 
conduction delay; (2) LV stimulation threshold is within the 
output capacity of the pulse generator; (3) LV pacing occurs on 
every cardiac cycle; and (4) LV timing is adjusted to guarantee 
ventricular activation fusion on every cardiac cycle. Conditions 
(1) and (2) are determined primarily by selection of a specific site 
for LV pacing and are largely fixed. Condition (3) is a dynamic 
process that requires continuous updating but is directly addressed 
by programming strategies and automaticity. Condition (4) is the 
intended end result of satisfying conditions 1 through 3 and 
provides evidence that maximal and continuous correction of LV 
conduction delay has been achieved.

Generating Ventricular Activation Wavefront Fusion  
During CRT
It has been shown that analysis of ventricular activation using 
knowledgeable application of the standard 12-lead surface ECG 
accurately predicts the probability of LV reverse volumetric 
remodeling during CRT in patients with ventricular-asynchronous 
HF and LBBB.12 The probability of reverse remodeling is 
explained by interactions between substrate conditions and 
pacing-induced changes in ventricular activation before and after 
CRT. The main findings are that (1) the translational mechanism 
for volumetric remodeling is activation wavefront fusion, evident 
on the paced ECG using a deconstructive QRS complex–based 
symbol language, and (2) the probability of remodeling is posi-
tively influenced by LV conduction delay (maximum LV activa-
tion time, LVATmax) and is negatively influenced by LV scar 
volume (QRS score) on the baseline ECG. Longer LV activation 
time and smaller LV scar volume during LBBB on the baseline 
ECG predict higher probability of reverse modeling. Evidence 
for activation wavefront fusion on the CRT-paced ECG, indicat-
ing conduction defect reversal, also predicts a higher probability 
of reverse remodeling.

CRT Programming to Generate Maximum Evidence  
of Ventricular Activation Fusion
As was discussed previously, optimal ventricular resynchroniza-
tion occurs when wavefronts from the RV pacing site (or origi-
nating from RBBc) and the LV pacing site collide halfway (see 
Figures 118-5 and 118-6). Experimental and human evidence 
indicates that optimal hemodynamic effect can be achieved by 
using both LV pacing at certain AVDs and simultaneous and 
sequential biventricular pacing; fusion of electrical wavefronts 
can be achieved by either approach.9

determinants of reduction in fMR and are directly related to 
reduction in ventricular conduction delay.

Programming Considerations for CRT

Pacing Modes

It is axiomatic that for maximal delivery of CRT, ventricular 
pacing must be continuous. DDD mode (atrial and ventricular 
pacing/sensing) guarantees AV synchrony by synchronizing ven-
tricular pacing to all atrial events, except during episodes of atrial 
tachycardia or atrial fibrillation. However, DDD mode increases 
the probability of atrial pacing (depending on the programmed 
lower rate limit), which may alter the left-sided AV timing rela-
tionship. VDD mode (atrial sensing only, ventricular pacing and 
sensing) guarantees the absence of atrial pacing and synchronizes 
all atrial events to ventricular pacing at the programmed AV 
delay. However, if the sinus rate is below the lower programmed 
rate limit, AV synchrony is lost because the VDD mode is opera-
tionally VVI.

Determining LV and RV Capture: Importance  
of Electrocardiography

The 12-lead electrocardiogram (ECG) is essential for ascertain-
ing RV and LV capture during follow-up of CRT systems  
without separately programmable ventricular outputs. It is  
recognized that at least six distinct 12-lead ventricular  
activation patterns may be seen during threshold determination. 
These include (1) intrinsic rhythm during loss of RV and LV 
capture or pacing inhibition (native QRS), (2) isolated RV  
stimulation, (3) isolated LV stimulation, (4) biventricular stimula-
tion with complete replacement of native ventricular activation 
by paced activation, (5) biventricular stimulation with fusion 
between native activation (RBB conduction) and paced activa-
tion, and (6) biventricular stimulation with anodal capture. 
Further, fusion between paced and native activation may result 
in a wide range of unique global activation patterns on the 12-lead 
ECG.

Monochamber RV pacing generates right (R) → left (L) 
activation in the frontal plane and anterior (A) → posterior 
(P) activation in the horizontal plane, resembling LBBB activa-
tion. Consequently, the mean QRS frontal plane axis is com-
monly left superior and is uncommonly right superior. 
Monochamber LV pacing produces a variety of activation 
sequences, depending on stimulation site and conduction blocks. 
A few generalizations are possible. Posterolateral wall stimulation 
commonly generates L → R, P → A activation, and mean the 
QRS frontal plane axis is usually right superior, less commonly 
right inferior.

Pacing Outputs

Shared cathodal pacing is commonly used for LV stimulation. 
Because capture thresholds usually differ between ventricles, 
voltage output must exceed capture threshold in chambers with 
highest threshold (usually the LV). Newer pulse generators that 
permit independent programming of ventricular outputs provide 
greater flexibility in this regard. Several methods may be used to 
provide automatic adjustment of RV and LV pacing output 
voltage. The intent is to deliver continuous pacing at the 
minimum output voltage that yields 100% capture for battery 
conservation. An ancillary value represents the possibility of 
overcoming phrenic stimulation when the voltage differential 
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response to positive changes in loading conditions is reduced in 
the failing ventricle; (3) positive changes in loading conditions 
due to improved diastolic function can have a dramatic effect on 
symptoms even in the absence of any significant systolic augmen-
tation, particularly in the failing ventricle; (4) atrioventricular 
optimization for diastolic function is not required for ventricular 
electromechanical resynchronization and plays no role in reverse 
volumetric ventricular remodeling; and (5) reverse volumetric 
ventricular remodeling can occur even when AV timing is not 
optimized. Consequently, persistent diastolic dysfunction, despite 
improvement in LV size and contractility, is an important and 
frequently unrecognized source of symptoms in asynchronous 
HF patients treated with CRT.

Optimization of AV Resynchronization
Various methods of titrating optimal AV resynchronization 
during multisite pacing therapy are known. These methods 
include echocardiographic analysis of LV inflow velocity  
patterns, local electrogram (EGM) timing analysis derived from 
invasive hemodynamic monitoring, and real-time hemodynamic 
monitoring during manipulation of the AVD. The common  
goal of these methods is to identify the single AVD that yields 
(1) maximum improvement in LV preload and (2) maximum 
diastolic filling time. This requires that the timing of LA contrac-
tion to LV contraction is optimized. No single method of AV 
resynchronization has demonstrated convincing clinical superior-
ity, such as reduction in HF hospitalization or reductions in 
LVESV (reverse remodeling), although very little prospective 
evaluation of any of these methods has been made. Regardless of 
the method, the optimized AVD is almost invariably in the  
range of 80 to 110 ms. This supports an argument for empirical 
programming of the AVD at ≈100 ms. Complicating this 
matter, the optimal AVD varies with heart rate, loading  
conditions, and atrial pacing versus sinus rhythm. Although  
it is clear that ventricular activation fusion (electrical resynchro-
nization) is the translational mechanism of improvement in  

Evidence for generation of ventricular activation fusion on the 
surface ECG consists of two pacing wavefronts with unique ECG 
signatures. Certainty regarding maximal ventricular activation 
fusion during biventricular pacing therefore requires character-
ization of ventricular activation during monochamber RV and LV 
pacing. Once the ECG signatures of monochamber RV and LV 
pacing have been characterized, simultaneous biventricular 
pacing is initiated at an AVD sufficiently short to preempt native 
ventricular activation (i.e., 50% of the baseline PR interval). This 
allows complete control of ventricular activation timing by 
replacing intrinsic activation with paced activation. Because LV 
activation is always delayed relative to RV activation during 
LBBB, and because the pacemaker AVD is recorded between RA 
and RV, shortening the AVD advances the LV and titrates the 
dose of resynchronization. Further advancement of LV activation 
is possible with sequential ventricular stimulation. The ECG is 
then examined for evidence of activation fusion. The interactions 
among AVD, VV timing, and generation of activation fusion are 
shown in Figure 118-7.

Methods to Guarantee Optimal Atrioventricular 
Resynchronization

The timing of ventricular stimulation is controlled primarily by 
the pacemaker AVD; CRT also has direct effects on AV timing, 
and this influences ventricular loading conditions and diastolic 
function. Interactions between the pacemaker AVI, ventricular 
electromechanical resynchronization, and AV resynchronization 
have resulted in much confusion and debate regarding CRT 
programming considerations.

Some generalizations regarding the pacemaker AVD, ven-
tricular resynchronization, and AV resynchronization during 
CRT are useful: (1) Interpretation of the effects of changes in AV 
timing on pump function is difficult to sort out because diastolic 
and systolic function is simultaneously altered; (2) the systolic 

Figure 118-7.  Electrocardiographic Evidence for Ventricular Activation Fusion During CRT Left, Typical LBBB ventricular activation and corresponding 
asynchronous LV longitudinal strain map. LV conduction delay  is registered as regional mechanical delay,  indicated by early septal activation and delayed posterior wall 
activation. Note anterior-to-posterior activation in V1 (QS complex). The PR interval is 240 ms. Right, BV pacing at pAVI 120 ms. V1 changes indicate LBBB conduction reversal 
(QS → RS). Corresponding strain maps demonstrate synchronization of septal and posterior wall activation. LV volume is visually reduced. 
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Fixed conduction blocks are characterized by a boundary  

of activation delay that interrupts and redirects activation wave-
front propagation. Sequential ventricular activation is consis-
tently observed during LBBB (RV → LV), and posterolateral LV 
is invariably latest activated. However, the location, orientation, 
and extent of conduction blocks display significant interpatient 
variability, yielding distinct patterns of LV epicardial activation 
during similar activation patterns registered on the surface ECG 
(Figure 118-8). The physiological basis of functional conduction 
blocks during LBBB is uncertain. The functional nature of such 
blocks is indicated by (1) absence of scar, and (2) ability to shift 
the location of the line of block with pacing maneuvers. These 
lines of functional block correlate with regional mechanical delay.

The implications of fixed and functional ventricular conduc-
tion blocks for CRT are significant. LV pacing usually targets  
the posterolateral LV (latest activated region); therefore conduc-
tion blocks usually reside between biventricular (BV) pacing stim-
ulation sites. This arrangement creates the opportunity for 
interference with the development of BV pacing activation wave-
front fusion. To maximally reduce LV conduction delay, (1) LV 
stimulation must occur distal to the line of conduction block;  
(2) LV paced activation wavefront must propagate out from the 

LV pump function (reverse remodeling), the additional contribu-
tion of optimal AV resynchronization to clinical outcomes after 
maximal correction of LV conduction delay has not been 
demonstrated.

Interventricular Timing Considerations
Fusion of ventricular activation wavefronts is easily achieved and 
confirmed in animal models. Such is not the case in the diseased, 
failing human ventricle because (1) conduction times of activation 
wavefronts initiated on opposite sides of the LV are difficult to 
measure; (2) timing between stimulation sites does not accurately 
reflect global activation; (3) a readily available measure of global 
activation for fusion evidence does not exist; and (4) propagation 
of paced activation wavefronts is unpredictably modified by con-
duction blocks and other factors (fiber orientation, capture 
latency, etc.). Ventricular conduction blocks are poorly under-
stood but appear to be the primary barrier to achieving maximum 
ventricular activation fusion. Conduction blocks may be fixed or 
functional. Fixed blocks are easiest to understand and are due to 
ventricular scar. Functional blocks are more difficult to under-
stand but can accompany LBBB in the absence of scar and may 
arise solely during LV pacing.

Figure 118-8.  Heterogenous Effects of Conduction Blocks and BV Pacing on LV Activation Fusion Fixed ventricular conduction blocks due to scar 
revealed by noninvasive ECG imaging of epicardial isochronal activation. Epicardial isochrone maps are shown during intrinsic activation (LBBB). Activation times relative 
to QRS onset are color coded with red earliest and blue latest; framed numbers indicate earliest and latest activated sites. Note sequential ventricular activation (RV → LV): 
RV is activated earliest, and latest activation occurs at posterobasal LV. Black lines indicate line/region of conduction block that influences activation wavefront propagation. 
A, Top. Activation during LBBB is R → L, with latest activation at posterobasal LV. Activation propagates apically around anterior line of fixed block (present during LBBB 
activation and BV paced activation). Bottom, Stimulation from posterobasal LV corrects conduction delay; latest activation occurs on anterior wall (fusion). B, Top, Activation 
during LBBB is R → L, with latest activation at posterobasal LV; no line of block. During stimulation from anterior LV (not the most delayed region), a line of functional block 
emerges on the anterior wall  (black). Paced activation wavefront propagates around the  line of  functional block, activating the posterobasal LV early and correcting LV 
conduction delay. 

(Modified from Jia P, Ramanathan C, Ghanem Rn, et al: Electrocardiographic imaging of cardiac resynchronization therapy in heart failure: Observation of variable electrophysi-
ologic responses. Heart Rhythm 3:296-310, 2006.)
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to automatically orchestrate timing adjustments at the atrial-
ventricular (AVD) and ventricular (VV) level. Such control 
systems have been implemented in CRT pacing platforms with 
the common strategy of exploiting intracardiac EGMs to measure 
and adjust chamber timing. However, regardless of the specific 
technique, EGM-based control systems are immediately chal-
lenged by several critical shortcomings. The common flaw of all 
EGM-based approaches is the assumption that local electrical 
activation, timed by single-site EGMs, accurately depicts chamber 
level and cross-chamber level mechanical activation. A variety of 
explanations have been proposed for this failure. Sensing and 
capture latencies can occur at all chamber levels. Consequently, 
mechanical activation may be under way before local activation 
exceeds the sensing threshold (sensing latency). Alternatively, 
mechanical activation may be delayed after a pacing stimulus 
(capture latency). Both conditions result in timing errors in stim-
ulation of a later activated chamber. Right-sided AVDs are flawed 
surrogates of left-sided electromechanical coupling because 
direct measurement of left atrial electrical activation currently is 
not feasible. Intra-atrial, interatrial, and interventricular conduc-
tion delays have unpredictable effects on left-sided AV electro-
mechanical coupling (see earlier). Despite these limitations, it is 
probably true that local EGM timing provides a reasonable 
working approximation of cross-chamber electromechanical level 
at the (right-sided) AV level. In contrast, relative timing of  
single-point ventricular EGMs or conduction times between two 
cross-chamber ventricular EGMs cannot be assumed to accu-
rately characterize global ventricular activation. Because the 
translational mechanism of CRT is activation wavefront reversal, 
the inability to characterize global activation sequence with 
current EGM-based timing measures is a serious deficiency. 
None of the current control systems are fully automated;  
optimal AV and VV timing requirements are dynamic, may 
change substantially over time, and probably require adjustment 
on virtually every cardiac cycle. Finally, none of the EGM-based 
approaches has been shown to improve clinical outcomes by any 
measure.

Strategies for Maintaining Continuous CRT

The primary goal of CRT programming is maximal and continu-
ous correction of LV conduction delay; the secondary goal is 
maximal and continuous correction of AV timing. Continuous 
means on every cardiac cycle for the duration of the patient’s 
lifetime. This means that BV (or LV) pacing must occur on every 
cardiac cycle. In practical experience, 100% BV (LV) pacing is 
difficult to achieve. Transient interruptions to CRT are common 
(up to 36% of patients); permanent loss of CRT occurs in up to 
5% of patients within 2 years; the causes are diverse and often 
relate to the complex interplay between spontaneous electrical 
activity (the patient) and inviolable elements of the timing cycle 
operation (the device). Uninterrupted CRT can usually be 
restored by modification to critical pacing control parameters and 
by correction of patient conditions that degrade CRT response 
independent of electrical operation.

Any situation that permits competition between the delivery 
of continuous ventricular pacing and native ventricular activation 
will degrade CRT efficacy. This is far more likely to occur among 
patients with intact AV conduction. Obviously, critical pacing 
control parameters during CRT should reflect the goal of guar-
anteeing BV pacing on every cardiac cycle. Therefore, any 
parameter choice that might reduce the frequency of ventricular 
pacing should be avoided. By far, the most common cause of loss 
of CRT pacing is AF with rapid AV conduction, accounting for 
at least 18% of all therapy interruptions. The consequence is 
instantaneous and simultaneous loss of AV and ventricular 

stimulation site; and (3) R → L and L → R activation wavefronts 
must be properly timed to generate fusion. Under some condi-
tions, the emergence of a line of functional block during LV 
pacing may facilitate correction of LBBB conduction delay despite 
stimulation from a relatively early activated site. Alternatively, LV 
pacing from an early activated site proximal to a line of block may 
worsen LBBB conduction delay. Fixed and/or functional lines of 
block may “jail” (electrically isolate) large regions of the LV 
despite electrical resynchronization at remote stimulation sites. 
Fixed and functional blocks may also result in substantially differ-
ent paced activation wavefront conduction times with the conse-
quence that simultaneous BV activation is dominated by, or 
duplicates, monochamber activation, usually favoring RV → LV 
(i.e., persistent R → L activation). Persistent R → L activation, 
despite LV pacing from a late activated site, can also be generated 
by LV capture latency.

Implications of Spontaneous and Pacing-Induced Conduction 
Blocks During BV Pacing
Ventricular conduction blocks present diverse and unpredictable 
challenges to generating ventricular activation wavefront fusion 
during CRT. On the basis of current limited understanding of the 
problem, the following conclusions can be made: (1) The postero-
lateral is almost always the latest electrically activated site during 
LBBB and should be targeted for LV pacing; (2) other unpredict-
able sites (anterior wall, apex) may be latest activated in some 
patients because of the effects of conduction blocks on wavefront 
propagation; stimulation from these sites can effectively correct 
LV conduction delay; this probably explains why some patients 
improve with nonposterior wall stimulation; (3) any pacing site 
may induce or worsen conduction block in an unpredictable 
manner and degrade or abolish ventricular activation wavefront 
fusion; (4) resynchronization of the most delayed LV region may 
be irrelevant if there is a large intervening zone of scar; (5) selec-
tion of LV pacing sites based on interventricular timing recorded 
by local EGMs (RV, LV) may be misleading because simultaneous 
activation timing at widely spaced RV and LV sites may occur in 
LBBB and does not indicate absence of mechanical delay; and (6) 
equivalent conduction times between widely spaced RV and LV 
stimulation sites do not guarantee that simultaneous BV pacing 
will generate global ventricular activation wavefront fusion.

Against this background, a role of timed (sequential) ventricu-
lar stimulation is known. The ability to orchestrate ventricular 
chamber timing should theoretically provide additional leverage 
for overcoming functional and physiological conduction barriers 
to achieve maximum evidence of ventricular activation wavefront 
fusion.

Sequential Ventricular Timing
The ability to selectively manipulate the timing of RV and LV 
stimulation appeared in third-generation CRT systems. This 
arrangement requires separately programmable RV and LV stim-
ulation outputs and circuitry to permit timing delay between 
outputs by stimulation site (VV timing). The goal of VV timing 
is site-selective, sequential ventricular stimulation. Despite the 
compelling rationale for timed ventricular stimulation during BV 
pacing, the aggregate clinical experience has been a disappoint-
ment. Although acute studies demonstrated improvement in 
various metrics of LV systolic and diastolic performance during 
sequential versus simultaneous BV pacing, no such benefit has 
been recorded in randomized clinical trials.

Methods for Automatic Adjustment of AV  
and VV Timing

Recognition of the importance of proper four-chamber electro-
mechanical timing for maximum pump function justified attempts 
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>90% BV pacing. The remaining patients had ineffective (pseu-
dofusion, ≈23% if all cycles) or incompletely effective (fusion, 
≈16% of all cycles) BV pacing.14 Ambulatory ECG evidence of 
ineffective or incompletely effective BV pacing was associated 
with reduced clinical response to CRT. Adding to this line of 
evidence supporting the goal of 100% BV pacing, retrospective 
analysis indicates that patients with permanent AF show similar 
improvement after CRT as patients with sinus rhythm, but only 
if ablation of the AV junction is performed to guarantee 100% 
BV pacing with full replacement of ventricular conduction. 
Patients with permanent AF and >85% BV pacing who did not 
undergo atrioventricular junction (AVJ) ablation showed substan-
tially less long-term improvement in left ventricular ejection frac-
tion (LVEF), left ventricular end-systolic volume (LVESV) 
(reverse remodeling), and exercise capacity.15 Specific features of 
the pacing operation may increase the percentage of BV pacing 
during rapidly conducted AF, thereby preventing disruptions to 
CRT.

resynchronization (total cardiac desychronization) combined 
with rapid, irregular ventricular rates. The importance of rate 
control and regularization of the ventricular response during AF 
to maximize CRT response should not be underestimated. Some 
evidence suggests that lower lifetime effective BV pacing due to 
AF is associated with reduced clinical response and increased risk 
of death. Higher cumulative percent BV pacing (>93% to 100%) 
recorded by device event counters was associated with reduced 
risk of heart failure and death, whereas cumulative percent BV 
pacing <92% was associated with a 44% increase in relative risk. 
A lower cumulative percent BV pacing (<92%) was more likely 
among patients with history of AF.13

Pacing event counters probably underestimate the true mag-
nitude of the negative effect of AF with native AV conduction on 
effective BV pacing delivery. When 24-hour ambulatory ECG 
monitoring was used, only 47% of patients with permanent AF 
had effective BV pacing (defined as >90% BV pacing with com-
plete ventricular capture) despite pacing event counters showing 
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(LV), most frequently of the interventricular septum. The hyper-
trophy interferes with ventricular relaxation and, in up to 25% 
of patients, causes dynamic obstruction across the left ventricular 
outflow tract. Early observational studies of right ventricular 
apical pacing suggested regression of ventricular hypertrophy and 
dramatic clinical improvement.1 However, this benefit was not 
substantiated in subsequent randomized controlled clinical trials,1 
so this strategy has been largely abandoned, except when there is 
another indication for pacing, such as AV block after alcohol 
septal ablation (discussed later).

Neurocardiogenic Syncope

Neurocardiogenic syncope is a common problem that accounts 
for approximately 6% of hospital admissions in the United States 
annually. Despite improved diagnostic techniques, the cause of 
syncope remains undiagnosed in up to 50% of cases. It is likely 
that many of these cases are neurally mediated. The term neuro-
cardiogenic syncope (also known as vasovagal syncope or neurally 
mediated syncope) is used to describe a group of related conditions 
that include carotid sinus hypersensitivity, post-tussive syncope, 
postmicturition syncope, and others. Because episodes are often 
accompanied by bradycardia, it was hypothesized that permanent 
pacing may be beneficial. Unfortunately, as with HCM, early 
uncontrolled studies suggested that permanent pacing offered 
major clinical benefits that have not been confirmed by subse-
quent randomized clinical trials.1,2 Currently, there is no clear 
clinical indication for permanent pacing in neurocardiogenic 
syncope. However, a subgroup of patients who experience very 
long pauses (>6 seconds) or marked bradycardia on ambulatory 
monitoring may benefit from pacing therapy.3

Long QT Syndrome

The long QT syndrome is a heterogeneous group of disorders 
characterized by QT prolongation and a tendency to develop 
torsades de pointes and sudden cardiac death. Congenital forms 
of this disorder have been linked to point mutations in specific 
genes associated with sodium or potassium channel activity. 
Acquired forms of the long QT syndrome are usually associated 
with use of QT-prolonging medications (e.g., sotalol, tricyclic 
antidepressants), the list of which continues to grow. It is also 
possible that congenital and acquired forms actually make up a 
continuum, with some individuals manifesting the abnormality 
in the baseline state and others requiring trigger factors to elicit 
QT prolongation. The pathogenesis of ventricular arrhythmias 
in this syndrome has not been completely elucidated but seems 
related to sympathetic activation and early afterdepolarizations.

Initial therapy for the long QT disorders traditionally has 
been pharmacologic (β-blockers), although left stellate ganglion 
ablation and permanent pacing have also been advocated. The 
exact mechanism by which pacing exerts its beneficial effect is 
unclear but probably is related to preventing pauses that 
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Permanent pacemaker technology has evolved significantly over 
the past 50 years. From the primitive, asynchronous, fixed-rate 
single-chamber devices (i.e., VOO mode) that were used initially, 
pacemakers have undergone a major transformation in both 
sophistication and complexity. Originally, permanent pacemakers 
were used primarily to provide rate support for symptomatic 
bradycardia. With technological advances and improved under-
standing, pacemaker therapy has been applied to a variety of 
additional disorders. Many of these applications are not directly 
related to treatment of bradycardia but rather use pacing to alter 
myocardial activation patterns, to suppress tachyarrhythmias, or 
to improve hemodynamic function. This chapter focuses on the 
role of permanent pacing in less common cardiac disorders, the 
use of pacing after novel procedures, and potential newer applica-
tions of permanent pacing technology.

Pacing for Specific Cardiac Conditions

Permanent pacing has been employed to treat a variety of disor-
ders, in addition to traditional indications of chronotropic incom-
petence, sick sinus syndrome, and atrioventricular (AV) block. 
For example, cardiac resynchronization therapy (CRT), discussed 
in detail in a separate chapter, has become an important and 
commonly employed application for the treatment of patients 
with left ventricular dysfunction, congestive heart failure, and 
electrical dys-synchrony. Pacemakers have also played an impor-
tant role in the treatment of atrial fibrillation, including provid-
ing rate support for slow ventricular response and arrhythmia 
suppression and after AV nodal ablation. Applications of pace-
makers in the treatment of a variety of less common disorders  
or special situations are discussed later and are summarized in 
Table 119-1.

Hypertrophic Cardiomyopathy

Hypertrophic cardiomyopathy (HCM) is a condition character-
ized by disarray of myocardial fibers and myofibrils, producing 
excessive and inappropriate hypertrophy of the left ventricle 
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symptoms should be aggressively investigated using ambulatory 
electrocardiographic recordings, long-term event recorders and 
loop recorders, and, in more worrisome situations (e.g., unex-
plained sudden syncope precipitating a motor vehicle accident), 
hospitalization with inpatient monitoring. In most cases, the 
finding of second-degree atrioventricular block, even when 
asymptomatic, may warrant permanent pacemaker implantation. 
It should be noted that ventricular tachyarrhythmias are also 
common in this population, so, depending on the clinical sce-
nario, an ICD should also be considered.
1. Duchenne’s muscular dystrophy—A progressive 

neuromuscular disease becoming clinically manifest in the 
mid-teens and usually fatal by the end of the third decade, 
generally from heart failure. Although cardiac involvement 
is the rule, the conduction system is not always involved. 
Permanent pacing is warranted for second- or third-degree 
AV block, especially in the setting of a widened QRS 
complex.

2. Becker muscular dystrophy—Similar to Duchenne’s 
muscular dystrophy but more slowly progressive and with 
less frequent cardiac involvement. The indications for 
permanent pacing appear similar to those of Duchenne’s 
muscular dystrophy.

3. Myotonic muscular dystrophy—Cardiac involvement is 
common and usually affects the conduction system. 
Published data indicate that permanent pacing is warranted 
with an HV interval >70 milliseconds, even in the absence 
of high-degree AV block.5 It has been demonstrated that 
patients with myotonic dystrophy who underwent an 
invasive approach with electrophysiological study and 
prophylactic pacing had a longer 9-year survival than those 
treated conservatively.6

4. Emery-Dreyfuss muscular dystrophy—Conduction system 
disease is frequent. Sudden cardiac death due to high-grade 
AV block has been documented, and permanent pacing 
should be offered with the development of any unexplained 
transient neurologic symptoms or second- or third-degree 
AV block.

5. Limb girdle muscular dystrophy—A heterogeneous group of 
disorders characterized by weakness in the pelvic 
musculature and upper legs. The familial form has a high 
incidence of conduction system disease, and permanent 
pacing should be considered in anyone with a family history 
of heart block or sudden death.

6. Kearns-Sayre syndrome—A multisystem disorder of the 
mitochondria with diverse clinical manifestations. 
Progressive conduction system disease is common, and 
permanent pacing is probably warranted for marked 
first-degree AV block.

Infiltrative Diseases of the Myocardium

The myocardium is infiltrated and replaced by nonmyocardial 
tissue in a diverse variety of disorders. Although the prognosis is 
usually determined more by type and severity of the underlying 
disease, cardiac and conduction system involvement is not unusual 
and may be accompanied by potentially life-threatening bradyar-
rhythmias or tachyarrhythmias. In these situations, permanent 
pacemakers may be helpful symptomatically, although they may 
not necessarily prolong life.
1. Amyloidosis—Amyloidosis is characterized by deposition of 

an insoluble protein within the myocardium, often involving 
the conduction system.7 A restrictive cardiomyopathy may 
develop with death from congestive heart failure. Sinus node 
dysfunction, AV block, and intraventricular blocks are not 
uncommon and may require permanent pacemaker insertion 
if associated with symptoms. A group of 95 patients with 

characteristically precede episodes of torsade, with elimination of 
early afterdepolarizations and decreased dispersion of refractori-
ness. In addition, overdrive pacing to increase heart rate decreases 
the QT interval. Currently, it is standard to use an implantable 
cardioverter-defibrillator (ICD) in any individual with docu-
mented cardiac arrest, sustained ventricular tachycardia, or recur-
rent syncope refractory to β-blockers, with pacing reserved for 
symptomatic bradycardia.

Chronic Disorders of the Neuromuscular System

The muscular dystrophies are a diverse group of inherited, 
chronic degenerative conditions primarily affecting skeletal 
muscle. It has long been appreciated that these disorders can also 
affect cardiac muscle, resulting in fibrosis and fatty replacement 
of the myocardium. Awareness is growing that the prevalence of 
arrhythmias, conduction system disease, and sudden cardiac 
death in these patients may warrant early intervention.4 Because 
these conditions are infrequent, the therapeutic guidelines are 
necessarily nonspecific. In general, it can be recommended that 
unexplained syncope, presyncope, and other transient neurologic 

Table 119-1. Pacing for Specific Cardiac Conditions

Cardiac Condition Indication for Permanent Pacing

Hypertrophic 
cardiomyopathy

Largely abandoned for symptoms of 
obstruction

Indicated for AV block after ASA or SSM

Neurocardiogenic 
syncope

Limited benefit, unless very long 
pauses/asystole

Long QT syndrome Reserved for symptomatic bradycardia
ICD may be indicated for SCD or 

recurrent syncope

Muscular Dystrophies

Duchenne’s Second- or third-degree AVB (especially 
if wide QRS)

Becker Second- or third-degree AVB (especially 
if wide QRS)

Myotonic HV >70 millliseconds or high-degree 
AVB

Emery-Dreyfuss Second- or third-degree AVB or 
unexplained syncope

Limb girdle High-grade AVB or family history of 
AVB/SCD

Kearns-Sayre Marked first-degree or high-grade AVB

Infiltrative Disorders

Amyloidosis First-degree or high-grade AVB, WBCL 
<100 bpm

Sarcoidosis Symptomatic bradycardia, ICD may be 
indicated

Collagen vascular disease Symptomatic bradycardia or high-grade 
AVB only

Lyme carditis Usually reversible with treatment, rarely 
required

ASA, Alcohol septal ablation; AVB, atrioventricular block; ICD, implantable 
cardioverter-defibrillator; SCD, sudden cardiac death; SSM, surgical septal 
myectomy; WBCL, Wenckebach cycle length.
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familial amyloid polyneuropathy (FAP) was followed after 
prophylactic pacemaker insertion.8 In this series, 25% of 
patients developed high-degree AV block over a mean 
follow-up of 45 months. Predictors of development of 
high-grade AV block included existing first-degree AV  
block and Wenckebach anterograde block at ≤100 beats 
per minute (bpm). Therefore, prophylactic pacemaker 
implantation may be warranted in this population to  
reduce the risks of syncope and sudden death related to  
the development of significant conduction system disease.

2. Sarcoidosis—Sarcoidosis is a multisystem, infiltrative 
disorder characterized by noncaseating granulomas,  
which often involve the heart and the conduction  
system.9 This disease tends to be progressive, and the 
mortality of patients with extensive myocardial sarcoid  
is high. Permanent pacemakers may be implanted for 
symptomatic bradyarrhythmias, although the frequency of 
malignant ventricular tachyarrhythmias often warrants an 
ICD.10

3. Collagen vascular disease—Cardiac involvement is fairly 
common in the collagen vascular diseases, especially 
polymyositis and systemic lupus erythematosus. Fibrosis of 
the conduction system may occur, and resultant AV block 
may require a permanent pacemaker based on standard 
criteria for implantation.

4. Lyme carditis—This Lyme disease spirochetal infection is 
caused by Borrelia burgdorferi and is carried by the deer tick 
(Ixodes dammini). It is a systemic illness characterized by a 
“target”-shaped rash (erythema chronicum migrans), as well 
as by fever, arthralgia, myalgias, and lymphadenopathy. 
When untreated, this illness can result in later 
complications, including neurologic and cardiac 
involvement. Lyme carditis is typically characterized by  
AV block and is often reversible with antibiotic therapy, 
obviating the need for permanent pacing.11 To avoid 
unnecessary pacemaker implantation, this diagnosis should 
be considered by physicians when the clinical scenario 
occurs in an area where Lyme disease is endemic.

Permanent Pacing Post–Myocardial  
Infarction

In the setting of acute myocardial infarction (MI), conduction 
abnormalities can occur immediately or within hours to days 
post-infarction. Conduction abnormalities associated with infe-
rior wall MI, including high-degree AV block, are usually second-
ary to heightened vagal tone in the acute phase and secondary to 
edema and local release of adenosine in the subacute phase (>24 
hours post-infarction). Both of these scenarios are often revers-
ible (within several days to up to 2 weeks) and, although they may 
warrant temporary pacing, rarely require permanent pacemaker 
implantation. In contrast, conduction abnormalities associated 
with anterior MI are often a result of infarction and necrosis of 
the intramyocardial conduction system. This almost always 
occurs in the setting of a proximal occlusion of the left anterior 
descending (LAD) artery, and complete AV block usually occurs 
within the first 24 hours post-MI. Because the left anterior fas-
cicle and the right bundle branch are supplied by septal branches 
of the proximal LAD, the development of bifascicular block 
(especially with PR prolongation) post–anterior infarction is 
associated with a high incidence of complete heart block and 
warrants empirical temporary pacemaker placement. Permanent 
pacemaker placement, however, is reserved for patients with 
high-grade AV block, including those with alternating bundle 
branch block and transient or persistent second- or third-degree 
AV block in the His-Purkinje system.12

Preventing Remodeling After  
Myocardial Infarction

After MI, the cardiac workload is redistributed with an increase 
in mechanical wall stress in ischemic and surrounding areas. 
These increases in wall stress are associated with left ventricular 
remodeling and subsequent dysfunction, as well as activation of 
cytokines and neurohormonal factors often associated with 
adverse clinical outcomes. It has been shown that pacing areas of 
high wall stress (“electrical preexcitation”) alters regional distri-
bution of stroke work within the normal heart, reducing stroke 
work adjacent to the stimulation site and increasing stroke work 
in distant regions. Shuros et al. used a swine model to demon-
strate that pacing from the peri-infarct area improves hemody-
namics and attenuates cardiac remodeling.13 Saba et al. used a 
rabbit infarct model to demonstrate that biventricular pacing 
prevented mechanical and electrical remodeling, including pre-
venting left ventricular systolic and diastolic function, as well as 
restoring QRS width. Similar beneficial effects were found in a 
preliminary study by Chung et al. among patients randomly 
assigned to biventricular pacing (compared with right ventricular 
stimulation).14 However, a randomized study of post-infarct 
pacing (The Prevention of Myocardial Enlargement and Dilata-
tion Post Myocardial Infarction [MENDMI]) showed no effect 
on left ventricular dimensions.15 A larger randomized study 
(Post Myocardial Infarction Remodeling Prevention Therapy 
[PromPt]) is under way to evaluate peri-infarct pacing in greater 
detail.

Vagal Stimulation for Treatment  
of Heart Failure

Chronic heart failure is characterized by autonomic dysfunction 
involving increased sympathetic tone, downregulation of adreno-
receptors, and decreased parasympathetic outflow and heart rate 
variability. In addition to neurohormonal activation (i.e., renin-
angiotensin-aldosterone system), these changes can result in a 
positive feedback mechanism that causes worsening vasoconstric-
tion, LV dysfunction and negative remodeling, and, ultimately, 
end organ dysfunction and death. Vagal activation and carotid 
sinus baroreflexes (CSBs) may be inhibitory to these effects but 
are often blunted in chronic heart failure states. Therefore, there 
has been great interest in the idea that stimulating these reflexes, 
thereby increasing parasympathetic outflow, may halt or even 
reverse the negative effects of increased sympathetic tone in heart 
failure. Similarly, spinal cord stimulation has been effective in the 
treatment of chronic pain and is discussed in detail in a separate 
chapter.

Initial studies with vagal nerve stimulation demonstrated 
favorable changes in tissue and plasma biomarkers.16 More 
recently, investigators demonstrated that chronic electrical stim-
ulation of the CSB improved LV function and promoted LV 
remodeling in dogs with chronic heart failure.17 This study dem-
onstrated that chronic vagal stimulation resulted in changes at 
global and cellular/molecular levels, including decreased LV end-
diastolic pressure, decreased circulating catecholamines, normal-
ization of β-receptor expression, and reduced interstitial fibrosis 
and myocyte hypertrophy.

The Cardiofit Multicenter Trial was a small (n = 32), open-
label study of vagal nerve stimulation in patients with severe 
systolic heart failure. In this study, vagal stimulation was per-
formed using a cuff electrode and an implantable generator and 
was regulated according to the patient’s heart rate, using an intra-
cardiac sensor (Figure 119-1). The results of this study demon-
strated significant improvement at 6 months in New York Heart 



1194 ELECTRICAL THERAPY

Association (NYHA) class, quality of life, 6-minute walk times, 
and LV ejection fraction and volumes. Serious adverse events that 
occurred in this trial were common (40%), but only two (6%; no 
deaths) were directly attributable to the implant procedure and 
device. Current studies, including the INcrease Of Vagal TonE 
in Heart Failure (INOVATE-HF) study and the NEuroCardiac 
TherApy foR Heart Failure (NECTAR-HF) trial, are examining 
the effects of chronic vagal stimulation in a randomized fashion 
in patients with advanced heart failure who are not indicated for 
and did not respond to CRT.18 Results of these and other trials 
will whether this novel approach to treatment of chronic heart 
failure may provide some clinical benefit in the most refractory 
of cases to date.

Indications for Pacemakers After Cardiac 
Procedures

After some cardiac procedures, risk of injury to the sinus node 
and the AV conduction system results in symptomatic bradycar-
dia and the need for permanent pacing. Catheter and surgical 
ablation of cardiac arrhythmias, including atrial fibrillation, is 
among the more common procedures associated with these risks; 
however, these procedures are discussed elsewhere. Table 119-2 
summarizes the incidence of advanced AV block requiring per-
manent pacing after completion of the procedures discussed in 
the following sections.

Septal Reduction Procedures for HCM

Symptoms related to LV outflow tract obstruction in HCM may 
be treated with both surgical septal myectomy (SSM) and alcohol 

Figure 119-1.  Right, An implanted CardioFit vagus nerve stimulation (VNS) device showing the position of the VNS lead on the right vagus nerve, the intracardiac pacing 
lead  in  the  right ventricular apex, and  the  implantable CardioFit neurostimulator  in  the  right  subclavicular  region.  Top left, Positioning of  the CardioFit  stimulation  lead 
around the right vagus nerve. Bottom left, The CardioFit VNS implantable neurostimulator, sensing lead, and VNS lead. 

Courtesy BioControl Medical, Ltd., Yehud, Israel.
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Table 119-2. Pacing Indications After Cardiac Procedures

Cardiac Procedure Incidence of AVB Requiring PPM

Septal Reduction for HCM

Alcohol septal ablation RBBB is most common (≈35%)
High-grade AVB <10% at 

experienced centers

Surgical septal myectomy LBBB is common (≈40%)
High-grade AVB <5%

Percutaneous AV Procedures

Aortic valvuloplasty Second- or third-degree AVB 
(especially if wide QRS)

TAVR Second- or third-degree AVB 
(especially if wide QRS)

Cardiac Surgery

Pooled surgeries
(CABG, AVR, MVR)

1.4 % overall
Higher likelihood if LBBB present 

or AVR

AVR 7% overall, highest incidence if 
combined MVR

AV, Aortic valve; AVB, atrioventricular block; AVR, aortic valve replacement; 
CABG, coronary artery bypass graft; HCM, hypertrophic cardiomyopathy; LBBB, 
left bundle branch block; MVR, mitral valve replacement; PPM, permanent 
pacemaker; RBBB, right bundle branch block; TAVR, transcatheter aortic valve 
replacement.
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Novel Approaches and Technology  
for Cardiac Pacing

Leadless Pacemakers

It is well established that the “weak link” in a pacemaker system 
consists of the leads required for sensing and carrying electrical 
impulses from the pulse generator to the cardiac tissue. Lead 
failure occurs in up to 20% of patients within 10 years of implan-
tation.27 Additionally, risks of vascular occlusion, pacemaker lead–
associated endocarditis, and extraction procedures when leads fail 
make the concept of leadless pacing technologies attractive.

One approach that is in development employs a miniaturized 
device that is completely implantable within the heart, thus elimi-
nating the need for a pocket or leads. Such technology was first 
proposed by Spickler et al. in 1970.28 More recently, animal studies 
with a completely intracardiac device have demonstrated stable, 
reasonable thresholds and no dislodgements or other clinical com-
plications.29 Initial versions of these devices will be implanted in 
the right ventricular apex (Figure 119-2). Challenges in the devel-
opment of a miniaturized pacemaker system will include the ability 
to produce sequential (i.e., AV) pacing between devices implanted 
in different chambers, ability for extraction, and the need for 
approaches for device replacement at battery depletion.

Another area of research and development involves external 
transmission of an energy source to a stand-alone intracardiac 
transducer localized in the chamber to be paced. Wienke et al. 
successfully showed that induction technology can be used for 
cardiac pacing; they employed alternating magnetic fields to gen-
erate voltage pulses in a receiver screwed into the right ventricu-
lar apex.27 Ultrasound technology has also been used to generate 
pacing with consistent capture from a receiver electrode in the 
right atrium, right ventricle, and left ventricle.30 Investigators 
have studied ultrasound stimulation for left ventricular pacing in 
heart failure patients, demonstrating reliable capture and predict-
able acoustic windows during positional changes and respiration 
to guide development of future implantable devices.31 Unfortu-
nately, initial human studies of these systems were stopped pre-
maturely because of serious complications associated with left 
ventricular transducer implantation.

Biological Pacemakers

The notion of using a biological pacemaker to replace an elec-
tronic pacemaker may be attractive, potentially avoiding the 
expense and complications associated with device replacement, 
device or lead failure, and infection; however, despite their limita-
tions, electronic pacemakers are effective and durable and have 
withstood the test of time for over five decades. “Niche” applica-
tions such as use in patients with chronic infection, loss of vascular 
access, or other “bridge-to-device” applications may be suitable 
for a biological pacemaker. Approaches such as gene therapies, 
gene-cell hybrid approaches, and use of stem cells have been pro-
posed and tested to convert nonexcitable cells into self-contained 
biological pacemakers through ion channel expression.32 Future 
research will focus on generating the cells necessary to generate 
action potentials reliably with automaticity and on developing 
delivery systems and avoiding pitfalls such as the durability of these 
systems over time and the potential tumorigenicity of stem cells.

Conclusions

As techniques continue to evolve, indications for permanent 
pacing will undoubtedly change. This chapter has described some 

septal ablation (ASA). Both of these procedures have been  
associated with injury to the conduction system, including AV 
block and the need for permanent pacing. Typically, patients 
undergoing ASA develop a right bundle branch block (RBBB) 
post-procedure, whereas post-SSM patients develop left  
bundle branch block (LBBB). In one series, rates of RBBB and 
complete heart block post-ASA were 36% and 12%, respectively, 
whereas rates of LBBB and complete heart block after SSM  
were 40% and 3%, respectively.19 Predisposing contralateral BBB 
is an important predictor of complete AV and the need for per-
manent pacing after these procedures.19,20 Other factors predic-
tive of complete heart block after ASA include female gender, 
multiple or bolus injections of ethanol, preexisting first-degree 
AV block, and acute AV block during ASA.20,21 A significant 
“learning curve” is likely with these procedures as the need  
for pacing decreases (<10%) at high-volume centers.22 Patients 
who require permanent pacing after these procedures derive 
similar clinical and hemodynamic benefit as those who do not 
require pacing.

Percutaneous Aortic Valve Procedures

Indications for percutaneous procedures for aortic valve disease, 
especially transcatheter aortic valve replacement (TAVR), are 
growing rapidly, and these procedures are being performed more 
commonly today. Because of the proximity of the aortic valve to 
the AV conduction system, procedures performed to treat aortic 
valve disease, particularly senile calcification, can lead to AV 
block. The incidence of new advanced AV block after balloon 
valvuloplasty of the aortic valve alone is low (<2%) and may be 
related to oversizing of the balloon employed during the proce-
dure.23 TAVR carries a known risk of pacemaker implantation, 
and a recent systematic literature review demonstrated  
that the risk is 15% overall but appears to be higher with theCo-
reValve prosthesis (Medtronic Inc., Langhorne, Pennsylvania) 
than with the Edwards Sapiens valve (Edwards Lifesciences  
Corporation, Irvine, California) (odds ratio [OR] 4.91; P < 
.0001).24 The prevalence of new LBBB is increased after TAVR; 
therefore, the presence of baseline RBBB is an important predic-
tor of AV block post-procedure. Additionally, >90% of AV block 
requiring long-term pacing occurs immediately or within 1 week 
post-procedure, suggesting that this is due to direct mechanical 
injury to the conduction system during valve implantation.

Cardiac Surgery

The requirement for acute pacing after cardiac surgery is common 
(10% to 15%); however, most of these conditions will recover, 
and only 1% to 3% of patients will require permanent pacing 
postoperatively. In a recent review of almost 5000 patients under-
going cardiac surgery (81% coronary bypass surgery, 14% aortic 
valve replacement, 18% mitral valve replacement), the incidence 
of new permanent pacing postoperatively was 1.4%.25 Indications 
for pacing consisted predominantly of high-grade AV block, and 
approximately 2

3  of patients were pacemaker dependent at 6-year 
follow-up. Predictors of required permanent pacing included 
baseline LBBB and aortic valve replacement. In another series, 
7% of patients undergoing aortic valve replacement required 
permanent pacing postoperatively, 70% of whom were pace-
maker dependent at follow-up.26 Patients who had baseline first-
degree AV block with or without left anterior fascicular block or 
intraventricular conduction delay, as well as those who underwent 
combined aortic and mitral valve replacement, had the highest 
risk of permanent pacing. Surgery for congenital heart disease 
can be very complex and may result in damage to the conduction 
system requiring permanent pacing.
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infarction as a means of preventing ventricular remodeling. 
Novel technologies for pacing, including leadless pacemakers 
that employ ultrasound technology and biological pacemakers, 
are developing rapidly. In combination, these new applications 
and developing technologies may allow greater applicability of 
permanent pacing, and their potential for other uses remains to 
be explored.

of the indications for permanent pacing in less common  
cardiac conditions, including inherited structural and electrical 
disorders and systemic illnesses affecting the cardiac conduction 
system. Techniques that offer great potential benefit and  
hope include using vagal stimulation to improve symptoms and 
outcomes in patients with chronic heart failure and providing 
local stimulation adjacent to the site of acute myocardial 

Figure 119-2.  Miniaturized Leadless Pacemaker Left, Leadless pacemaker size compared with a standard dual-chamber pacemaker. Top right, Model of miniaturized 
leadless pacemaker. Bottom right, Leadless pacemaker implant location. 

(Reproduced with permission from Medtronic, Inc.)
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Radiofrequency Ablation

Over the past two decades, RF catheter ablation has revolution-
ized the treatment of cardiac arrhythmias, providing long-term 
curative therapy for many arrhythmias previously treated with 
lifelong medications. This section discusses the biophysics and 
the development of RF catheter ablation.

Radiofrequency Energy Sources

RF energy is typically delivered between a unipolar electrode at 
the tip of the ablation catheter and a large dispersive grounding 
patch on the patient’s skin, typically on the abdomen or thigh. 
The passage of RF current from the ablation catheter through 
tissues to the grounding patch results in resistive tissue heating 
and lesion formation. Because the surface area of the ablation 
catheter tip is small compared with the dispersive patch, current 
density is high in the immediate vicinity of the catheter tip. This 
results in resistive heating at the catheter tip–tissue interface and 
a small rim of surrounding tissue. Deeper ablative lesions result 
from conductive heating of surrounding tissues. Significant tissue 
heating during RF delivery is usually associated with impedance 
drops of 5 to 10 Ω.10

Electromagnetic energy sources from different parts of the 
frequency spectrum have been used for ablation of cardiac 
arrhythmias (Figure 120-1). Typically, electromagnetic energy is 
delivered via catheter to targeted tissue until it is adequately 
heated to cause irreversible thermal damage. The RF spectrum 
spans a wide range of frequencies from 3 kHz to 300 GHz. RF 
generators typically deliver unmodulated sine wave alternating 
current (AC) at frequencies between 500 and 1000 kHz, which 
oscillates too rapidly to depolarize myocardium and induce 
arrhythmias.

Heat Transfer to Tissue
In resistive heating, energy dissipated per unit time (W) is propor-
tional to current and voltage, as described by the power 
equation:

W VI IR I I R watts
V is voltage I is current R is resista

= = =( ) ( )
( , ,

2

nnce and
V IR by Ohm s law

,
.)= ’

Current disperses radially from the electrode tip and is 
inversely proportional to the square of the distance from the 
catheter tip, so doubling the distance from the catheter tip 
decreases current density by 75%. This is specified by the current 
density (Q) equation for a spherical electrode:

Q r amp cm= 1 4 2 2/ ( / )π

The heat generated per unit volume of tissue is inversely 
related to the fourth power of the distance from the catheter tip. 
Therefore, doubling the distance from the catheter tip reduces 
resistive heating by 94%. Because of the rapid reduction in 
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Interventional cardiac electrophysiology relies on the ability to 
deliver energy to myocardial tissue to render it nonexcitable and 
prevent the generation or propagation of arrhythmias. The goal 
of catheter-based ablation technologies is to create myocardial 
lesions that are precise, effective, and permanent, in a reasonable 
time frame and without collateral damage. This chapter high-
lights the biophysical principles of lesion formation, reviews cur-
rently available catheter ablation technologies, and surveys 
evolving technologies for lesion formation (Table 120-1). The 
interested reader is encouraged to review the chapter in the previ-
ous edition of this textbook for older references in the field.

Historical Context of Catheter Ablation

The first catheter-based method of ablating cardiac tissue—high-
energy direct current (DC) shock—was reported in 1982. With 
an external defibrillator used as the power source, DC shocks 
were successfully applied via a transvenous electrode catheter 
positioned adjacent to the His bundle to ablate the atrioventricu-
lar (AV) node.1,2 Although effective, this procedure caused sig-
nificant collateral damage, resulting in complications including 
cardiac perforation and tamponade, with in-hospital mortality 
rates approaching 6%.3 It became clear that for catheter-based 
ablation to gain wider application as a therapeutic technique, 
safer methods to create ablative lesions were needed. The appli-
cation of radiofrequency (RF) ablation to the treatment of cardiac 
arrhythmias was first reported by Huang in 19854 and quickly 
replaced DC ablation as a safer and more effective alternative.5 
RF ablation was rapidly adopted in the treatment of multiple 
arrhythmias including Wolff-Parkinson-White (WPW) syn-
drome,6 supraventricular tachycardia (SVT),7 atrial flutter,8 and 
ventricular tachycardia (VT).9

The research reported in this chapter is supported by National Heart, Lung and Blood Institute grants R01HL067647 
and R01HL084261 (to KS).
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heating with distance, lesions created by RF energy are typically 
small and well circumscribed.11 Only a 1- to 2-mm rim of tissue 
directly adjacent to the catheter tip is heated resistively; deeper 
tissues are heated by passive thermal conduction. This conductive 
heating is responsible for most of the lesion volume from RF 
ablation catheters (Figure 120-2).

Experimental studies have shown that irreversible tissue 
destruction occurs when tissue temperature exceeds 50° C.11 The 
radius of the 50° C isotherm in the tissue, which effectively cor-
responds to the lesion boundary, increases in direct proportion 
to the temperature of the source, up to catheter tip–tissue inter-
face temperatures of around 100° C. At higher temperatures, 
plasma boils, resulting in coagulum or char on the catheter tip, 
potential embolization, abrupt impedance rise, reduced current 
delivery, and ineffective tissue heating.

To avoid excessive heating, RF ablation catheters incorporate 
thermocouples or thermistors to allow real-time monitoring of 
catheter tip temperature during ablation. With this feedback, RF 
generators titrate power to maintain a specified catheter tip tem-
perature when set to temperature-guided mode. RF generators can 
also deliver energy in power-guided mode, in which the operator 
manually sets power. Although current technology does not allow 
direct measurement of myocardial tissue temperature, surrogate 
markers of tissue temperature and tissue destruction during RF 
ablation include impedance drop, electrogram amplitude reduc-
tion, and loss of excitability with pacing (Box 120-1). With stan-
dard nonirrigated RF ablation catheters, the power output of the 
RF generator is adjusted manually or automatically to achieve a 
temperature of 50° C to 70° C at the electrode–tissue interface.

Figure 120-1.  The electromagnetic spectrum as displayed is a continuum of elec-
tromagnetic waves arranged according to frequency and wavelength. In catheter 
ablation, electromagnetic energy is delivered to the myocardium via transvenous 
catheters  to  create  thermal  lesions.  Various  energy  sources  have  been  used  for 
catheter  ablation  of  cardiac  arrhythmias.  Radiofrequency  (RF)  energy  is  currently 
the  most  commonly  used  energy  source  in  catheter  ablation  of  cardiac  arrhyth-
mias. Microwave energy has been investigated as another potential energy source 
for creating myocardial lesions. EUV, Extreme ultraviolet; FUV, far ultraviolet; HF, high 
frequency;  LF,  low  frequency;  MF,  mid  frequency;  UHF,  ultrahigh  frequency;  UVIS, 
ultraviolet imaging spectrum; VHF, very high frequency. 

Frequency
(Hz)

Radio Microwave

The Electromagnetic Spectrum

Infrared X-rays Gamma raysUltra
violet

Wavelength
(m)

1 km 1 m 1 Å

LF MF HF VHF UHF Visible light
~400 nm-~700 nm

Visible light
~400 nm-~700 nm

UVIS EUV 55.8-118 nm
UVIS FUV 110-190 nm

Audio

106 106 108 1010 1012 1014104 104102 1021

105 107 109 1011 1013 1015103 105101 101 103

Table 120-1. Comparison of Energy Sources for Catheter Ablation

Source Energy Spectrum Mechanism of Injury Contact

Radiofrequency 500-1000 KHz Resistive heating Critical

Cryotherapy to −75° C Direct cell injury Critical

HIFU 20 KHz-200 MHz Mechanical heating Not critical

Laser 980-nm laser light Photonic heating Not critical

Microwave 915 MHz or 2420 MHz Dielectrical heating Not critical

HIFU, High-intensity focused ultrasound.

Box 120-1 Signs of Effective Lesion Formation With 
Radiofrequency Ablation

Sustained increase in catheter tip temperature (nonirrigated 
catheters)

Reduction in local electrogram amplitude
Reduced impedance
Appearance of split potentials reflecting local conduction 

block
Increase in local capture threshold or rendering tissue 

inexcitable
High tissue contact force during ablation

Box 120-2 Factors Affecting Lesion Formation With 
Radiofrequency Ablation

Tissue contact force
Temperature achieved
Power delivered
Duration of energy delivery
Blood flow cooling
Active catheter tip cooling (irrigation)
Catheter tip orientation

Catheter–tissue contact is a key determinant of lesion forma-
tion with RF catheter ablation (Box 120-2). If the catheter is not 
in direct contact with myocardial tissue, virtually all energy will 
be dissipated in the blood pool without effective tissue heating. 
Operators rely on multiple sources of information to assess 
catheter–tissue contact, including tactile feedback, fluoroscopic 
catheter movement, intracardiac echocardiography, catheter tip 
impedance, unipolar injury current, and electrogram variability 
from beat to beat. However, even with all of these data, a signifi-
cant discrepancy is noted between estimated and actual tissue 
contact force.12 This motivated the development of ablation cath-
eters, currently being tested in the United States and commer-
cially available in other countries, which incorporate a fiberoptic 
sensor in the ablation catheter tip to estimate contact force and 
catheter orientation (TactiCath, Endosense, Meyrin, Switzer-
land).13 Initial studies have shown that lesions are larger and 
steam pops more likely with greater contact force.14 Higher 
contact force, especially during RF delivery, also increases the 
risk of cardiac chamber perforation.15 Eventually, such catheters 
may improve both efficacy and safety of RF catheter ablation by 
helping the operator to achieve sufficient but not excessive 
catheter–tissue contact.16,17

A major consideration for RF ablation is the divergence 
between catheter tip temperature and underlying tissue 
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Figure 120-2.  A, Currently available radiofrequency (RF) ablation catheter designs. Lesion depth has increased with larger catheter tips and methods for cooling the abla-
tion electrode (irrigation). The ability to sense contact pressure and deliver RF via multiple electrodes in a bipolar configuration is a recent development. B, Lesion formation 
during RF delivery on the epicardial (arrow) surface of a Langendorff-perfused rabbit heart. This heart was imaged using a 30-MHz ultrasound system (VisualSonics, Toronto, 
Canada). 

(Courtesy Aman Mahajan, MD, PhD, University of California at Los Angeles.)

RF ABLATION CATHETERS: EVOLUTION OF TECHNOLOGY
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temperature caused by the complex relationship between resistive 
heating of adjacent tissue and convective cooling from local blood 
flow. This can result in catheter tip temperatures that substan-
tially underestimate deeper tissue temperatures, especially with 
larger-tip catheters, which are exposed to more convective 
cooling. Tissue temperatures can exceed 100° C, even when a 
much lower temperature is recorded from the catheter tip. This 
can cause tissue boiling, resulting in an explosive steam pop, 
crater formation in adjacent tissue, cardiac perforation, and 
tamponade.

A typical 7 French diameter RF ablation catheter with a 
4-mm-long ablation electrode tip creates a lesion 5 to 6 mm in 
diameter and 2 to 3 mm deep. RF ablation catheters with 8- to 
10-mm tips expose a greater surface area of the ablation electrode 
to the blood pool, increasing convective cooling at any given level 
of blood flow and creating a larger tissue–catheter tip interface, 
which results in larger lesions (see Figure 120-2).

An alternative to the conventional platinum-iridium RF abla-
tion catheter tip is the gold-tip catheter, which provides the 
advantage of much higher thermal conductivity and allows 
greater power delivery without excessive heating of the catheter–
tissue interface.18 Although in theory, this should translate into 
more effective lesion formation, clinical studies have not demon-
strated increased efficacy or safety in treatment of typical right 

atrial flutter,19 AV nodal reentry tachycardia,20 and atrial fibrilla-
tion.21 In the future, other compounds or alloys may prove supe-
rior to platinum-iridium for catheter tip construction.

Limitations of Standard Catheter-Based 
Radiofrequency Ablation

One challenge of using RF as the energy source for myocardial 
lesion formation is lack of information about true tissue tempera-
ture. Another issue is lag time of tissue injury after RF applica-
tion; tissue temperature can continue to rise after termination of 
RF delivery, potentially resulting in lesion growth and collateral 
damage. Challenges have also arisen during RF energy delivery 
to the epicardial surface of the heart. Standard RF catheters reach 
high temperatures quickly in this confined space without cooling 
blood flow.22

A challenge for all ablation technologies is creating permanent 
transmural lesions. Non-transmural lesions may be associated 
with acute conduction block due to edema or transient tissue 
injury but recovery of conduction and recurrence of arrhythmia 
after the ablation procedure. It can be difficult with standard  
RF catheters to create contiguous or overlapping lesions; this 
becomes more significant for longer lines of ablation. Gaps in 
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temperature recorded at the catheter tip substantially underesti-
mates deeper tissue temperature,34 potentially increasing the risk 
of steam pops.35

The two basic types of cooled-tip RF ablation catheters are 
closed-loop irrigated catheters, which circulate saline within the 
electrode tip to cool it internally, and open-irrigation catheters, 
which flush saline through multiple ports near the catheter tip to 
provide both internal and external cooling (see Figure 120-2). 
Yokoyama et al. found that open-irrigated catheters resulted in 
greater interface cooling, lower tip temperatures, and a lower 
incidence of thrombus formation and steam pops compared with 
closed-loop irrigated catheters.36 However, for long or extensive 
ablation procedures, open irrigation can result in a substantial 
volume of saline infusion, which can be problematic for patients 
with heart failure or renal insufficiency.

Irrigated ablation catheters are especially useful in epicardial 
ablation because lesion formation with standard RF catheters is 
limited by lack of convective cooling from circulating blood, 
resulting in high electrode temperatures and limited power deliv-
ery. D’Avila et al. compared the efficacy of standard versus 
cooled-tip RF catheters for epicardial ablation in animal models 
and found that significantly larger lesions were created with irri-
gated catheters.22 With externally irrigated catheters, flow may 
be up to 30 mL/min, necessitating periodic removal to avoid 
tamponade physiology.

Cryoablation

Cryoablation is the application of extreme cold to damage or 
destroy tissue and create ablation lesions. The first application of 
cryoablation was described by Klein et al. for epicardial ablation 
of accessory pathways using a surgical approach.37 Intraoperative 
mapping was used to localize the accessory pathway; then a cryo-
probe refrigerated to −60° C was applied to this site to success-
fully ablate the pathway.

lesion lines can be proarrhythmic, acting as a zone of slow con-
duction and facilitating reentry (Figure 120-3).23

Recent Developments in Radiofrequency Ablation
Newer catheters have been designed to address some of the 
special challenges encountered during RF ablation. Linear cath-
eters with multiple electrodes, which can ablate sequentially or 
simultaneously, have been developed with the goal of creating 
more continuous linear lesions without gaps.24,25 Bipolar RF cath-
eters deliver current between two adjacent electrodes, and  
duty-cycled phased RF systems alternate between unipolar and 
bipolar energy delivery.26,27 These catheters were designed to 
facilitate pulmonary vein isolation and left atrial substrate modi-
fication, which are long and technically demanding procedures.28 
Acute and medium-term success rates for multielectrode cathe-
ters in treatment of atrial flutter and atrial fibrillation are similar 
to those seen with conventional point-by-point ablation, with 
lower procedure and fluoroscopy times.29,30 However, studies 
suggest that nonirrigated multielectrode ablation catheters may 
be associated with greater risk of asymptomatic cerebral 
emboli.31,32

Radiofrequency Ablation With  
Irrigated Catheters

The development of irrigated or cooled-tip radiofrequency cath-
eters has been a major advance in RF ablation technology. With 
this approach the ablation catheter is irrigated internally or exter-
nally with saline, allowing greater power delivery while minimiz-
ing heating of the catheter tip. This shifts the zone of maximal 
heating into the tissue itself and increases the radius of resistive 
heating, resulting in larger and deeper lesions.33 Because saline 
irrigation lowers electrode–tissue interface temperature to well 
below 100° C, coagulum and impedance rise are rare. However, 
it is important to remember that with irrigated RF ablation, the 

Figure 120-3.  Optical Mapping Images of Conduction Through Straight and Bifurcated Gap Preparations Radiofrequency (RF) lesions are denoted 
by broken circular lines; solid straight lines indicate the positions of incisions from the tissue edges to the RF lesions. The top panels demonstrate that the orange wave fronts 
of depolarization have propagated from the pacing sites (denoted with asterisks) to the openings of the gaps in RF lesions. The lower panels demonstrate that the orange 
wave fronts have emerged through both straight and bifurcated gaps after 4 and 8 ms,  respectively. Note that the bifurcated gap has resulted  in the formation of two 
wave fronts from the two arms of the bifurcated gap. 

(Reproduced with permission from Perez FJ, Wood MA, Schubert CM: Effects of gap geometry on conduction through discontinuous radiofrequency lesions. Circulation 113:1723-
1729, 2006.)
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ablation for treatment of atrioventricular node reentrant tachycar-
dia (AVNRT). Cryoablation is especially attractive in this setting 
because of concerns over inadvertent AV block during ablation; 
cryomapping allows assessment of potential ablation sites before 
permanent irreversible tissue damage is caused. In a comparison 
between cryoablation and conventional RF ablation for AVNRT, 
Deisenhofer et al. reported equivalent acute success and no AV 
block in the cryoablation group, but a higher risk of recurrence 
(9.4% vs. 4.4%).43 Another study found a lower recurrence rate 
after slow pathway modification with a larger cryoablation cathe-
ter.44 However, the potential benefits of cryoablation over RF 
ablation must be weighed against the possibility of higher recur-
rence rates.

Another promising application of cryoablation is ablation of 
accessory pathways in high-risk anatomical locations, such as 
near the native conduction system or within the coronary sinus, 
in which application of RF energy could cause collateral damage. 
Collins et al. reported an acute procedural success rate of 71% 
for cryoablation of accessory pathways located within the coro-
nary sinus but with a 40% recurrence rate.45 Cryoablation has 
also been used in the treatment of typical atrial flutter. As com-
pared with RF ablation, the 8-mm-tip cryoablation cryocatheter 
was associated with longer procedural times but similar acute 
outcomes and improved patient tolerability.46 This could be 
helpful for patients and operators aiming to minimize sedation 
and analgesia.

Endocardial cryoablation has also been investigated in the 
treatment of atrial fibrillation (Figure 120-4). In a multicenter 
study, 97% of 1403 pulmonary veins were acutely isolated using 
cryothermal energy delivered via a balloon catheter, and 1-year 
outcomes were similar to those seen with RF ablation.47 In 
another study, 88% of successfully isolated pulmonary veins 
(PVs) remained isolated at the time of a second mapping proce-
dure 8 to 12 weeks later.48 Focal cryoablation within a PV has 
been reported to achieve PV isolation without PV stenosis after 
failure of antral RF ablation.49 However, complications of cryo-
ablation have been observed, including PV stenosis,50 esophageal 
injury,51 and a high rate of phrenic nerve palsy.52

Although it is clear that cryoenergy has many potential appli-
cations in the treatment of cardiac arrhythmias, further trials are 
needed to confirm whether this energy source has acute and 
chronic efficacy rates similar to those of RF ablation.

Laser Catheter Ablation

In laser ablation, a high-intensity coherent light beam at a precise 
frequency in the visible, ultraviolet, or infrared range of the 
electromagnetic spectrum is used as an energy source. The 
absorbed laser energy results in tissue ablation by heating and 
evaporation. Balloon-based ablation technologies are under 
development for pulmonary vein isolation. A catheter combining 
a variable-diameter compliant balloon with an endoscope for 
tissue visualization and a 980-nm diode laser for lesion formation 
is currently in clinical trials (CardioFocus, Marlborough, Mas-
sachusetts).53 In a feasibility study, 91% of 116 PVs were success-
fully isolated using this technology, although adverse events of 
phrenic nerve palsy, stroke, and cardiac tamponade were 
observed.54 Esophageal heating has also been observed during 
laser ablation.55 Concerns have been raised about the level of PV 
isolation involved in the use of balloon-based technologies. 
Lesions may be closer to the PV ostium than the antral region 
usually targeted during RF catheter ablation.56 However, PV 
isolation appears to be durable with laser balloon technology; in 
one study, 86% of PVs remained isolated at an average of 3 
months later.57 Animal studies suggest that laser ablation is fea-
sible within the epicardial space as well.58

Endovascular cryoablation systems are now available with a 
steerable ablation catheter that can be cooled to −70° C or lower, 
achieving similar lesion size to that attained with open-irrigated 
RF ablation catheters.38 Catheter tip cooling is achieved by deliv-
ering nitrous oxide or another liquid refrigerant to the catheter 
tip under pressure. The refrigerant is delivered through a hollow 
injection tube that runs through the length of the ablation cath-
eter into a widened lumen at the catheter tip. Nitrous oxide 
expands and decompresses within a small chamber at the catheter 
tip, resulting in cooling based on the Joule-Thomson effect and 
heat extraction from tissue in contact with the distal electrode.39 
Similar to RF catheters, cryoablation catheters have the ability to 
monitor tip temperature, and refrigerant flow rate can be con-
tinuously adjusted to maintain a specified temperature.

Lesion formation in cryoablation occurs through direct cel-
lular injury and vascular-mediated tissue injury. Direct cellular 
injury is related to ice formation, resulting in a hyperosmotic 
environment that causes cells to shrink and damages the plasma 
membrane. Irreversible injury may also occur in the rewarming 
phase. Cooling myocardial tissue to temperatures low enough to 
result in extracellular ice formation (−40° C) will cause cellular 
death when applied for prolonged periods. However, if cooled to 
this temperature only briefly, cell damage is largely reversible, 
and cellular function usually recovers without permanent damage. 
This feature makes it possible to deliver a functionally reversible 
lesion in many cases through a technique referred to as cryomap-
ping. Cryomapping can be performed by cooling tissue to −30° C 
for 30 to 60 seconds to identify transient physiological changes, 
such as abolition of accessory pathway conduction or prolonga-
tion of the A-H interval.40 If cryomapping achieves the desired 
result without signs of collateral damage, a more permanent 
cryoablation lesion is delivered at the same location by maintain-
ing the tissue–tip interface temperature below −70° C for 4 
minutes. An additional benefit of cryoablation is catheter stability 
during the ablation resulting from cryoadhesion of catheter to 
tissue.

Cryoablation also results in lesion formation via vascular-
mediated tissue injury. Initially, the application of cryothermal 
energy results in vasoconstriction and decreased blood flow. As 
the tissue freezes, circulation eventually ceases in the frozen 
areas, resulting in tissue damage via ischemic necrosis, as well as 
endothelial damage, platelet aggregation, and microthrombus 
formation. As the frozen tissue rewarms, a subsequent hyperemic 
response is noted with increased vascular permeability and edema.

In percutaneous catheter-based cryoablation systems, the 
coldest area is adjacent to the catheter tip, and the effects of 
energy delivery are first observed at these sites. Areas farther 
from the catheter tip at the periphery of the cryolesion are less 
cooled. Because cooling in these outer areas is limited, reversible 
tissue damage is more likely to occur. Thus effects noted late 
during the application of cryoenergy may reverse upon rewarm-
ing. In general, ablation success is correlated with early functional 
modification, usually within the first 30 seconds of cryoenergy 
application.

Cryoenergy has been used in several different forms for myo-
cardial lesion formation. One method of surgical atrial fibrillation 
ablation uses cryoenergy to isolate the pulmonary veins.41 With 
this procedure, usually performed via thoracotomy, a cryoprobe 
is applied to the epicardial surface of the left atrium to isolate the 
pulmonary veins. This can be done in combination with endo-
cardial cryoablation lines. The use of more extensive cryoablation 
in combination with radiofrequency ablation to create a lesion 
set similar to the Cox-Maze II procedure has been described with 
a reported 90% maintenance of sinus rhythm at 9 months of 
follow-up.42

Endocardial catheter cryoablation has also been used in 
arrhythmia treatment via a transvenous approach. One early  
application of catheter-based cryoenergy was slow pathway  
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ablation,64 although preliminary results have not shown a high 
rate of PV isolation.65

Microwave Catheter Ablation

Microwave energy (frequency range, 300 MHz to 300 GHz)  
can produce an electrical field that results in oscillation of  
water molecules in tissue, causing dielectrical heating. Most 
commercially available generators operate at 915 MHz or 
2420 MHz.

The amount of energy absorbed in a tissue depends on its 
dielectrical permittivity, which varies with water content. The 
depth of penetration is highly dependent on water content and 
is up to 4 times greater in fat than in blood or muscle. Microwave 
energy propagates through tissue with low water content, such 
as fat, and delivers energy to tissue with higher water content, 
such as myocardium. As with RF energy, a conductive heating 
effect is produced around directly heated tissue. Unlike RF 
energy, however, microwave does not require tissue contact or a 
dispersive electrode. Microwave-induced dielectrical heating can 
penetrate more deeply than RF.66

Ablation with a microwave catheter was able to achieve bidi-
rectional cavotricuspid isthmus block in seven consecutive 
patients with isthmus-dependent atrial flutter.67 In an animal 
study, a microwave array catheter was shown to produce a long 
line of conduction block in the right atrium.68 Eventually, this 

High-Intensity Focused Ultrasound  
Catheter Ablation

High-intensity focused ultrasound (HIFU) uses sound pressure 
waves in the frequency range of 20 KHz to 200 MHz to create 
thermal ablation lesions in subsurface regions without affecting 
intervening tissues and blood vessels. The ultrasound energy 
induces molecular vibration and friction, resulting in absorptive 
heating and ultimately necrosis by thermal coagulation in the 
target tissue. Increases in tissue temperature, which are propor-
tional to delivered acoustic energy, are achieved by controlling 
the ultrasound power and wavelength.59 HIFU used in cardiac 
catheter ablation procedures is generated by a spherically curved 
transducer operating at frequencies between 1 and 10 MHz, with 
most cardiac ablation procedures performed at 5 to 8 MHz. 
HIFU energy delivered circumferentially around the PV ostium 
was developed as a method of improving the speed and safety of 
PV isolation (see Figure 120-4). Although early studies of an 
HIFU balloon catheter for PV isolation showed promise,60 with 
long-term success rates similar to those of RF catheter ablation,61 
significant complications including phrenic nerve palsy and fatal 
atrioesophageal fistula were observed.62,63 The catheter tested 
(ProRhythm, Rokonkoma, New York) did not allow downward 
titration of delivered ultrasound energy, which may have contrib-
uted to collateral damage. Human trials of this technology have 
been suspended because of safety concerns. Another possible 
application of HIFU involves its use during surgical epicardial 

Figure 120-4.  Balloon-Based Catheter Ablation Panels A, Left atrial and pulmonary vein angiography (arrow shows right inferior pulmonary vein [RIPV]). B, High-
intensity focused ultrasound (HIFU) balloon engaging the RIPV. C, Schematic of the HIFU balloon, demonstrating its working components. D, Schematic of the Arctic Front 
cryoballoon engaged in PV–left atrial junction (Medtronic, Minneapolis, Minnesota). CS, Coronary sinus catheter; His, His bundle catheter; RV, right ventricular catheter; TS, 
transseptal sheath. 
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Future Directions in Catheter Ablation

Other energy sources such as a heated balloon71 and beta radia-
tion72 have been proposed for lesion formation and are in various 
stages of development. Experimental catheters currently in  
development will allow the electrophysiologist to image using 
phased-array intracardiac echocardiography and to ablate through 
the same catheter (Figure 120-5). Biological approaches, such 
 as injection of autologous fibroblasts, have also been suggested 
as an approach for the creation of lesions.73 Gene-based 
strategies that target delivery of genes to a scar border have  
been used successfully for molecular ablation of ventricular 
tachycardia.74 An area of emerging interest involves optimizing 
epicardial ablation and delivery of energy. RF and cryoablation 
have been used in this location with catheters developed for 
endocardial use.75 However, unipolar RF ablation remains the 
primary technology for lesion formation today and is likely to 
remain so because of its high levels of efficacy, safety, and 
cost-effectiveness.

technology may improve our ability to quickly create long linear 
lesions without conduction gaps.

Robotic Catheter Ablation

Currently two systems—the magnetically guided Niobe system 
(Stereotaxis Inc., St Louis, Missouri) and the robotically driven 
Sensei system (Hansen Medical, Mountain View, California)—
are widely used, and many additional technologies are in develop-
ment.69 These systems provide easy navigation and excellent 
catheter stability and have the potential to reduce radiation expo-
sure to patient and physician while achieving more uniform 
operator-independent outcomes. Currently, both systems are 
limited to use with RF ablation catheters. Recent availability of 
an irrigated tip catheter for the magnetically guided system has 
increased the applicability of the system for atrial fibrillation and 
ventricular tachycardia ablations.70 Both systems add to the cost 
of the procedure, and it remains to be assessed whether these 
benefits will outweigh the costs.

Figure 120-5.  Multifunctional Catheter: RF Ablation, Imaging, and Tissue Thermometry A, Graphic depiction of a microlinear capacitive micromachined 
ultrasound  transducer  (CMUT)  catheter  with  a  special  ultrasound-transparent  ablation  tip,  which  contacts  the  endocardial  wall  for  radiofrequency  ablation  (RFA)  and 
simultaneous thermal strain echo collection. ASIC indicates application-specific integrated circuit and Pt-Ir, platinum-iridium. B, Actual images show the catheter without 
the special  tip. C, Thermal strain  imaging based on  in vivo echoes  from porcine endocardium undergoing simultaneous ablation. The  far  left panel  is  the unprocessed 
B-mode sector image in gray scale gradients on a decibel scale. The middle panel shows the ultrasound-based “strain” image of the tissue approximately 12 seconds after 
the start of ablation; the round, dark region at 2-mm depth is likely a small blood vessel. The color bar describes the (unitless) thermal strain, which can be converted to 
temperature units. A schematic of the ultrasound-compatible radiofrequency ablation tip and the approximate ultrasound image sector is shown at the far right (the tip 
is attached to the catheter shown in panel B). 

(Reproduced with permission from Stephens DN, Truong UT, Nikoozadeh A, et al: First in vivo use of a capacitive micromachined ultrasound transducer array-based imaging 
and ablation catheter. J Ultrasound Med 31:247-256, 2012.)
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Age and gender exert a significant influence on the prevalence 
and mechanism of SVA. Age at tachycardia onset is typically 
higher (average, 30 years) and female gender more prevalent in 
patients presenting with atrioventricular node reentrant tachy-
cardia (AVNRT) as opposed to those with atrioventricular reen-
trant tachycardia (AVRT).3 Female gender is also associated with 
a higher incidence of focal automatic atrial tachycardia (AT), 
especially during pre-menopause, and with a lower risk of sudden 
cardiac death in the presence of atrioventricular bypass tracts, 
essentially caused by the lower incidence of atrial fibrillation (AF) 
in females with preexcitation syndromes.3

Although most patients with a history of SVAs are asymptom-
atic at the time of initial evaluation, careful history collection 
might provide important clues to the mechanism of SVAs, which 
is relevant for planning the ablation procedure and predicting 
outcomes. Irregular palpitations may be caused by premature 
atrial contractions (PACs), AT, atrial flutter (AFL), or AF, whereas 
regular palpitations with abrupt onset and termination are typical 
of reentrant SVAs, such as AVNRT or AVRT. Termination of 
SVAs with vagal maneuvers or atrioventricular node blocking 
agents supports participation of the atrioventricular node in the 
SVA and suggests either AVNRT or AVRT.

Other, more severe symptoms, such as syncope or sudden 
cardiac arrest, might suggest concomitant AF and a rapidly con-
ducting atrioventricular bypass tract, an underlying cardiomyo-
pathic substrate, or sinus node dysfunction leading to prolonged 
sinus arrest after SVA termination. Such symptoms prompt 
further investigation and suggest the need for early intervention 
with invasive electrophysiological study and catheter ablation.

Persistent SVAs, such as focal AT, might also present with 
signs and symptoms of tachycardia-induced cardiomyopathy.  
A recent study on 345 patients undergoing radiofrequency cath-
eter ablation of focal AT showed prevalence of tachycardia-
mediated cardiomyopathy in 10% of patients, typically in younger 
males (mean age, 39 ± 22 years vs. 51 ± 17 years in those 
not developing tachycardiomyopathy; P = .006) with relatively 
long tachycardia cycle lengths (502 ± 131 ms vs. 402 ± 105 ms; 
P < .001).4 In this study, catheter ablation restored normal left 
ventricular function in almost all (97%) patients after a mean 
follow-up of 3 months.

With regard to patients with atrioventricular accessory con-
nections, the clinical presentation may be highly variable, ranging 
from no symptoms to sudden cardiac arrest. Although some clini-
cians support an early invasive risk stratification with electro-
physiological study in patients with asymptomatic manifest 
preexcitation because of the possible and unpredictable risk of 
sudden cardiac death, recent evidence has consistently shown  
that the actual risk of major cardiac events in patients with  
asymptomatic preexcitation is extraordinarily low, which calls 
into question the appropriateness of routine invasive manage-
ment in these patients.2,5 On the other hand, as is the case for 
other SVAs, the combination of clinical tachycardia and evidence 
of preexcitation on the electrocardiogram constitutes a class I 
indication for invasive electrophysiological evaluation.1 When 
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During the past few decades, catheter ablation has become an 
established treatment for a wide range of cardiac arrhythmias, 
offering the possibility of a lasting cure for a substantial propor-
tion of patients. Intense research has been directed toward the 
discovery and validation of electrophysiological and anatomical 
targets fundamental for triggering and maintaining cardiac 
arrhythmias; multiple randomized clinical trials have definitively 
demonstrated the benefit of catheter ablation and its superiority 
compared with other therapies such as antiarrhythmic drugs.

To appropriately plan the best ablation strategy and predict 
procedural outcomes, important clinical aspects related to patient 
selection and periprocedural and postprocedural management 
play a key role. This chapter focuses on clinical aspects relevant 
to catheter ablation of cardiac arrhythmias with a special focus 
on the selection and clinical management of patients undergoing 
catheter ablation procedures. Detailed descriptions of clinical 
diagnosis, electrophysiological characteristics, and treatment of 
supraventricular arrhythmias (SVAs) are provided in other 
chapters.

Preprocedural Management

Clinical Indications and Patient Selection

Supraventricular Arrhythmias
Supraventricular arrhythmias encompass a wide group of cardiac 
rhythm disturbances that are relatively common, typically occur 
in repetitive bouts, and very rarely are life threatening.1,2 Current 
guidelines support catheter ablation as a class I indication in 
patients with symptomatic SVAs who are drug resistant or drug 
intolerant or do not want to receive long-term drug therapy 
(Table 121-1).1 Of note, the clinical effectiveness of antiarrhyth-
mic drug therapy in patients with SVAs is typically suboptimal, 
with patients often experiencing arrhythmia recurrence despite 
drug treatment; also, the risks associated with long-term therapy 
with antiarrhythmic drugs are not negligible. Therefore, many 
clinicians support the appropriateness of considering catheter 
ablation as first-line therapy for most patients with symptomatic 
SVAs. Asymptomatic SVAs, on the other hand, very rarely (if 
ever) constitute an indication for invasive electrophysiological 
study and catheter ablation, given the overall good prognosis of 
such arrhythmias.
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Table 121-1. Guideline Indications for Catheter Ablation of Cardiac Arrhythmias

Class I Class II (IIa/IIb) Class III

Supraventricular Arrhythmia

AVNRT • Hemodynamically unstable
• Recurrent symptomatic
• Patients refractory, intolerant, or not willing 

to take AADs

— —

AVRT • Symptomatic arrhythmia
• Preexcitation with AF and rapid conduction 

or poorly tolerated AVRT

• Asymptomatic preexcitation (IIa) —

AT • Recurrent symptomatic
• Incessant AT

— • Nonsustained and 
asymptomatic

Atrial Fibrillation

PAF • Symptomatic drug-refractory AF • Symptomatic as first-line 
therapy (IIa)

—

NPAF — • Symptomatic drug-refractory 
persistent AF (IIa)

• Symptomatic drug-refractory 
long-standing persistent AF (IIb)

• Symptomatic as first-line 
therapy (IIb)

—

Ventricular Tachycardia

Structural heart disease • Symptomatic drug-refractory VT
• Incessant sustained monomorphic VT
• VT storm not due to a transient or reversible 

cause
• Frequent PVCs, NSVTs, or VT that is presumed 

to cause ventricular dysfunction
• Bundle branch reentrant or interfascicular VTs
• Trigger-dependent sustained polymorphic VT 

or drug-refractory VF

• ≥1 episode of sustained 
monomorphic drug-refractory 
VT

• Recurrent sustained 
monomorphic VT, LVEF ≤30%, 
life expectancy ≥1 year

• First-line therapy in 
hemodynamically stable VT and 
LVEF ≥35%

—

No structural heart disease • Monomorphic VT severely symptomatic
• Monomorphic drug-refractory VT
• Patients intolerant to AADs or not willing to 

take drugs
• Recurrent trigger-dependent sustained 

polymorphic VT and VF (electrical storm) 
refractory to AADs

• Asymptomatic drug-refractory 
sustained VT or RV origin (IIa)

• Symptomatic drug-refractory 
VT/PVCs originating from 
uncommon left ventricular sites 
(aortic SOV, epicardium) (IIb)

• Asymptomatic drug-refractory 
sustained VT of LV origin (IIb)

• Asymptomatic and 
infrequent PVCs not 
causing cardiomyopathy

AADs, Antiarrhythmic drugs; AF, atrial fibrillation; AVNRT, atrioventricular node reentrant tachycardia; AVRT, atrioventricular reentrant tachycardia; AT, atrial tachycardia; LV, 
left ventricle; LVEF, left ventricular ejection fraction; NPAF, nonparoxysmal atrial fibrillation; NSVT, nonsustained ventricular tachycardia; PAF, paroxysmal atrial fibrillation; 
PVCs, premature ventricular contractions; RV, right ventricle; SOV, sinus of Valsalva; VF, ventricular fibrillation; VT, ventricular tachycardia.
From Blomstrom-Lundqvist C, Scheinman MM, Aliot EM, et al: ACC/AHA/ESC guidelines for the management of patients with supraventricular arrhythmias—executive 
summary. A report of the American College of Cardiology/American Heart Association Task Force on Practice Guidelines and the European Society of Cardiology 
Committee for Practice Guidelines (writing committee to develop guidelines for the management of patients with supraventricular arrhythmias) developed in 
collaboration with NASPE-Heart Rhythm Society. J Am Coll Cardiol 42:1493-1531, 2003; Calkins H, Kuck KH, Cappato R, et al: 2012 HRS/EHRA/ECAS expert consensus 
statement on catheter and surgical ablation of atrial fibrillation: Recommendations for patient selection, procedural techniques, patient management and follow-up, 
definitions, endpoints, and research trial design. Heart Rhythm 9:632-696, 2012; Aliot EM, Stevenson WG, Almendral-Garrote JM, et al: EHRA/HRS expert consensus on 
catheter ablation of ventricular arrhythmias. Heart Rhythm 6:886-933, 2009; Natale A, Raviele A, Al-Ahmad A, et al: Venice Chart International Consensus document on 
ventricular tachycardia/ventricular fibrillation ablation. J Cardiovasc Electrophysiol 21:339-379, 2010.

the ablation procedure is planned for patients with accessory 
pathways, several clinical and electrocardiographic characteristics 
are useful for predicting the ablation approach, as well as the 
procedural success and possible complications. From a clinical 
standpoint, it is important to emphasize that preexcitation syn-
dromes can be associated with underlying structural heart disease, 
which might pose unique challenges during catheter ablation. 
Ebstein’s anomaly of the tricuspid valve is the most common form 

of structural heart disease associated with accessory pathways (up 
to 10% to 30% of cases), which are typically right-sided and often 
multiple.6 In these patients, catheter ablation of accessory path-
ways has been reported to have a slightly lower success rate, likely 
as the result of impaired catheter stability in the presence of an 
anatomically abnormal right atrioventricular groove.6 Univen-
tricular heart syndromes, atrial septal defects, and congenitally 
corrected transposition of the great vessels are among 
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access for mapping and ablation of accessory pathways. Usually, 
these patients present after multiple failed endocardial proce-
dures or have some peculiar clinical clues suggestive of epicardial 
atrioventricular connections, such as surgical anastomosis after 
the Fontan operation, as was previously discussed. With regard 
to electrocardiographic criteria, some authors have suggested 
that a steeply negative delta wave in lead DII in the setting of a 
posteroseptal accessory pathway predicts the need for epicardial 
mapping and ablation,9,11 although this criterion has not been 
adequately validated in large cohorts of patients. Focal ATs might 
also originate from the atrial subepicardial tissue, although no 
clinical criteria have been demonstrated that can predict the need 
for epicardial access in these patients.

Atrial Fibrillation
The 2011 edition of the American College of Cardiology (ACC)/
American Heart Association (AHA)/Heart Rhythm Society 
(HRS) guidelines for the management of AF gives a class I indica-
tion with the highest level of evidence to catheter ablation in 
patients with symptomatic paroxysmal AF who have failed treat-
ment with an antiarrhythmic drug (see Table 121-1).12 Such a 
position has been endorsed also in the latest Heart Rhythm 
Society (HRS)/European Heart Rhythm Association (EHRA)/
European Cardiac Arrhythmia Society (ECAS) expert consensus 
statement on catheter and surgical ablation of AF.13

In the near future, the recommendation will likely be extended 
to patients who have not yet failed any antiarrhythmic drug  
(i.e., first-line therapy), given the encouraging results of three 
recent randomized trials comparing catheter ablation with anti-
arrhythmic drugs for first-line therapy of paroxysmal AF  
(Table 121-2).14-16

Updated guidelines have also introduced new recommenda-
tions for catheter ablation in patients with nonparoxysmal AF (see 
Table 121-1). Evidence suggests that catheter ablation is success-
ful in patients not yet included in guideline recommendations, 
such as those with previous cardiac surgery or valvular heart 
disease17 and subgroups such as elderly and women.3,18 In brief, 
catheter ablation should be offered to virtually all patients with 
symptomatic drug-refractory AF.

As will be highlighted later in the chapter, the type of AF, 
namely, paroxysmal versus nonparoxysmal, is the major clinical 

other congenital heart diseases associated with the presence of 
accessory pathways. Rarely, accessory atrioventricular connec-
tions could be iatrogenically provoked through surgical anasto-
mosis of atrial tissue to the underlying ventricular myocardium 
when the Bjork variant of the Fontan operation is performed.7 In 
these cases, an endocardial-only approach might be insufficient, 
given the possibility of epicardial connections at the level of the 
surgical anastomosis.

A careful collection of family history of Wolff-Parkinson-
White syndrome is important for disclosing rare forms of familial 
syndromes often associated with glycogen storage cardiomyopa-
thy in the setting of a mutation in the PRKAG2 gene.8 Clinically, 
such patients typically display evidence of accessory atrioven-
tricular connections (often fasciculoventricular pathways) and 
signs of left ventricular hypertrophy8 and are characterized by a 
high incidence of other cardiac rhythm disturbances such as sick 
sinus syndrome and complete atrioventricular block.

For planning of the ablation procedure in patients with an 
accessory pathway, proper recognition of pathways with high risk 
of iatrogenic atrioventricular block during ablation (i.e., antero-
septal or midseptal pathways) or of those requiring special 
approaches such as epicardial access for mapping and ablation is 
of utmost importance. Anteroseptal and midseptal pathways are 
typically characterized by a negative delta wave in lead V1 with 
transition before lead V3 and a frankly positive polarity in the 
inferior leads (i.e., DII, DIII, and aVF).9,10 Some of these path-
ways are classified as para-Hisian; according to their initial 
description, a clear His bundle deflection (usually >0.1 mV) 
should be recorded on the ablation catheter in these cases, and 
the tip of the ablation catheter should be overlapping with the 
tip of a diagnostic His bundle catheter on any fluoroscopic view.11 
Therefore, by definition, para-Hisian pathways cannot be diag-
nosed on the basis of electrocardiographic criteria only. None-
theless, anteroseptal or midseptal pathways are usually easily 
detected by means of electrocardiographic criteria; this is impor-
tant for correctly informing patients about the estimated success 
and possible complications of the procedure and for planning in 
advance ablation with alternative sources of energy, such as 
cryoenergy (see Chapter 121).

Few clinical and electrocardiographic criteria have been pro-
posed for selection of patients who are likely to require epicardial 

Table 121-2. Baseline Characteristics and Main Outcomes of Randomized Clinical Trials Evaluating Catheter Ablation as First-Line Therapy for 
Paroxysmal Atrial Fibrillation

Study RAAFT14 MANTRA-PAF16 RAAFT-215

Year 2005 2011 2012

Number of patients 70 294 127

Design RFCA vs. AADs in patients with AF RFCA vs. AADs in patients with 
paroxysmal AF

RFCA vs. AADs in patients 
with paroxysmal AF

CA approach PVAI with 8-mm NIC CPVA or PVAI, OIC, or 8-mm NIC PVAI with OIC

Primary endpoint AF recurrences AF burden AF recurrences

Number of institutions 4 10 16

Follow-up, months 12 24 25

AF recurrence at FU, % AADs 63*
RFCA 13*

AADs 29*
RFCA 15*

AADs 72*
RFCA 55*

Complications, % AADs 11.5
RFCA 12.5

AADs 19
RFCA 19

AADs 19.5
RFCA 7.7

*P < .05.
AADs, Antiarrhythmic drugs; AF, atrial fibrillation; CPVA, circumferential pulmonary vein ablation; FU, follow-up; NIC, nonirrigated ablation catheter; OIC, open irrigated 
ablation catheter; PVAI, pulmonary vein antrum isolation; RFCA, radiofrequency catheter ablation.
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Figure 121-1.  Individual and Pooled VT Recurrence Rates After Catheter Ablation of Post-Infarct VT Secondary VT ablation indicates conventional 
ablation of drug-refractory VT. Primary VT ablation indicates early adoption of catheter ablation, before failure of multiple antiarrhythmic drugs. 
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determinant of the procedural approach. On the other hand, 
some clinical features might predict the need for more extensive 
ablation beyond pulmonary vein antrum isolation (PVAI) because 
of the presence of non–pulmonary vein (PV) triggers. Among 
these, female patients,3 elderly patients,18 patients with mechani-
cal cardiac valves17 or corrected atrial septal defects,19 and patients 
with metabolic syndrome20 or obstructive sleep apnea21 constitute 
subgroups in which a high prevalence of non-PV triggers has 
been reported.

Ventricular Arrhythmias
According to the latest EHRA/HRS expert consensus document, 
catheter ablation of ventricular arrhythmias (VAs) is recom-
mended in patients with symptomatic sustained monomorphic 
ventricular tachycardia (VT) refractory to antiarrhythmic drug 
therapy, in those with bundle branch reentrant or fascicular reen-
trant VT, and in patients with drug-refractory VT storm not due 
to a transient cause (see Table 121-1).80 Data also support the 
benefit of early adoption of catheter ablation in patients with 
post-infarct VT, although no evidence indicates that such a strat-
egy improves long-term freedom from recurrent arrhythmia as 
compared with conventional ablation of drug-refractory VT 
(Figure 121-1).22

From a clinical perspective, a correct diagnosis of the substrate 
underlying VAs is crucial, as it bears relevant prognostic informa-
tion. Unfortunately, current noninvasive techniques including 
cardiac magnetic resonance can miss subtle cardiomyopathic sub-
strates underlying VAs, and more sophisticated invasive tests such 
as electroanatomical mapping with biopsy might be necessary 
when clinical suspicion of underlying structural heart disease is 
high.23,24 The substrate underlying VAs has been demonstrated 
to be a powerful predictor of the most appropriate procedural 
approach. Patients with nonischemic cardiomyopathies, includ-
ing arrhythmogenic right ventricular cardiomyopathy (ARVC),25 
hypertrophic cardiomyopathy,26 and myocarditis,27 have a high 
rate of epicardial VT substrates. Therefore, it is advisable to 
program an epicardial access for mapping and ablation from the 
beginning of the procedure in these patients (Figure 121-2). Such 
an approach is supported by adequate evidence. For instance, 
four recent studies compared endo-epicardial ablation with an 
endocardial-only approach in patients with ARVC.25,28-30 Overall, 
a total of 160 ARVC patients with drug-refractory VT have been 

included in such studies, of whom 87 (54%) underwent catheter 
ablation with an endocardial-only approach and 73 (46%) under-
went endo-epicardial mapping and ablation. After a mean 
follow-up of 32 ± 22 months, VT-free survival was achieved in 
24 of 87 (28%) patients treated with an endocardial-only 
approach, as compared with 52 of 73 (71%) patients treated with 
an endo-epicardial approach. Similar results have been obtained 
for other nonischemic substrates, such as idiopathic dilated car-
diomyopathy and hypertrophic cardiomyopathy.26,31

On the opposite side, most patients with ischemic substrates 
may be successfully ablated through an endocardial-only 
approach, although recent data are increasingly showing the 
importance of epicardial mapping and ablation in these patients 
(see Figure 121-2). In our most recent series, we reported evi-
dence of epicardial scar with late and fragmented electrograms 
in up to one-third of a consecutive series of patients referred to 
our center for catheter ablation of post-infarct VT.32 Other 
groups have confirmed the importance of epicardial mapping and 
ablation in current populations of patients with post-infarct VT, 
especially in patients with inferior-posterior scars.33

Several electrocardiographic criteria have been proposed to 
detect the origin of VAs and to plan the most appropriate ablation 
strategy. A detailed discussion on electrocardiographic criteria to 
guide VA ablation is provided in other chapters (see Chapter 123).

Preprocedural Drug Therapy

Antiarrhythmic Drug Therapy
Antiarrhythmic drug therapy should be discontinued for at least 4 
half-lives in all patients undergoing catheter ablation of cardiac 
arrhythmias. In fact, antiarrhythmic drugs significantly interfere 
with arrhythmia inducibility, might conceal underlying arrhyth-
mogenic areas during substrate mapping, and possibly reduce the 
effectiveness of catheter ablation procedures. Although adequate 
drug washout can be achieved in a reasonable time before the 
procedure (i.e., 4 to 7 days) in most patients treated with conven-
tional antiarrhythmic agents, subjects receiving long-term treat-
ment with amiodarone represent a particular challenge because of 
the long elimination half-life of the drug (i.e., 58 days on average).34 
Recent evidence, however, strongly supports an incremental 
benefit of preprocedural amiodarone washout.35 In the setting of 
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treatment, should be switched to warfarin at least 2 months 
before the procedure and managed similarly to patients under 
long-term warfarin therapy (see later).

Thus far, no data are available on the feasibility and safety of 
AF ablation under other oral anticoagulants recently approved 
for AF patients, such as rivaroxaban or apixaban. Therefore, 
patients receiving treatment with such drugs should be switched 
to warfarin before the ablation procedure is performed until data 
from clinical studies become available.

Other Drugs
Although no data are available from clinical studies, a strong 
rationale supports the benefit of β-blocker discontinuation before 
catheter ablation. β-Blockers might interfere with arrhythmia 
inducibility, might negatively affect blood pressure response 
during sustained arrhythmias, and can significantly blunt the 
effects of drugs commonly used to induce arrhythmias, such as 
isoproterenol. In particular, isoproterenol testing in patients 
under long-term therapy with cardioselective β-blockers might 
induce significant hypotension because of the need for increasing 
dosages to overcome the β1-blockade, coupled with the unre-
stricted stimulation of β2-adrenergic receptors in vascular smooth 
muscle cells, leading to systemic vasodilatation.

In patients with heart failure, however, β-blocker discontinu-
ation has been associated with increased risk for worsening heart 
failure and mortality.39 In these patients, it is recommended to 
continue β-blocker therapy in the periprocedural period. Simi-
larly, patients with risk factors for ischemic heart disease and 
those with established ischemic heart disease benefit from peri-
procedural continuation of β-blockers.40 As is highlighted later 
in the chapter, in these patients, isoproterenol testing should be 
avoided.

Other drug treatments appropriate for the underlying con-
comitant cardiac condition, such as antihypertensive medications, 
heart failure therapies (e.g., renin-angiotensin system blockers), 
and lipid-lowering drugs, should be maintained during the peri-
procedural period.41

long-standing persistent AF ablation, preliminary data from our 
group suggest that amiodarone discontinuation 4 to 6 months 
before the procedure increases the chance of disclosing—and 
therefore targeting for ablation—latent non-PV trigger sites, and 
this translates into better long-term arrhythmia-free survival.35 
Whether the benefits of amiodarone discontinuation in patients 
undergoing catheter ablation of AF might be generalizable to 
those undergoing VA ablation requires further investigation.

Preprocedural Anticoagulation
No specific preprocedural anticoagulation protocol is required 
for patients undergoing catheter ablation of SVAs (other than AF) 
and VAs. As a general rule, patients under long-term treatment 
with oral anticoagulant agents should discontinue oral anticoagu-
lants during the periprocedural period and bridge with low-
molecular-weight heparin for procedures requiring an arterial 
access or a percutaneous epicardial access. On the other hand, 
catheter ablation procedures requiring only a transvenous 
approach can be safely performed under therapeutic anticoagula-
tion.36,37 At our institution, we adopt stringent preprocedural 
anticoagulation management in patients referred for AF abla-
tion.38 In brief, all patients are started on warfarin as outpatients, 
at least 2 months before the scheduled procedure, and receive 
weekly international normalized ratio (INR) monitoring during 
the 4 to 6 weeks preceding the procedure, with a target INR of 
2 to 3. Preprocedural transesophageal echocardiography (TEE) 
is performed only in patients showing subtherapeutic INR values 
in the month before the procedure. Patients who demonstrate 
INR values consistently above 2 in the month before the proce-
dure are directly sent to ablation.38 All patients are type- and 
cross-matched, and packed red blood cells and fresh frozen 
plasma are made available for infusion in case of hemorrhagic 
complications under therapeutic INR. If the preprocedural INR 
is above 3.5, the anticoagulant effect is partially reversed with one 
to two units of fresh frozen plasma.

Patients receiving long-term treatment with oral anticoagu-
lant agents other than warfarin, such as those under dabigatran 

Figure 121-2.  Preprocedural Planning of the Abla-
tion Approach Based on the Myocardial Substrate 
Underlying VT Asterisk  indicates that scar  is present and 
the  VT  is  demonstrated  to  originate  from  the  scar.  Conven-
tional mapping indicates conventional entrainment/activation 
mapping and pace mapping techniques. Extensive substrate 
ablation (Abl.) indicates ablation of all abnormal electrograms 
within  the  scar  (fragmented  and  late  electrograms)  (see  text 
for details). 
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associated with high-frequency jet ventilation, including  
problems with humidification and warming, high gas flow  
rates, and rapid increases in lung volume that might cause lung 
injury through the generation of shear forces at the interface of 
compliant and atelectatic airways.44 Furthermore, an extensive 
learning curve is needed for one to become proficient at using 
this technique safely, and few anesthesia providers have sufficient 
experience for the technique to be considered the standard of 
care.

No data are available to compare conscious sedation with 
general anesthesia in patients undergoing catheter ablation of 
VAs. At our institution, we routinely implement conscious seda-
tion in patients undergoing catheter ablation of VAs, given the 
putative higher risk of hemodynamic decompensation with 
general anesthesia. Data also suggest an antiarrhythmic effect of 
general anesthesia, which might limit VA inducibility. On the 
other side, in the absence of comparative data, both anesthesia 
protocols are reasonable choices based on the preference of oper-
ators and/or patients.

Vascular Accesses, Catheter Manipulation, and 
Intraprocedural Imaging Techniques

Venous Access

The modified Seldinger technique is the preferred method for 
obtaining vascular access during electrophysiological procedures. 
Typically, femoral venous accesses in the right and left groin are 
used to position most diagnostic catheters, the intracardiac echo-
cardiography (ICE) catheter, and the ablation catheter when pro-
cedures are performed through a transvenous approach. The 
major contraindication to femoral vein catheterization is the 
presence of acute or recurrent ileofemoral deep vein thrombosis. 
In some patients, such as those with history of recurrent femoral 
vein catheterization or those with history of radiation therapy, 
the femoral vein might be partially or totally occluded. Sporadic 
reports of inferior vena cava interruption have been described. In 
these cases, a superior approach from the right internal jugular 
vein might be implemented, also for complex ablation procedures 
(e.g., catheter ablation of AF).45

The coronary sinus diagnostic catheter might be introduced 
through a variety of venous accesses at the discretion of the 
operator, including the femoral vein, the internal jugular vein, 
the subclavian vein, or the median basilic vein.

Intraprocedural Management

Sedation and Anesthesia

The main goals of intraprocedural sedation and anesthesia are to 
minimize or abolish pain, control the patient’s ventilation and 
movements, avoid abnormal autonomic responses, and reduce 
intraoperative patient awareness and recall. For many years, con-
scious sedation has been the most commonly adopted anesthesia 
protocol during electrophysiological procedures. With this pro-
tocol, a short-acting benzodiazepine (e.g., midazolam) usually in 
combination with an opioid analgesic (e.g., fentanyl) is adminis-
tered to patients shortly before the procedure.

In recent years, general anesthesia has gained increasing inter-
est, given the increasing numbers of complex and long proce-
dures, such as catheter ablation of AF or VA. The main advantages 
of general anesthesia are the almost complete abolition of pain 
and patient awareness, the abolition of patient movement for 
prolonged periods, and complete control of ventilation. On the 
other hand, general anesthesia can induce physiological fluctua-
tions, such as drops in blood pressure and/or reflex tachycardia, 
which might require active intervention. Thus far, only one ran-
domized trial of 257 consecutive patients has formally evaluated 
the outcomes of conscious sedation as compared with general 
anesthesia in patients undergoing catheter ablation of AF.42 
General anesthesia was initiated with propofol (2 mg/kg) and 
fentanyl (1 to 2 µg/kg), followed by a neuromuscular blocking 
agent (usually rocuronium 0.6 to 1 mg/kg) and by endotracheal 
intubation with intermittent positive-pressure ventilation. Con-
scious sedation was attained with fentanyl or midazolam. After a 
mean follow-up of 17 ± 8 months, 88 (69%) patients assigned to 
conscious sedation were free of atrial arrhythmias when off anti-
arrhythmic drugs, as compared with 114 (88%) patients ran-
domly assigned to general anesthesia (P < .001) (Figure 121-3). 
All patients with recurrence underwent a second procedure. 
Notably, at the repeat procedure, 42% of PVs in the conscious 
sedation arm had recovered PV conduction, compared with  
19% in the general anesthesia group (P = .003).42 Therefore, 
current evidence supports an incremental benefit of general anes-
thesia as compared with conscious sedation in patients undergo-
ing catheter ablation of AF. Other strategies to achieve better 
catheter stability, such as high-frequency jet ventilation,43 have 
been proposed as a valuable alternative to conscious sedation.  
On the other side, different complications have been specifically 

Figure 121-3.  Impact  of  general  anesthesia  on  catheter  abla-
tion success rate at a mean follow-up of 17 ± 8 months and on 
rate of pulmonary vein (PV) reconnection at repeat procedure. 

(Modified from Di Biase L, Conti S, Mohanty P, et al: General anes-
thesia reduces the prevalence of pulmonary vein reconnection 
during repeat ablation when compared with conscious sedation: 
Results from a randomized study. Heart Rhythm 8:368-372, 2011.)
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able to direct the transseptal puncture toward specific areas of 
the fossa ovalis; a posterior puncture is warranted for procedures 
involving posterior structures such as the PVs in case of AF abla-
tion, whereas a more anterior puncture is helpful for VA ablation, 
given the anterior position of the mitral valve with respect to the 
fossa ovalis. Furthermore, ICE monitoring could be of significant 
value for challenging transseptal accesses, as in patients with 
interatrial septum aneurysm and those with atrial septal defect 
closure devices.19

Radiofrequency application through a surgical electrocautery 
pen (usually 30 to 35 W in the cut mode) applied on the proximal 
hub of the standard Brockenbrough needle,47 or a special radio-
frequency needle (Baylis, Montreal, Quebec, Canada),48 might be 
necessary in cases of increased resistance to the transseptal punc-
ture (e.g., lipomatous hypertrophy of the interatrial septum, 
post–cardiac surgery). Recent data on animal models have raised 
concerns about the safety of radiofrequency-assisted transseptal 
puncture because of a relatively high incidence of tissue coring.49 
Notably, in this study periprocedural maintenance of therapeutic 
INR was not required, and heparin was not administered before 
the transseptal puncture was performed. Therefore, the extent to 
which these results might be extended to humans is unclear; in 
this regard, we have found no evidence of clinical or silent cere-
bral thromboembolism in a large series of patients undergoing 
radiofrequency-assisted double transseptal access under fully 
therapeutic anticoagulation (with an intravenous heparin bolus 
before transseptal puncture).50

Pericardial Access
A detailed description of the percutaneous pericardial access 
technique will be provided in Chapter 125. In brief, the subxi-
phoid approach, as described by Sosa et al.,51 involves fluoroscopy-
guided passage of an 18-gauge needle from the skin through the 
subcutaneous fat, the rectus abdominis muscle, and usually 
through the diaphragm inside the virtual pericardial space. Physi-
cians should be aware of the possible risks associated with subxi-
phoid pericardial access, which involve both noncardiac and 
cardiac structures. Among noncardiac structures, the left lobe of 
the liver might be injured in patients with an enlarged liver, such 
as those with congestive heart failure52; inadvertent puncture of 
arterial branches providing blood supply to the diaphragm might 
cause hemoperitoneum, and the transverse colon might be 
injured in patients with megacolon due to Chagas’ disease. 
Among cardiac structures, inadvertent puncture of the right ven-
tricle is most common,53 and injury of the coronary arteries or of 
the coronary sinus has been reported in sporadic cases.52

Notwithstanding these possible risks, the total rate of compli-
cations related to percutaneous epicardial access has been consis-
tently reported as very low, ranging from 4% to 5% in recent 
large multicenter series (Table 121-3).31,53

Catheter Manipulation and Role of Intraoperative  
Imaging Techniques
The order in which specific catheters are inserted into the cardiac 
chambers is not important. One notable exception might be seen 
in patients with preexisting left bundle branch block, in whom it 
is recommended that the first catheter inserted should be 
advanced into the right ventricle for rescue pacing in case of 
traumatic right bundle branch block leading to complete heart 
block, when catheters are manipulated in the region of the atrio-
ventricular junction (e.g., during positioning of the coronary 
sinus or of the His bundle catheters). Intraprocedural catheter 
manipulation might be assisted by conventional fluoroscopy or 
by a three-dimensional nonfluoroscopic mapping system, with 
diverse relative merits and limitations (Table 121-4). Intraproce-
dural ICE monitoring is also used as an adjuvant strategy to assist 
catheter positioning and monitoring of complications.54 In the 
near future, three-dimensional echocardiographic imaging and 

Although the adoption of special precautions for obtaining 
venous access, such as the use of ultrasound, appears justifiable 
in patients undergoing electrophysiological procedures without 
interruption of therapeutic anticoagulation, the risk of vascular-
related bleeding with such an anticoagulation protocol has been 
consistently demonstrated as smaller compared with warfarin 
discontinuation and heparin bridging.36 No evidence has been 
found of an incremental benefit of ultrasound-guided femoral 
venous access as compared with the standard manual approach. 
At our institution, over the past 7188 AF ablations performed, 
ultrasound-assisted femoral venous access was attained in 1079 
(15%) cases. No difference in the rate of vascular-related com-
plications was observed between patients who received ultrasound-
assisted vascular access and those in whom conventional manual 
access was performed (3.2% vs. 3.8%; P = .44).

With regard to nonfemoral venous access, such as access of 
the internal jugular vein, published data suggest an incremental 
benefit of ultrasound guidance as compared with the blind tech-
nique.46 In patients undergoing venous access without interrup-
tion of therapeutic anticoagulation, the risks associated with a 
blind puncture of the internal jugular vein represent a major 
concern, and conventional blind puncture should be discouraged. 
At our institution, we systematically avoid a blind puncture of the 
internal jugular vein and perform access under fluoroscopic guid-
ance after advancing a catheter from the femoral vein into the 
internal jugular vein. This approach can also be helpful in elimi-
nating the risk of pneumothorax by allowing access in the neck 
at a higher level.

Arterial Access
Arterial femoral access is usually attained for performing retro-
grade aortic approaches. In some laboratories, an arterial line is 
placed in the radial or femoral artery for invasive monitoring of 
blood pressure. However, no data support increased procedural 
safety with invasive blood pressure monitoring, especially when 
more advanced technologies for complications monitoring, such 
as ICE, are implemented. Arterial access is attained with the 
modified Seldinger technique, and no evidence supports the use 
of ultrasound-assisted arterial puncture. Although it is generally 
recommended to interrupt long-term warfarin therapy in patients 
in whom an arterial puncture is planned, observational data from 
our institution suggest that performing femoral arterial access  
for invasive monitoring of blood pressure (5 French sheath) is 
feasible and safe, even in patients who are therapeutically 
anticoagulated.

Transseptal Access
At our institution, transseptal access is attained under ICE guid-
ance. Although no formal comparison between ICE-assisted and 
conventional fluoroscopy-assisted transseptal access has been 
performed, our experience with ICE strongly suggests a high 
degree of safety when transseptal access is performed under ICE 
guidance, with no complications over the past 12 000 transseptal 
punctures. TEE is another imaging method available to facilitate 
transseptal puncture.

The technique of ICE-assisted transseptal access is described 
in detail elsewhere.47 In brief, once the ICE catheter is positioned 
in the right atrium in the “home” position (view of the right 
atrium, tricuspid valve, and right ventricle), a clockwise torque 
brings into sequential view the aortic arch (more anterior), fol-
lowed by the anterior left atrium, the mitral valve and left atrial 
appendage (LAA), the left PVs, the posterior wall, and the right 
PVs. The interatrial septum is visualized in the near field. If the 
septum is too close to the probe, gentle bending of the transducer 
toward the right atrial free wall moves the imaging plane of the 
septum toward the midfield of view. The site of the septum suit-
able for transseptal puncture typically intersects an ICE section 
plane between the left PVs. Under ICE assistance, physicians are 
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Special Considerations: Atrial Fibrillation

Ablation Targets
As mentioned, the major determinant of the structures to be 
targeted during catheter ablation of AF is the type of AF. In most 
patients with paroxysmal AF, the PVs represent the most impor-
tant structure to be targeted to achieve cure, whereas in patients 
with nonparoxysmal AF, multiple non-PV structures are also 
important in triggering and maintaining the arrhythmia.54 The 
posterior wall of the left atrium, the coronary sinus, the LAA, the 
superior vena cava, the crista terminalis, the interatrial septum, 
the ligament of Marshall, and areas adjacent to the atrioventricu-
lar valve annuli have all been reported as non-PV trigger sites for 
AF. Their prevalence significantly increases in nonparoxysmal 
AF, although recent data have highlighted their importance in 
specific subsets of patients with paroxysmal AF (see “Clinical 
Indications and Patient Selection”). The most commonly adopted 
method of disclosing latent non-PV triggers for AF is the infu-
sion of high-doses of isoproterenol (up to 30 µg/min for 15 
minutes). We perform mapping during isoproterenol positioning 
of the circular mapping catheter at the ostium of the left superior 
PV, registering the far field from the LAA and the ablation cath-
eter in the right superior PV. Differential activation between the 
distal coronary sinus and the circular mapping catheter can dis-
tinguish LAA from left PV firing. In the presence of rapid con-
duction through the Bachmann bundle, the circular mapping 
catheter registering the LAA far-field electrogram is an invalu-
able aid in correctly detecting LAA firing, which in this case is 
usually associated with rapid septal–right atrial activation. In 
cases of right-sided atrial ectopy, the site of origin can be detected 
by analyzing the activation sequence of the duodecapolar cathe-
ter, which is similar to sinus rhythm.

In this way, the site of origin of any significant ectopic atrial 
activity can be mapped and targeted for ablation.

The major drawback of isoproterenol infusion is its relatively 
unpredictable hypotensive response, caused by the stimulation of 
vascular β2-adrenergic receptors. As was mentioned, such 
response is more likely to occur in patients under long-term 
cardioselective β-blocker therapy. Furthermore, isoproterenol 
testing is contraindicated in patients with obstructive coronary 
artery disease because of the risk of precipitating acute myocar-
dial ischemia.

Ablation Endpoints

Although the targets of current AF ablation approaches are rep-
resented by different anatomical structures (e.g., PVs, left atrial 
posterior wall, coronary sinus, LAA), the endpoint for achieving 
with ablation is uniquely represented by electrical isolation. This 
concept, extensively validated for the PVs, has also been con-
firmed for other non-PV structures such as the coronary sinus 
and the LAA.56,57

The only reliable method of assessing electrical isolation 
involves positioning a circular mapping catheter within the area 
targeted and verifying the presence of electrical disconnection 
from the rest of the atrium.54 Other methods used to verify isola-
tion, such as three-dimensional mapping systems, have proved 
unreliable in detecting electrical isolation.54 For the coronary 
sinus, electrical isolation is verified through the absence of atrial 
electrogram recordings and failure to capture the atrium when 
pacing from within the coronary sinus.

The benefit of targeting specific types of atrial electrograms, 
such as complex fractionated atrial electrograms (CFAEs), has 
been reported in multiple randomized trials and meta-analyses58; 
in brief, such benefit is confined to patients with nonparoxysmal 
AF. Whether this is the result of elimination of CFAE or merely 
reflects a more extensive ablation of arrhythmogenic anatomical 

Table 121-3. Complications of Subxiphoid Percutaneous Epicardial 
Access for Mapping and Ablation of Ventricular Tachycardia

N = 352

Major Complications, n (%)

Intrapericardial bleeding 11 (3)

Coronary artery stenosis 1 (0.3)

Significant pericarditis 1 (0.3)

Delayed cardiac tamponade 5 (1.4)

Myocardial infarction 1 (0.3)

Peridiaphragmatic hematoma 1 (0.3)

Minor Complications, n (%)

RV puncture without consequence 24 (6.8)

Pleural catheterization with guidewire 2 (0.6)

Chest pain 182 (52)

N, Number of patients; RV, right ventricle.
Pooled data from Sacher F, Roberts-Thomson K, Maury P, et al: Epicardial 
ventricular tachycardia ablation: A multicenter safety study. J Am Coll Cardiol 
55:2366-2372, 2010; and Della Bella P, Brugada J, Zeppenfeld K, et al: Epicardial 
ablation for ventricular tachycardia: A European multicenter study. Circ 
Arrhythm Electrophysiol 4:653-659, 2011.

Table 121-4. Relative Merits and Limitations of Standard 
Fluoroscopy Versus Three-Dimensional Nonfluoroscopic Mapping 
Systems for Intraprocedural Catheter Manipulation

Fluoroscopy

Three-Dimensional 
Nonfluoroscopic Mapping 
Systems

Pros • Reliable tracking of 
catheter motion

• Allows imaging of the 
entire catheter and 
sheath(s)

• Reliable imaging of 
beat-to-beat cardiac 
motion

• Imaging of 
respiratory excursions

• Real-time imaging of 
multiple structures

• No radiation exposure
• Faster tracking of 

catheter tip motion
• Three-dimensional 

reconstruction of cardiac 
anatomy

Contras • Radiation exposure
• Only two-dimensional 

images

• Not reliable for imaging 
of beat-to-beat variability 
in cardiac motion and 
respiratory excursions

• Allows visualization of 
only the tip of the 
catheter

magnetic resonance imaging will likely represent other methods 
of intraoperative monitoring of catheter manipulation.55 In the 
absence of comparative data between different imaging modali-
ties to assist catheter manipulation and monitoring of complica-
tions, operators might choose the intraprocedural imaging 
modality to guide catheter manipulation based on their own 
preference.
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novel open irrigated ablation catheters with incorporated 
temperature-sensing chips are capable of measuring and inter-
preting microwaves emitted from heated tissue during ablation 
(i.e., microwave radiometry technology; Tempasure, Advanced 
Cardiac Therapeutics, Laguna Beach, California), which provide 
indirect assessment of tissue–catheter contact. In addition, micro-
wave radiometry has the capacity of providing real-time feedback 
on tissue temperature and lesion growth. This novel technology 
has just entered clinical investigation.

Periprocedural Anticoagulation Management
Periprocedural maintenance of therapeutic warfarin has been 
consistently demonstrated to be the safest and most effective 
anticoagulation protocol in patients undergoing catheter ablation 
for AF.36 In a recent meta-analysis that included more than 27,000 
patients undergoing catheter ablation of AF, we reported a strik-
ing reduction of periprocedural thromboembolism when thera-
peutic warfarin was continued during the periprocedural period 
as compared with warfarin interruption with low-molecular-
weight heparin bridging (odds ratio [OR], 0.10; 95% confidence 
interval [CI], 0.05 to 0.23; P < .001) (Figure 121-4, A).36 Bleeding 
complications, including major bleeding and cardiac tamponade, 
were not different between the two anticoagulation protocols. In 
a subsequent analysis, we found that major bleeding complica-
tions were also reduced with warfarin continuation in studies 
adopting intraoperative ICE monitoring, which was driven by a 
reduction of cardiac tamponade (Figure 121-4, B). Although indi-
rect, the latter analysis represents the first demonstration to date 
that ICE monitoring reduces periprocedural complications.36

As has been mentioned, the benefits of warfarin in the setting 
of AF ablation do not appear to be replicated by new anticoagu-
lants, and we routinely adopt periprocedural switching to warfa-
rin in patients under long-term treatment with new oral 
anticoagulants agents (e.g., dabigatran, rivaroxaban). In this 
regard, we recently reported in a multicenter observational series 
of a total of 290 patients increased risk of bleeding or thrombo-
embolism in patients undergoing ablation on dabigatran as com-
pared with a matched control group of patients undergoing 
ablation under therapeutic warfarin (16% in the dabigatran group 
vs. 6% in the warfarin group; P = .009). Dabigatran use was 
found to be an independent predictor of bleeding or thrombo-
embolic complications (OR, 2.76; 95% CI, 1.22 to 6.25; P = .01) 
on multivariate regression analysis.64

Special Considerations: Ventricular Tachycardia

Ablation Targets
In general terms, the ablation targets for VT largely depend on 
the mechanism underlying the arrhythmia, namely, whether the 
arrhythmia has a focal as opposed to a reentrant mechanism. 
With focal VTs, the target is the localized arrhythmia focus, typi-
cally identified as the earliest intracardiac activation site, together 
with pace-mapping techniques, whereas in reentrant arrhyth-
mias, resection of a larger area of slow conduction (e.g., VT 
isthmus) is necessary to render the arrhythmia noninducible. As 
has been mentioned, simple baseline clinical characteristics 
together with electrocardiographic (ECG) criteria are helpful in 
predicting both the arrhythmia mechanism and optimal sites for 
mapping and ablation (see Chapter 124). Ventricular arrhythmias 
associated with cardiomyopathic substrates leading to scar tissue 
more likely have a scar-related reentrant mechanism, and slow 
conduction areas within the scar tissue represent the ablation 
targets (see Chapter 124). On the other hand, patients without 
structural heart disease typically have a focal mechanism of VT, 
with outflow tract VTs (right or left ventricular) constituting the 
most prevalent type of focal VTs. Although most of these arrhyth-
mias can be successfully ablated with focal applications of 

structures, such as the posterior left atrial wall or the coronary 
sinus, is still incompletely clear. In this regard, the pathophysi-
ological significance of CFAEs has been challenged, in particular, 
CFAEs appear to represent areas of wave front collision rather 
than the electrical expression of underlying atrial structural 
abnormalities.59

Intraprocedural Radiofrequency Power Titration
A detailed description of different energy sources already avail-
able and under development for catheter ablation of AF and other 
arrhythmias is provided in Chapter 128. The main endpoint of 
catheter ablation is producing irreversible damage to the target 
tissue, resulting in permanent loss of conduction. The most 
important factors influencing the size and depth of an ablation 
lesion include the current density at the tip of the catheter, which 
might be approximated to the power setting at equality of abla-
tion catheter tip diameters; the electrode-myocardium contact; 
the orientation of the catheter tip; and the efficiency of heat dis-
sipation from the catheter tip, cooling, intracavitary blood, and 
cardiac vessels close to the targeted structure. With current abla-
tion catheters incorporating open irrigation technologies, we 
safely deliver radiofrequency ablation lesions at a power of 40 to 
45 W, slightly reducing the ablation power (35 W) when deliver-
ing lesions in the posterior wall close to the esophagus or in the 
coronary sinus. In the clinical setting, power titration is dynami-
cally modulated by impedance and temperature monitoring and 
by other intraoperative tools, such as esophageal temperature 
monitoring. Radiofrequency delivery should be interrupted if the 
esophageal temperature rises to above 39° C; close monitoring 
of the esophageal temperature during radiofrequency delivery is 
particularly important in patients undergoing AF ablation under 
general anesthesia because of the reduced esophageal motility 
and the lack of patient swallowing.60 Other tools of intraoperative 
radiofrequency energy delivery monitoring, such as ICE, lost 
their clinical significance after the advent and widespread adop-
tion of open irrigated ablation catheters.

On the other side, with open irrigated ablation catheters, fluid 
overload might represent an issue, especially in patients with 
significant left ventricular dysfunction (both systolic and dia-
stolic). Careful monitoring of fluid balance is required in these 
cases, and diuretic administration during the procedure may be 
needed. Recently, an open irrigated catheter with a porous tip 
technology has been released (ThermoCool SF, Biosense Webster, 
Diamond Bar, California). The porous tip technology allows 
halving of the amount of fluid necessary to effectively cool the 
catheter tip (from 30 mL/min to 15 mL/min). Whether such 
fluid reduction translates into clinical benefit warrants further 
investigation.

Contact force is another key contributor to lesion size and 
depth, and it can predict major procedure-related complications 
such as steam pop, perforation, and coagulum formation.61 Open 
irrigated catheters with contact force sensors (TactiCath, Endo-
Sense, Geneva, Switzerland; ThermoCool SmartTouch, Biosense 
Webster) have been made available. These catheters allow the 
operator to apply appropriate force and deliver optimal lesions 
without risk of pressure-related complications. In a multicenter 
European feasibility and safety study, the TOuCh+ for CATheter 
Ablation (TOCCATA) trial, 76 patients with SVAs (42 right 
SVAs, 34 paroxysmal AFs) have undergone ablation with the 
TactiCath catheter. Preliminary results of TOCCATA have dem-
onstrated good safety and efficacy profiles of this novel ablation 
technology in the setting of SVAs.62 Notably, recurrence rate and 
PV reconnection appeared greater when energy was delivered 
with poor contact (≤5 g).63 Ongoing prospective multicenter 
trials are further evaluating the performance of force-sensing 
catheters in the setting of AF ablation.

Other technologies aimed at assessing the degree of tissue–
catheter contact are being actively investigated. Among these, 
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equally early activation (i.e., anterior interventricular vein, mitro-
aortic continuity, left coronary cusp, and epicardial left ventricu-
lar outflow tract). In these patients, radiofrequency applications 
were necessary at multiple sites to achieve acute VT suppression 
and long-term success.65 It bears emphasis that no specific clinical 

radiofrequency energy at specific sites identified at intracardiac 
mapping, a small but definite subset of patients might require 
radiofrequency energy application from multiple sites. We have 
described a series of patients with left ventricular outflow tract 
VTs in whom intracardiac mapping disclosed multiple sites of 

Figure 121-4.  Panel A, Plot  showing  individual and pooled event  rates and odds  ratios  (ORs) with 95% confidence  intervals  (CIs) of periprocedural  ischemic stroke/TIA 
comparing periprocedural warfarin continuation (CW) with warfarin discontinuation plus heparin bridging (DW). Panel B, Plots showing individual and pooled event rates 
and ORs with 95% CIs of major bleedings (upper panel) and separately of cardiac tamponade (lower panel) with comparison of CW versus DW. 

(Modified from Santangeli P, Di Biase L, Horton R, et al: Ablation of atrial fibrillation under therapeutic warfarin reduces periprocedural complications: Evidence from a meta-
analysis. Circ Arrhythm Electrophysiol 5:302-311, 2012.)
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epicardial scar–related VT ablation can be safely performed 
without intraprocedural coronary angiography and without acute 
and follow-up risks of coronary artery damage. The latter is an 
extremely rare complication in these patients, probably reflecting 
exclusive ablation within the scar area, together with the insulat-
ing properties of peri-coronary epicardial adipose tissue and the 
convective cooling effect of the coronary blood flow.66

Ablation Endpoints
Acute arrhythmia termination and noninducibility of any sus-
tained arrhythmia are the most widely adopted endpoints during 
catheter ablation of VT. For focal VTs, mapping and ablation 
during VT is associated with the greatest likelihood of acute 
termination, postprocedural noninducibility, and long-term 
success. On the other hand, for scar-related VTs, the abolition of 
only clinical or inducible VT(s) has been reported to result in 
long-term arrhythmia-free survival in no more than 70% of 
patients (Table 121-5).22 In this regard, targeting only the clinical 
or inducible VT(s) does not necessarily abolish all of the potential 
reentrant circuits within the scar.

We have described a pure substrate-based ablation approach 
in scar-related VT, namely, the endo-epicardial scar homogeniza-
tion approach.32 With such an approach, all potential arrhythmo-
genic areas within the scar, defined as abnormal late and 
fragmented electrograms, are targeted during ablation, irrespec-
tive of their participation in clinical/inducible VT(s). We have 
evaluated the benefit of the scar homogenization approach in a 
consecutive case series of 92 patients with post-infarction scar-
related ventricular VT storm. Patients were treated by confining 
radiofrequency lesions to the putative isthmus sites of clinical/
inducible VT(s), as assessed through conventional mapping tech-
niques such as entrainment, activation, and pace mapping (con-
ventional VT ablation; n = 49), or they underwent endocardial 
and epicardial ablation of all abnormal potentials within the scar 
(homogenization of the scar; n = 43). During a mean follow-up 
of 25 ± 10 months, the VT recurrence rate was 47% in the con-
ventional ablation group and 19% in the endo-epicardial scar 
homogenization group (log-rank P = .006) (Figure 121-5).32 The 
results of this study provide the first demonstration in a large 
series of patients that extensive substrate modification with cath-
eter ablation improves long-term arrhythmia-free survival in 
patients undergoing catheter ablation of scar-related VT. Other 
groups have reported results comparable with ours with similarly 
extensive substrate-based ablation approaches in patients with 
ischemic cardiomyopathy.67,68

or ECG characteristic could be used to accurately identify this 
population of patients, and invasive electrophysiological study 
with detailed mapping was always necessary.

Ablation of VT arising close to coronary vessels, such as coro-
nary cusp VTs or epicardial VTs, carries the potential risk of 
coronary artery damage. Traditionally, coronary artery angiogra-
phy has been performed in these cases to assess the distance 
between the ablation catheter tip and the coronary artery vessels. 
For coronary cusp ablation, ICE monitoring might replace the 
need for coronary artery angiography, especially for ablation in 
the left coronary cusp. In a large multicenter series, we assessed 
the feasibility of ICE-guided coronary cusp ablation in a consecu-
tive series of 122 patients with coronary cusp VT. A total of 151 
ablation procedures were performed—105 (70%) from within the 
left coronary cusp and 46 (30%) from within the right coronary 
cusp. ICE was the only imaging modality used in all 151 cases of 
left coronary cusp ablation, and in 44 of 46 (96%) cases of right 
coronary cusp ablation. In this group, coronary angiography was 
required in 2 (4%) cases because of failure to image the right 
coronary artery ostium. Of note, no periprocedural complication 
was observed. Therefore, in experienced hands, ICE monitoring 
is able to abolish the need for intraprocedural coronary angiog-
raphy in all cases of left coronary cusp ablation and in most cases 
of right coronary cusp ablation.

With regard to ablation of epicardial VTs, we routinely do not 
perform angiography when the mechanism of VT is scar-related 
reentry. In these cases, the small risk of coronary artery damage 
is very unlikely to produce clinically significant manifestations, 
given the selective delivery of radiofrequency energy within areas 
of myocardial scarring. In a consecutive series of 153 patients 
undergoing catheter ablation of scar-related epicardial VT, intra-
procedural coronary angiography was performed in 34 (22%) 
patients, while the remaining 119 (78%) underwent epicardial 
ablation without intraprocedural angiography. The distribution 
of successful ablation sites was not different between the two 
groups. Periprocedural complications occurred in 13 (8.4%) 
patients (3 [8.8%] in the coronary angiography group and 10 
[8.4%] in the no coronary angiography group; P = .94) and 
consisted of minor intrapericardial bleeding without consequence 
in 11 (7.2%) cases, one case of mild abdominal discomfort  
not requiring further intervention, and one episode of acute  
heart failure. No other complications occurred, in particular,  
no case of coronary artery damage was observed both acutely  
and at follow-up, as assessed by nuclear imaging stress testing. 
The results of this large observational study suggest that 

Figure 121-5.  Impact of endo-epicardial scar homogenization on long-term 
freedom from recurrent VT in patients with ischemic cardiomyopathy under-
going catheter ablation of electrical storm. 

(From Di Biase L, Santangeli P, Burkhardt D, et al: Endo-epicardial homogeniza-
tion of the scar versus limited substrate ablation for the treatment of electrical 
storms in patients with ischemic cardiomyopathy. J Am Coll Cardiol 60:132-141, 
2012.)
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between 25% and 40%.69 In recent years, the value of continuous 
ECG monitoring with implantable devices (e.g., pacemakers/
defibrillators with atrial leads, long-term subcutaneous monitors) 
has been increasingly reported.70 In the recently terminated Dis-
cerning the Incidence of Symptomatic and Asymptomatic Epi-
sodes of Atrial Fibrillation Pre- and Post-Radiofrequency 
Ablation (DISCERN AF) trial, Verma et al. equipped 50 patients 
with an implantable loop recorder at least 3 months before the 
scheduled ablation procedure and for up to 18 months after abla-
tion. Notably, after ablation, the ratio of asymptomatic to symp-
tomatic AF episodes increased from 1.1 to 3.7, with patients’ 
symptoms markedly underestimating AF burden after ablation 
(12% of patients had only asymptomatic AF recurrences).70 
Although implantable loop recorders appear promising for the 
long-term assessment of AF burden, important limitations 
include less than 100% specificity due to myopotentials 
and atrial and ventricular premature beats, as well as limited 
memory, resulting in unretrievable electrograms that cannot be 
used to verify the correct rhythm diagnosis.

Post-Ablation Use of Antiarrhythmic Drugs
It is common practice to continue previously ineffective antiar-
rhythmic drugs during the blanking period after ablation. 
However, this practice is not supported by adequate evidence. In 
a randomized study on 110 patients undergoing catheter ablation 
of AF, Leong-Sit et al. showed that empirical use of antiarrhyth-
mic drugs (e.g., flecainide, propafenone, sotalol, dofetilide, 
dronedarone, amiodarone) during the first 6 weeks after AF abla-
tion was associated with a reduced incidence of early (within 6 
weeks) clinically significant atrial arrhythmias and the need for 

Postprocedural Management

Atrial Fibrillation

Monitoring for Recurrences: Methods and Relative Merits
Optimal methods for long-term monitoring of atrial arrhythmia 
recurrence after AF ablation are a crucial yet unsolved issue. 
Clinical assessment based on patients’ symptoms has been dem-
onstrated to be largely unreliable in predicting post-ablation 
recurrences, and a substantial number of patients experience 
asymptomatic AF recurrences.13 From a clinical standpoint, accu-
rate detection of post-ablation recurrences bears important 
implications, including the selection of patients who might 
benefit from antiarrhythmic drug continuation or a repeat abla-
tion procedure, and for clinical decision making with regard to 
oral anticoagulation discontinuation. Several noncontinuous and 
continuous ECG monitoring techniques have been employed in 
clinical studies on AF ablation; in general, more intensive moni-
toring is associated with a greater likelihood of detecting both 
symptomatic and asymptomatic AF episodes.13 Among com-
monly used noncontinuous monitoring tools are serial or 
symptom-initiated standard ECGs, Holter monitoring (24 hours 
to 7 days) and transtelephonic recordings, patient-activated and 
automatically activated devices, and external loop recorders.

At our institution, we routinely adopt scheduled 7-day Holter 
ECG recordings with random and symptom-activated external 
event recordings. By adopting a similar protocol, other groups 
have reported a sensitivity of 70% in detecting recurrent arrhyth-
mia, with a negative predictive value for absence of AF ranging 

Table 121-5. Ventricular Arrhythmia Recurrence Rates After Catheter Ablation of Infarct-Related Ventricular Tachycardia

Year Number of Patients LVEF, % Follow-up, Months VT Recurrence, %

Morady et al.81 1993 15 27 9 13

Kim et al.82 1994 21 32 13 45

Rothman et al.83 1997 35 24 14 31

Stevenson et al.84 1998 52 33 18 31

Epstein et al.84a 1998 73 30 6 49

Ortiz et al.85 1999 34 31 26 38

El-Shalakany et al.86 1999 15 26 15 27

Calkins et al.87 2000 119 31 8 46

O’Callaghan et al.88* 2001 55 32 39 –

Borger et al.89 2002 89 29 34 23

Della Bella et al.90 2002 124 34 41 28

O’Donnell et al.91 2002 109 – 61 23

Segal et al.92 2005 40 36 36 57

Verma et al.93 2005 46 – 16 37

Stevenson et al.94 2008 231 25 6 47

Niwano et al.94a 2008 58 35 31 24

Tanner et al.95 2010 63 30 12 49

Schreieck et al.96 2004 39 33 12 47

SMASH-VT97 2007 128 32 23 12

VTACH98 2010 107 34 23 53

Summary – 1453 – – 36

*Not included in the summary estimate because of lack of data on VT recurrence rate.
LVEF, Left ventricular ejection fraction; VT, ventricular tachycardia.
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arrhythmia-free survival after a mean follow-up of 12 ± 1.8 
months was 71.2% despite proven permanent PV isolation.76 
More proximal triggers (e.g., posterior wall between the veins) 
or other non-PV triggers (e.g., coronary sinus, interatrial septum, 
LAA, crista terminalis/superior vena cava) constitute likely expla-
nations for the results by Dukkipati et al.76 In this regard, we have 
already reported in a large multicenter prospective study the 
relevance of the LAA as a trigger site for AF.56 In this study, we 
included a consecutive series of 987 patients (29% paroxysmal 
AF, 71% nonparoxysmal AF) referred to our institution for redo 
catheter ablation. LAA firing was assessed only after all potential 
sites of reconnection, including the PV antra, the posterior wall, 
and the septum, were checked and targeted if reconnected. 
Overall, 266 (27%) patients showed firing from the LAA at base-
line or after administration of isoproterenol, and in 8.7% of 
patients the LAA was found to be the only source of arrhythmia. 
LAA firing was defined as consistent atrial premature contrac-
tions with earliest activation in the LAA, or as AF/atrial tachyar-
rhythmia originating from the LAA. In these cases, complete 
isolation of the LAA is the ablation strategy that provides the best 
long-term outcome. Of 266 patients presenting with LAA firing, 
43 were not ablated (Group 1), 56 received a focal ablation 
(Group 2), and 167 underwent LAA isolation guided by a circular 
mapping catheter and ICE (Group 3). After a mean follow-up of 
1 year, AF recurred in 74% of Group 1 patients, as compared 
with 68% of Group 2 and 15% of Group 3 (P < .001 for multiple 
comparison).56

The technique employed for LAA isolation is similar to  
that adopted for PVAI, although the procedure require more 
ablation time. LAA isolation does not appear to significantly alter 
mechanical function. Indeed, we have found preserved contractil-
ity at TEE 6 months after LAA isolation in more than 60% of 
patients.

Ventricular Tachycardia

Monitoring for Recurrences: Methods and Relative Merits
Few clinical data are available to compare different methods of 
monitoring for VT recurrence after catheter ablation.77 However, 
most patients undergoing VT ablation either already have an 
implantable cardioverter-defibrillator (ICD) or will have an ICD 
implanted after the procedure, and recurrent arrhythmia could 
be easily monitored by analyzing the ventricular events stored in 
the ICD (i.e., device telemetry or ventricular events leading to 
appropriate ICD intervention). In 1999, the Food and Drug 
Administration (FDA) suggested that any VT requiring ICD 
therapy or nonsustained VT episodes lasting >20 seconds should 
be documented, and proposed a minimum follow-up period of 6 
months.78 The last consensus document on VT ablation has pro-
posed that the minimum follow-up period should be extended to 
1 year.77

For patients without an ICD, no consensus has been reached 
regarding the best method for monitoring recurrent arrhythmia. 
Typically, patients have no evidence of structural heart disease 
and present with symptomatic but hemodynamically tolerated 
VAs; in these cases, absence of symptomatic recurrence is con-
sidered a valid endpoint. For patients with few or no symptoms 
and for patients with infrequent arrhythmia episodes before abla-
tion, prolonged monitoring with loop recorders or transtele-
phonic monitoring is justifiable. Exercise stress testing could be 
indicated to monitor the ablation outcomes of patients with 
exercise-induced VTs, and follow-up echo monitoring is advis-
able for patients with VA-induced cardiomyopathy.

Post-Ablation Use of Antiarrhythmic Drugs
As for catheter ablation of AF, long-term freedom from recurrent 
VT without antiarrhythmic drug therapy is the main goal of 

cardioversion or hospitalization for arrhythmia management, 
although it had no effect on prediction or prevention of arrhyth-
mia recurrence at 6 months.71

The role of anti-inflammatory drugs, such as steroids, in pre-
venting early post-ablation recurrences has been recently assessed 
in a randomized study.72 In this trial, a total of 125 patients with 
paroxysmal AF were randomly assigned to receive either cortico-
steroids (intravenous hydrocortisone [2 mg/kg] on the day of the 
procedure, and oral prednisolone [0.5 mg/kg/day] for 3 days after 
ablation) or placebo. The prevalence of immediate AF recur-
rences (within 3 days after ablation) was significantly lower in the 
corticosteroid group than in the placebo group (7% vs. 31%), 
and the AF-free rate at 14 months post-ablation was better in the 
corticosteroid group (85% vs. 71%; P = .032).72

Other drugs, such as upstream therapies for AF (e.g., renin-
angiotensin system blockers, statins), have not been shown to 
affect maintenance of sinus rhythm after catheter ablation of AF 
in both observational and randomized studies.73,74

Post-Ablation Anticoagulation Issues
Thus far, few observational data are available to guide the man-
agement of oral anticoagulation in patients who have undergone 
AF ablation. We assessed the risk of thromboembolism after suc-
cessful catheter ablation of AF in a multicenter series of 3355. In 
this study, oral anticoagulation was discontinued, regardless of 
the CHADS2 score (clinical prediction rule for estimating risk of 
stroke in patients with nonrheumatic atrial fibrillation), if patients 
did not experience any recurrence of atrial tachyarrhythmias, 
severe pulmonary vein stenosis (pulmonary vein narrowing 
>70%), and severe left atrial mechanical dysfunction, as assessed 
by transthoracic echocardiography. Patients with a CHADS2 
score ≥1 experiencing early recurrence of AF were maintained on 
warfarin for at least 6 months. In these patients, warfarin was 
eventually discontinued if there were no AF recurrences in 3 
months without antiarrhythmic drugs, and aspirin 81 to 325 mg 
was started. In cases of new AF recurrence after warfarin discon-
tinuation in patients with a CHADS2 score ≥1, oral anticoagula-
tion was restarted. With such a protocol, only 2 (0.07%) patients 
experienced a stroke after a mean follow-up of 28 ± 13 months. 
Of note, no patients with a CHADS2 score ≥2 experienced a 
stroke during follow-up. Such results have been recently con-
firmed by Saad et al. in a large single-center series.75 In patients 
undergoing LAA isolation, we currently discontinue long-term 
anticoagulant therapy 6 months after the procedure if (1) the 
patient maintains stable sinus rhythm, (2) LAA velocity is normal 
(i.e., >0.3 m/s) at TEE, and (3) evidence suggests a consistent A 
wave at the transmitral Doppler flow study. In the forthcoming 
future, the widespread availability of percutaneous LAA closure 
devices (e.g., WATCHMAN, Atritech, Plymouth, Minnesota; 
LARIAT, SentreHEART, Inc., Palo Alto, California) might allow 
more patients undergoing LAA isolation to safely discontinue 
long-term oral anticoagulation therapy.

Role of Repeat Ablation Procedures
Patients experiencing recurrent drug-refractory arrhythmia after 
catheter ablation of AF are usually managed with a repeat abla-
tion procedure. In general, reconnection of previously ablated 
areas (mostly PVs) represents the most common finding in these 
patients, and achieving permanent re-isolation often results in 
lasting cure. On the other hand, a relatively small but definitive 
subset of patients experience recurrent arrhythmia in the absence 
of reconnection of previously targeted areas. The exact preva-
lence of this phenomenon is yet undefined and depends largely 
on how many structures had been targeted for isolation during 
the index procedure (e.g., only the PVs as opposed to wider areas 
of isolation, including the entire posterior wall). For instance, in 
a recent observational case series of 52 patients with paroxysmal 
AF undergoing ostial PV isolation with the laser balloon catheter, 
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Thus far, no data are available for evaluation of the optimal 
timing of repeat VT ablation. According to FDA guidelines, 
clinicians should wait at least 1 week after ablation.78 However, 
in the case of frequent recurrences, or even an electrical storm, 
the repeat procedure should be scheduled as soon as possible.77

Conclusions

When a catheter ablation procedure is planned, clinical aspects 
related to patient history, symptoms, mode of presentation, and 
arrhythmia characteristics are crucial for anticipating the optimal 
ablation approach and predicting outcomes. For instance, in the 
case of catheter ablation of complex arrhythmias such as AF and 
VT, simple baseline clinical characteristics provide key informa-
tion. The type of AF, namely, paroxysmal versus nonparoxysmal 
AF, can help clinicians to predict the need for more extensive 
ablation beyond PV isolation; other clinical characteristics, 
including gender, comorbidities, and duration of arrhythmia epi-
sodes, are also useful for this purpose.

In patients with VT, the presence of nonischemic structural 
heart disease predicts the need for an endo-epicardial procedure 
as a first-line approach, whereas most patients with ischemic 
substrates can be effectively managed with an endocardial proce-
dure. After ablation, the mode and intensity of arrhythmia moni-
toring are important for timely detection of recurrent arrhythmia, 
and for planning of a repeat ablation procedure.

catheter ablation of VT. In patients without structural heart 
disease, all antiarrhythmic drugs are usually discontinued post-
ablation; such an approach allows more reliable monitoring for 
recurrences. In patients with structural heart disease, antiarrhyth-
mic drugs are usually continued after ablation, given the greater 
complexity of the arrhythmia substrates in these cases. Amioda-
rone is the drug used most commonly in these patients. Current 
guidelines suggest that amiodarone should be discontinued after 
catheter ablation of VT, and that attempts should be made to 
reduce its dosage when complete discontinuation is not possi-
ble,77 given the dose-dependent risk of side effects related to 
amiodarone use.34

Role of Repeat Ablation Procedures
Recurrent arrhythmia after failed VT ablation might be due to 
recovery of conduction in a previously ablated area or to a deeper 
substrate (midmyocardial or epicardial) that was incompletely 
targeted during the previous ablation, or it might merely reflect 
the development of a new VT circuit.79

The decision of whether to perform a repeat VT ablation and 
its timing are highly dependent on the clinical context and on the 
suspected mechanism of arrhythmia recurrence. For instance, a 
recurrent VT displaying exactly the same ECG morphology and 
cycle length as the previously ablated one suggests recovery or 
conduction in the previously ablated area or a deeper myocardial 
substrate. On the other hand, when the recurrent VT has differ-
ent ECG morphology and cycle length, the clinician should 
suspect the development of a new VT circuit.79
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initial report of Swartz and Silvers.7 However, most published 
series reported significant complications as well as long proce-
dural times.4

The subsequent demonstration of discrete triggers initiating 
AF, most often in or near the PVs, but also near other thoracic 
veins and atrial structures, prompted a shift toward a “focal” 
ablation strategy.1 The focal approach comprised mapping the 
earliest activity responsible for AF initiation followed by discrete 
ablation. Figure 122-1 demonstrates the characteristic features of 
AF triggered by PV focus. However, the limiting factors of this 
approach were rapidly identified. First, this approach supposes 
AF initiation at the time of the EP study and this arrhythmia are 
notoriously capricious in terms of spontaneous initiation. In addi-
tion to limited mapping opportunities, the elimination of one 
focus in a particular PV did not prevent another focus from the 
same vein, from its ostium, or from elsewhere firing at a later 
time, resulting in a high rate of AF recurrence. Provocative 
maneuvers were used to improve foci identification and ablation, 
but they frequently resulted in AF that required electrical 
cardioversion.

The development of circular mapping catheters and the 
limited success and long procedural durations of the focal abla-
tion technique paved the way for circumferential isolation of all 
PVs (and sometimes the superior vena cava), which would elimi-
nate the electrical breakthroughs at the venous ostia.8 This can 
be considered a pragmatic approach to AF ablation because it 
assumes that all PVs can potentially harbor AF triggers without 
necessarily demonstrating PV arrhythmogenicity. Circumferen-
tial, en bloc isolation of PVs is now commonplace as a result of 
randomized studies, which suggest that this approach may be 
superior to segmental PV isolation, notably in persistent AF.9-11 
PV isolation has been recommended at the level of the antrum 
to avoid PV stenosis and to encompass a greater amount of the 
arrhythmogenic substrate. During the past decade, ablation tech-
niques, technology, and operator expertise have steadily improved. 
Therefore, catheter ablation has been progressively offered to a 
greater proportion of the global AF population, and this can be 
expected to continue.

Indications and Preablation Assessment

Patients must be assessed before catheter ablation, with attention 
to the management of comorbidities including hypertension, 
sleep apnea, obesity, cardiac ischemia, and heart failure. The 
rationale for catheter ablation of AF is to reduce symptoms and 
improve the quality of life. Catheter ablation of AF has not yet 
been demonstrated to reduce AF mortality and there is no ran-
domized data to support a reduction in stroke risk. Current con-
sensus guidelines recommend that ablation can be considered in 
symptomatic patients who have failed treatment with at least one 
antiarrhythmic drug or those who present with significant con-
sequences of the arrhythmia such as tachycardiomyopathy.12 
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Historical Context

Since the initial description of pulmonary vein (PV) triggers,1 
catheter ablation of atrial fibrillation (AF) has become a fre-
quently performed ablation procedure. From a historical per-
spective, it is possible to trace the initial attempts at catheter 
ablation to the prior experience with surgical techniques. Cox 
et al.2 pioneered a surgical procedure based on the multiple 
wavelet reentry theory of Moe. Isolation of the posterior left 
atrium (LA) and segmentation of both atria using long linear 
obstacles aimed to reduce the mass of electrically contiguous 
atrial tissue below the critical threshold required for AF mainte-
nance. To reduce complications and improve efficacy, the deploy-
ment of these linear obstacles was modified from Maze I to III. 
PV and posterior LA isolation has consistently been retained in 
each modification of the Maze procedure.3 The Maze procedure 
and its variants are the most widely performed curative surgical 
interventions for AF. Although the long-term success rate stands 
at 80%, and up to 99% with antiarrhythmic drugs, these surgical 
techniques remain complex and are associated with a significant 
increase in cardiopulmonary bypass time, morbidity, and 
mortality.3

Initial catheter ablation approaches were based on the experi-
ence from surgical methods of AF ablation.4 For safety reasons, 
linear lesions were initially limited to the right atrium; however, 
the success of this approach was less than 20% in patients with 
paroxysmal AF.5,6 In some series, early results were better, but 
significant attrition was observed at long periods of follow-up. 
Extension of linear lesions to the LA was demonstrated to be 
much more effective, even in persistent AF, particularly in the 
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Figure 122-1.  Characteristic features of atrial fibrillation (AF) triggered by a pulmo-
nary  vein  (PV)  focus.  The  top panel  demonstrates  “P  on  T”  monomorphic  atrial 
ectopy on the surface electrocardiogram, with the second ectopic beat initiating 
AF (arrow). The bottom panel is the contemporaneous intracardiac recordings, with 
the middle tracing taken from the distal bipole of a quadripolar mapping catheter 
placed at the PV ostium. During ectopy (asterisk), the pulmonary vein potential is 
seen  preceding  the  far-field  atrial  signal,  whereas  during  AF,  repetitive  PV  firing 
(asterisk) is demonstrated. 
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* * * * * * * *
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There are randomized data to support the superiority of catheter 
ablation over antiarrhythmic drugs in symptomatic patients with 
drug-refractory paroxysmal AF and a relatively normal left atrial 
size.13,14 Catheter ablation is not currently considered as first-line 
treatment for AF.12

Characterization of AF usually determines the overall ablation 
strategy because a greater degree of atrial remodeling generally 
accompanies the progression from paroxysmal to persistent and 
finally longstanding persistent AF. According to the guidelines, 
catheter ablation targeting the PVs is the cornerstone of most AF 
ablation strategies.12 In patients with persistent AF, additional 
ablation targeting atrial substrate is recommended to achieve 
acceptable clinical results. An ideal ablation strategy in this group 
of patients has not yet been determined.

Transthoracic echocardiography should be performed within 
6 to 12 months of ablation to evaluate the left atrial size (prefer-
ably by volumetric analysis) and to exclude significant valvular 
pathology or cardiomyopathic process. Preprocedure trans-
esophageal echocardiography (TEE) can be used to screen for 
LA thrombus and to define the anatomy of the interatrial septum, 
including the presence of a patent foramen ovale. TEE may 
detect LA thrombus in patients who are taking therapeutic anti-
coagulants, and the predictors include a high CHADS2 score, LA 
size, and persistent AF.15 Although TEE is recommended in all 
persistent AF cases, this practice is variable in paroxysmal AF.

Preablation cardiac computed tomography (CT) scanning 
with digital segmentation and three-dimensional reconstruction 
of the left atrial and pulmonary anatomy is an important aspect 
of ablation planning in most centers. High-quality CT images, 
obtained during sinus rhythm or AF, elegantly demonstrate the 
highly variable anatomy of the PV to the LA junction.16 The 
DICOM3 data obtained from the CT scan can be directly 
imported into three-dimensional mapping systems, or the data 
can be presented as an overlaid and linked image by the fluoro-
scopic imaging system to assist the operator during the proce-
dure. The widespread use of CT imaging has largely obviated the 
need for intraprocedural pulmonary venography. CT imaging 
provides valuable information concerning the highly variable 
anatomy (Figure 122-2). The veins may demonstrate early 
branching or have a relatively long common trunk before the first 
branch.16 Early branching veins are more frequently encountered 
on the right side and must be ablated with caution to avoid PV 
stenosis. Amalgamation of both left-sided veins forming a 
common trunk is seen in approximately 30% of cases, whereas a 
third right-sided vein, the right middle PV, is seen in 18% to 
29% of cases.12 Rarer variants may be seen, including roof veins.17 
PV pseudostenosis is most commonly seen at the left inferior PV 

and is caused by the external compression by the descending 
aorta.18 The anatomy and location of the left atrial appendage is 
variable and the ostium may be located high or low relative to 
the mitral annulus.19 The ridge of tissue between the left-sided 
veins and left atrial appendage (LAA) is variable in its location, 
extent, and thickness.19 The variable location and presence of a 
fat pad between the esophagus and left atrium/coronary sinus is 
relevant for risk management because of the risk of thermal injury 
to the esophagus.20

Cardiac magnetic resonance imaging (MRI) with delayed 
enhancement has been described as a technique to visualize and 
quantify the amount of preexisting atrial fibrosis.21 Extensive 
studies from a single center have demonstrated that the quantum 
of preexisting LA fibrosis can predict the outcomes of catheter 
ablation of AF with a significantly lower likelihood of success as 
the area of delayed enhancement increases.22 This type of imaging 
also provides important insights into the atrial substrate, includ-
ing the anchoring of critical areas for complex fractionated atrial 
electrograms (CFAEs) at border zones of preexisting scar tissue.23 
The use of stronger magnets with improving image resolution, 
as well as the absence of ionizing radiation and the additional 
information provided by MR, makes it an imaging modality of 
higher preference than CT.

A variety of three-dimensional navigation tools, such as Ensite 
NavX (Endocardial Solution, St. Paul, Minnesota) and CARTO 
(Biosense-Webster, Diamond Bar, California), which can inte-
grate images from cardiac CT or MRI, may be used to assist with 
the procedure (Figure 122-3).

The approach to anticoagulation before AF ablation varies. 
The safest approach is to determine anticoagulation require-
ments according to standard criteria and to manage the patient 
in a similar way to those considered for cardioversion. Thus, 
patients with a high CHADS2 or CHA2DS2-VASc score, hyper-
trophic cardiomyopathy, or valvular heart disease should be fully 
anticoagulated. Patients with an episode of AF lasting longer than 
48 hours should also be fully anticoagulated. A majority of opera-
tors advocate systematic anticoagulation for all patients for one 
month before AF ablation.12 Preablation anticoagulation bridg-
ing may be performed using low-molecular-weight heparin or, 
alternatively, the procedure may be undertaken with the patient 
fully anticoagulated. The role of newer oral anticoagulant agents 
is uncertain because a higher stroke risk has been reported in a 
multicenter study24 and more data are required to assess the safety 
of these agents in association with AF ablation procedures.

Pulmonary Vein Isolation

Pulmonary vein isolation can be performed using a wide variety 
of tools and techniques, with a universal end point of achieving 
electrical isolation between the PV muscular sleeves and the left 
atrium. Mapping of PVs is facilitated by the use of multielectrode 
circular mapping catheters.8 The recorded electrograms repre-
senting electrical activation of PV sleeves are called pulmonary 
vein potentials (PVPs). Electrical activation of the PVs is not 
homogeneous. The pulmonary venous activation from the left 
atrium often begins at one point, which can be considered to be 
one input or one connection. The electrograms recorded by the 
circumferential mapping catheter are a fusion of far-field and 
near-field signals. Closer electrode spacing reduces the amplitude 
of far-field signals; however, an understanding of the potential 
sources of far-field signals is critical to avoid misinterpretation 
and unnecessary ablation. During mapping of the left-sided veins, 
the left atrial appendage is the dominant source of far-field signal, 
which naturally is limited to the anterior half of the veins.25 
Pacing the distal coronary sinus or directly pacing the left atrial 
appendage alters the activation sequence and is a practical and 
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Figure 122-2.  Highly variable pulmonary vein (PV) anatomy. Three-dimensional reconstruction from 64-slice computed tomographic PV angiography demonstrates the 
highly variable anatomy of  the PV–left atrial  junction. The  upper panels  show a  left common pulmonary  trunk, and the  lower panels demonstrate  the  right middle vein 
variant. Different PV caliber and branching patterns can also be appreciated from these images. 

effective way to separate the far-field signals from the PVP 
(Figure 122-4). Posterior left atrial far-field signal is sometimes 
seen in the posterior half of the left-sided veins. It is best appreci-
ated by directly pacing the posterior left atrium in close proximity 
to the venous ostia. Far-field signals are anticipated using this 
maneuver while PVP are delayed. In the right-sided veins, lower-
amplitude right atrial far-field signal is seen on the anterior 
aspect. This signal corresponds to the onset of the surface elec-
trocardiogram P wave and can be confirmed by directly pacing 
the right atrium. Less commonly, LA far-field signal can be seen 
at the posterior half of the right-sided veins. Pacing the posterior 
LA near the PV ostia can separate them from near-field PVPs. 
As ablation lesions are delivered circumferentially around the 
veins, the inputs are destroyed. Therefore, the PVP activation 
delays and its sequence changes. Electrical connections may exist 
between ipsilateral PVs and are more commonly seen on the left 
side.26 The PVs exhibit remarkable electrophysiological proper-
ties, including concealed firing and arrhythmia confined within 
the vein after isolation.27 The PV may support repetitive firing 
with cycle lengths as short as 110 ms, because these cells exhibit 
the shortest refractory period of cardiac tissue.28

Electrical entrance block (electrical conduction in the direc-
tion of LA to PV sleeve) is easier to demonstrate than exit block 

(electrical conduction in the direction of PV sleeve to LA). PV 
entrance block without exit block is extremely rare and so it is 
reasonable to only demonstrate entrance block as the end point 
of PV isolation. Correct demonstration of exit block requires 
capture of the PV myocardium, which may be difficult to dem-
onstrate because of signal artifact and the small amplitude of 
these signals after ablation. In cases in which dissociated PV 
activity is seen after isolation, both entrance and exit blocks are 
easily documented.

In early experience, attempts were made to identify and isolate 
only arrhythmogenic PVs.29 Arrhythmogenic PVs may demon-
strate frequent monomorphic atrial ectopic beats in a “P on T” 
pattern.1 Vector analysis algorithms and QRST subtraction soft-
ware enable identification of the source of these ectopic beats.30 
Limiting ablation to arrhythmogenic veins carries a higher rate 
of arrhythmia recurrence, and currently all PVs are routinely 
targeted and, in some centers, the superior vena cava (SVC) is 
also targeted for isolation. In the authors’ experience, the SVC 
is an uncommon source of AF (<1%), and AF originating from 
the inferior vena cava is more rare.31 The left-sided SVC has been 
demonstrated to be arrhythmogenic, and isolation of this struc-
ture often requires energy delivery from within the left SVC, as 
well as the left atrium.32
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approximately 50%.37 Preliminary results suggest that contact 
force technology will also improve the durability of PV isolation 
as better quality lesions can be delivered.38

Recovered PVs usually demonstrate delayed conduction at 
baseline, and very few electrical connections. Repeat ablation is 
relatively simple and less energy is required to target one or two 
gaps in the circumferential lesion.

Atrial Substrate Ablation

HRS/EHRA/ESC guidelines recommend that atrial substrate 
ablation be considered in patients with persistent AF.12 Unfortu-
nately, these patients often have complex and too-chaotic atrial 
electrograms to allow discrete analysis of the local activation 
cycle length, morphology, or activation. Distinguishing passive 
from active sites harboring critical atrial drivers remains the most 
challenging part of AF mapping.

Different strategies aim to modify atrial substrate. Electrogram-
based ablation targets complex fractionated atrial electrograms,39 
high-frequency atrial activity,40 and discrete sources that activate 
the atria centrifugally.41 Linear ablation techniques modeled after 
the surgical maze procedure attempt to extinguish wandering 
atrial wavelets (or rotors) and macroreentrant loops. Although 
the autonomic nervous system is not specifically targeted using 
these strategies, the ganglionic plexi are often ablated along the 

Pulmonary vein isolation can be performed during sinus 
rhythm, during paced rhythm (e.g., coronary sinus pacing to 
separate LAA far-field) or during ongoing AF. PV potentials can 
be identified during ongoing AF; however, it is more difficult to 
assess far-field signals because pacing cannot be used. The initial 
PV activity during ongoing AF is rapid and usually disorganized. 
As ablation is performed around the PV antrum, the PVPs 
become organized as more breakthroughs are destroyed.33 Often, 
high-degree block is seen immediately before isolation.33 PV 
isolation should be confirmed in sinus rhythm using pacing tech-
niques to define far-field signal.

The main cause of arrhythmia recurrence after PV isolation 
is recovery of PV conduction.12 This is the main issue of ablation 
to address. The insufficient development of ablation lesions may 
be caused by low tissue-contact force, inadequate energy/power 
delivery, or acute development of atrial edema. The durability of 
PV isolation is difficult to predict during the index procedure. A 
minimum of 20 minutes of observation after PV isolation is 
stipulated by the HRS/EHRA/ESC guidelines12 to enable assess-
ment of acute conduction recovery. However, recovery at up to 
1 hour of observation has been described.34 Adenosine testing can 
be used to assess PV isolation.35 Adenosine transiently hyperpo-
larizes the resting membrane potential of ablated PVs and 
restores excitability (so-called dormant conduction or reconduc-
tion) in 50% of isolated PVs.36 In nonrandomized series, adenos-
ine testing after PV isolation with additional ablation targeting 
dormant conduction has reduced repeat procedure rates by 

Figure 122-3.  Three-dimensional mapping with image fusion and demonstration of real-time contact force. This figure is a screen capture from an atrial fibrillation ablation 
procedure using the Carto 3 system (Biosense-Webster, Diamond Bar, California) with a SmartTouch contact force–sensing catheter (Biosense-Webster). The cardiac anatomy 
is provided by a preprocedure 3-T magnetic  resonance  imaging scan  (with gadolinium contrast)  that has been segmented and  rendered by  the mapping system. The 
variable 10-pole circumferential mapping catheter  (variable Lasso, Biosense-Webster)  is engaged within  the  right superior pulmonary vein, and the ablation catheter  is 
positioned at the carina. Note the real-time contact force window (A) and the arrow indicating the force vector and amplitude (B). The color scale indicates the amount 
of force, in grams, delivered to each part of the venous ostium. 

A

B
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as the coronary sinus (CS) and LAA often display the most 
complex fractionation and rapid atrial activity.44

CFAEs represent areas of slow conduction, zones of colliding 
wave fronts, or pivot points between different wavelets or gan-
glionic plexi, and as such do not indicate active participation in 
the AF process.39,45 The initial description and ablation results 
encouraged many groups to target CFAEs as either a sole strategy 
or in combination with PV isolation and linear ablation. The 
characterization of CFAEs as either active or passive is challeng-
ing to determine. The passive CFAEs can result from a remote 
driver accelerating the local tissue beyond its refractory period 
or may reflect asynchronous activation of local muscle bundles 
during periods of short cycle length. Shortening of the AF cycle 
length (by at least 10 ms) has been shown to precede complex 
fractionation in 91% and 88% of the regions sampled in the atria 
and coronary sinus, respectively, implying that fractionation is a 
consequence of higher-frequency activity.46 These passive CFAEs 
displayed nearly simultaneous activation covering only a limited 
part of AF cycle length, whereas active CFAEs display repetitive 
bursts and activities spanning the majority of AF cycle length, 
potentially indicating a rotating wave.46

The relationship among CFAEs, high-frequency electro-
grams, and the autonomic nervous system has been a subject of 

trajectory of ablation lesions. Finally, new reports of direct 
mapping of sources including foci and rotating waves provide an 
insight into the mechanisms underlying human AF.42,43

Electrogram-Guided Ablation of Atrial Substrate

The atrial ablation targets during electrogram-based ablation can 
differ at successive stages of AF ablation, depending on electro-
gram morphology, cycle length, and organization of atrial activ-
ity. During disorganized atrial activity, complex fractionated 
electrograms may be targeted. When the atrial activity is slower 
and organized, activation sequence mapping can be attempted to 
find localized sources of fibrillatory activity.

Fractionated atrial electrograms were first described as con-
tinuous activity or electrograms with fibrillatory interval of less 
than 100 ms and were distributed irregularly across the right and 
left atria.40 CFAEs were subsequently described by Nademanee 
et al.39 as low-voltage electrograms (0.05 to 0.25 mV), with a 
cycle length shorter than 120 ms, displaying two or more deflec-
tions, or having a continuous deflection from baseline. In addi-
tion, regional differences in electrogram characteristics can often 
be observed: The septum or structures annexed to the LA such 

Figure 122-4.  Use  of  coronary  sinus  (CS)  pacing  during  mapping  of  left-sided  veins. This  left  superior  pulmonary  vein  (PV)  tracing  during  sinus  rhythm  demonstrates 
concealed PV ectopy (asterisk) synchronous with the QRS on the surface electrocardiogram, which disappears during CS pacing (right panel). During CS pacing (right panel), 
atrial far-field signals (A) are anticipated and the PVPs are more easily seen. 
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and reproducible electrograms are observed. Baseline AFCL 
measurement has been shown to be the strongest predictor of 
success for persistent AF ablation of fewer than 5 years’ duration. 
A longer initial AFCL is observed among patients in whom AF 
terminates during ablation (156 ± 23 ms vs. 130 ± 14 ms).52 
AFCL of less than 140 ms is associated with AF termination in 
fewer than 69% of patients, and a longer AFCL is associated with 
more than 89% AF termination.

Changes in AFCL can be used to monitor the progress of 
substrate modification. Based on previous experience, after step-
wise ablation including PV isolation, ablation of complex frac-
tionated electrograms, and linear lesions, a gradual prolongation 
of AFCL was found, culminating in conversion to sinus rhythm 
or atrial tachycardia (AT). The latter is observed when AFCL 
reaches 180 to 200 ms. In other words, more ablation is required 
to terminate AF with a lower baseline AFCL of less than 140 ms 
compared with an AFCL of 200 ms. Simultaneous rise in left and 
right atrial appendage AFCLs is observed in a majority of patients, 
but disproportionate increases in left compared with right atrial 
appendage AFCL that remains short indicates the subset of 
patients (20% to 30%) in whom AF may eventually terminate 
during ablation in the right atrium (RA; Figure 122-5).53 This 
finding highlights the role of AFCL in further defining the atrial 
chamber that drives AF.

All regions within the RA, including the superior vena cava, 
might similarly harbor drivers perpetuating AF and are mapped 
using the same electrogram-guided approach as in the LA. The 
RA appendage all along its orifice is the most common site of AF 
slowing and termination. Care must be taken to avoid injury to 
the phrenic nerve and AV node during ablation in the lateral and 
septal RAs, respectively.

Dominant-Frequency Electrograms

An alternative method to decipher these complex electrograms is 
to analyze them according to their frequency spectra. This 
approach is based on experimental and clinical studies showing 
that AF can be maintained by high-frequency sources (rotors) 
displaying spatially distributed frequency gradients.54-59 Using 
fast Fourier transform, signals can be deconstructed into sine 
waves and quantified according to the most prevalent sine wave 
frequency, known as the dominant frequency (DF). Analysis of DF 
can be used to assess changes in activation rates and organization 
of AF after ablation in an attempt to understand the 

interest among investigators. Experiments in a sheep model of 
AF have shown that atrial myocardium exhibiting most fraction-
ation occurred in areas of high-frequency activity.45 Directly 
stimulating the intrinsic cardiac ganglionic plexi in dogs results 
in the occurrence and sustainability of CFAEs; ablation of the 
ganglionic plexi resulted in significant attenuation or elimination 
of CFAEs.47 CFAEs have also been shown within sites with domi-
nant high-frequency electrograms using spectral analysis.45 All of 
these animal studies advocate the targeting of CFAEs during 
catheter ablation. Commercially available three-dimensional 
mapping systems incorporate CFAE mapping algorithms and 
some have been evaluated in large randomized trials that did not 
show superiority over visual estimation by the operator.

In two studies, electrogram characteristics were investigated 
to determine their impact on AF cycle length and AF termina-
tion. The best predictor associated with significant prolongation 
of the AF cycle length was atrial sites displaying continuous 
electrical activity (>70% of fibrillatory interval), with positive and 
negative predictive values of 52% and 67%, respectively.48 Other 
variables such as fractionation index (number of deflections of 
fractionated activity in a 4-second window), electrogram voltage, 
or local mean cycle length were not significant predictors. Cycle 
length slowing during CFAE ablation is not simply caused by 
atrial debulking, because ablating certain types of CFAEs had a 
greater effect, suggesting that these areas are more important for 
maintaining AF.49,50

Monitoring the Progress of Ablation Using Atrial 
Fibrillatory Cycle Length

The atrial fibrillatory cycle length (AFCL) is generally consid-
ered a surrogate for local tissue refractoriness. Earlier studies 
have shown that AFCL accurately tracks the shortening in local 
refractory periods seen with prolonged AF duration, or the 
lengthening in local refractory periods during antiarrhythmic 
drug therapy. The gradual prolongation in AFCL before AF 
termination during catheter ablation supports the use of AFCL 
to monitor substrate modification during AF ablation.44,51 The 
impact of ablation on AFCL at sites remote from ablation such 
as the appendages indicates changes in the substrate maintaining 
AF rather than changes in local refractoriness.

Measurements of the AFCL can be determined reliably by 
averaging 30 consecutive cycles taken from the left and right 
atrial appendages, where unambiguous high-voltage, discrete, 

Figure 122-5.  Disparate evolution of right and left atrial cycle length (CL) during stepwise ablation. A, Stepwise ablation in the left atrium results in progressive prolonga-
tion of the atrial fibrillatory (CL) in both the left and right atria until eventual termination of the arrhythmia (star). This pattern is observed in 80% of cases of persistent atrial 
fibrillation. B, Progressive CL prolongation  is only seen  in the  left atrium,  indicating that the ablation target  is  in the right atrium. When the right atrium is targeted, CL 
prolongation and termination occur (star). This pattern is seen in 20% of cases of persistent AF. 
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DF analysis can enable tracking of the sources firing intermit-
tently and prove more useful in persistent AF.

Localized Sources Maintaining Atrial Fibrillation

During Organized Atrial Fibrillation
Organized AF is characterized by atrial electrograms displaying 
irregular atrial cycle length (i.e., AF) with beat-to-beat variations 
of at least 20 ms and discrete atrial complexes with a consistent 
activation sequence occurring arbitrarily for at least 75% of the 
time in both atria.41 During organized AF, localized sources per-
petuating AF can be identified in the great majority and ablated 
by converging on an area displaying centrifugal activation. 
Animal experiments demonstrating discrete areas of high-
frequency activity during pacing and acetylcholine-induced AF,63 
as well as computational models of AF,64 have supported the 
perpetuation of AF from localized sources. Human studies have 
also confirmed persistent fibrillatory activity confined within 
small isolated portions of the atria (Figure 122-6).65

pathophysiology of AF even when the electrograms are fraction-
ated or display large-amplitude variability.58,60

Catheter ablation studies incorporating DF mapping have 
shown that the PVs harbor important DF sites in patients with 
paroxysmal AF but not in patients with persistent AF.56,61 Ablation 
where DF sites were targeted was associated with slowing and 
termination of AF in 87% of paroxysmal AF patients.56 The DFs 
in the PVs were also found to be higher among patients with 
paroxysmal AF compared with those with permanent AF.61 Isola-
tion of the PVs resulted in significant prolongation of AFCL and 
a decrease in DF in patients with paroxysmal AF but not in per-
manent AF: 182 ± 17 to 223 ± 41 ms (P < .0001) and 5.8 ± 1.2 Hz 
to 4.9 ± 0.7 Hz (P = .0001), respectively. Targeting the sites of 
DF in permanent AF is much less effective, possibly because of 
technical issues and numerous sources perpetuating AF. Inaccura-
cies of DF analysis may be related to complex fractionation, 
double potentials, effects of far-field electrograms, or multiple 
sources averaging in multiple frequency peaks with very similar 
power rather than one clearly dominant frequency as seen in 
paroxysmal atrial fibrillation.62 Serial, sequential, short-window 

Figure 122-6.  Examples of localized atrial fibrillation (AF). A, Example of AF confined to the coronary sinus (CS) musculature after catheter ablation to isolate the CS mus-
culature. B, Example of AF confined to an isolated segment of the right atrium. When isolation occurs, sinus rhythm is restored in this case. 
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by stimulation of vagosympathetic trunk or ganglia have both 
been shown to affect the heart rate and inducibility of AF.70

The importance of the autonomic nervous system in PV 
pathophysiology has been underscored in studies demonstrating 
rapid firing from the PVs when the ganglia are activated by high-
frequency stimulation or acetylcholine injection.71-73 In addition, 
acceleration of the fibrillatory cycle length in the PVs because of 
shortening of the atrial refractory period and action potential 
duration has also been described during vagal episodes.74 These 
findings have encouraged investigators to specifically target the 
ganglionic plexi in patients undergoing catheter ablation of AF.

High-frequency stimulation has been used to locate clusters 
of ganglionic plexi in the LA outside the PV antrum and to 
determine the efficacy of ganglia ablation.75-77 Stimulation of the 
ganglia resulted in a vagal reflex that manifested as atrioventricu-
lar (AV) block, bradycardia (with an increase in R-R interval of 
at least 50%), or hypotension. Although localization of clusters 
of ganglionic plexi is feasible using this technique, the efficacy of 
targeting ganglionic plexi alone in persistent AF is unclear. Fur-
thermore, there is considerable overlap among the anatomic 
locations of ganglionic plexi, CFAE, and lesions of wide circum-
ferential PV ablation, which impedes the ability to differentiate 
the role of each component individually.77,78

Ablation of putative ganglionated plexi as evidenced by the 
abolition of vagal response has been associated with reduction in 
AF recurrence compared with circumferential PV ablation alone 
in patients with persistent AF.75,78 In practice, during ablation of 
the posterior LA, the autonomic ganglionic plexi are probably 
inadvertently targeted along the trajectory of ablation lesions.

Linear Ablation

Although technically challenging, linear ablation’s primary 
purpose in the right and left atria is to interrupt wandering reen-
trant wavelets (or meandering rotors) or macroreentrant loops. 
Its secondary effects can include alteration of autonomic innerva-
tion, atrial debulking, and modification of complex local electro-
grams.79,80 Verification of linear block is necessary to prevent 
proarrhythmic ATs. The pertinent pacing maneuvers are dis-
cussed next.

Using a 20-pole catheter (Pentaray, Biosense-Webster) for 
high-density mapping, Haissaguerre et al.41 reported that the 
localized source driving AF may originate not only from a dis-
crete focal point but also from a region harboring a small, discrete 
reentrant circuit with local electrical activity covering 75% to 
100% of the cycle length, indicating either a functional rotor or 
anatomic reentry. Depending on the reentrant circuit’s size and 
catheter position, continuous activity or temporally alternating 
potentials between distal and proximal bipoles may be observed.

During Disorganized Atrial Fibrillation: The Rotor Saga
Experimental models in which rapidly activating transient reen-
trant waves (rotors) cause AF have been pioneered by Jalife 
et al.59 Narayan et al. have provided putative evidence of these 
mechanisms in human AF using biatrial basket mapping and a 
computational approach based on tissue conduction and repolar-
ization to create individualized spatiotemporal maps in a clinical 
EP setting.42,43,66 Early results suggest that such mapping demon-
strates localized rotors and focal sources in all AF patients (par-
oxysmal, persistent, and long-standing persistent). These “rotors” 
have the main characteristics of being continuously rotating for 
hours or days and stationary in one to three regions per patient, 
independent of AF type. The mapping strategy has been subse-
quently developed with brief 3- to 5-minute applications of radio-
frequency energy at each site, with the end point of AF slowing 
or termination. The main advantage is a reduction in the quantum 
of atrial substrate ablation. The authors reported an impressive 
84% success rate at 600 days in persistent AF after a single 
procedure.

Noninvasive (surface) mapping offers an alternative means of 
understanding the mechanism, including demonstration of rotor 
density and location(s). Rudy and Messinger-Rapport67 and 
Cuculich et al.68 reported the feasibility of this external mapping 
technique incorporating a 252-electrode wearable vest. After 
developing a specific signal processing, it has been possible to 
visualize and observe a distinct behavior of rotors in a panoramic 
view of both atria (excluding the septum, which is indirectly 
mapped). The rotors thus observed exhibit few rotations, with 
occasional opposite chirality, and are continuously meandering 
over a large part of the atrial surface. They were actually transient 
in their “firing” but periodically recurrent in keeping with the 
animal observations made previously. In addition, their interplay 
with PV discharges, atrial foci, and macrowave propagations can 
be directly visualized (Figure 122-7).

Ongoing studies with noninvasive, biatrial panoramic mapping 
may be able to decipher various coexisting mechanisms maintain-
ing AF. Provided confirmation of the transient nature of complex 
AF mechanisms, the next step will be quantitative representation 
of temporal and spatial distribution of various mechanisms in a 
hierarchical order of predominance, thereby enabling selection 
of well-defined ablation targets. This strategy can potentially set 
a new paradigm in the management of persistent AF, if the maps 
are validated by successful acute outcomes of ablation. On an 
individual basis, noninvasive mapping may be able to determine 
the predominating mechanisms to help devise ablation/drug 
therapy.

Autonomic Ganglionic Plexi

Autonomic innervation of the heart consists of both the extrinsic 
and intrinsic autonomic systems. The extrinsic autonomic system 
innervates the heart via the vagosympathetic trunk. Innervation 
from the intrinsic autonomic system is via the ganglionated plexi 
and interganglionic axons distributed in the cardiac epicardial fat 
pads found predominantly at the PV antrum and superior vena 
cava junction.69 Modulation of either extrinsic autonomic system 

Figure 122-7.  Surface mapping of atrial fibrillation. Example of the panoramic map 
obtained by new surface mapping techniques based on a 252-electrode wearable 
vest. The posterior surface of the left atrium is shown with a snapshot of a wander-
ing rotor. Arrows indicate the counterclockwise rotation of the dominant rotor. 
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delay of 146 ± 25 ms near the right PVs and 138 ± 15 ms near 
the left PVs during LAA pacing only after 12 ± 6 minutes of 
radiofrequency energy application.

Stepwise Ablation Approach  
Incorporating Electrogram-Based  
Ablation and Linear Ablation

The stepwise ablation approach incorporates all of the previously 
described approaches by targeting all structures, potentially con-
tributing to the initiation and maintenance of AF (Figure 122-8). 
Using this approach, PV-isolated, electrogram-based ablation of 
biatrial substrate and linear ablation were performed in patients 
with persistent AF.82 Stepwise ablation was associated with acute 
AF termination (sinus rhythm or AT) in 83% of patients during 
catheter ablation. Each region was targeted in sequence and the 
impact of each step of ablation was assessed by the measurements 
of AFCL at the right and left atrial appendages. Structures 
outside the left atrium (coronary sinus, superior vena cava, and 
right atrium) are targeted based on local electrogram morphol-
ogy and frequency. Measurements of AFCL during ablation dem-
onstrated simultaneous increase in both the left and right atrial 
appendage AFCL in 85% of patients. In the remaining 15% of 
patients, a disparate increase in left-to-right AFCL was observed. 
In these patients, ablation within the right atrium terminated 
AF.53 Linear roof and mitral isthmus ablation was performed for 
cases in which AF persisted, and complete linear block was 
assessed after restoration of sinus rhythm.

Using this approach, long-term clinical outcomes and arrhyth-
mia recurrence were evaluated during a 5-year follow-up. The 
single procedure success rate was low (15%); however, the mul-
tiple procedure success rate was 65%. The most important pre-
dictor of long-term success by univariate and multivariate analysis 
was AF termination during the index procedure. Based on this 
experience, AF termination can be used as the end point for 
catheter ablation of persistent AF using the stepwise approach.

The main concern with extensive ablation for substrate modi-
fication is the deleterious effect on atrial mechanical function 
caused by the replacement of healthy myocardium with scar 
tissue. Areas of scar tissue and low-voltage atrial tissue as assessed 
by electroanatomic mapping accounted for 31% ± 12% and 32% 
± 17% of the total left atrial surface area, respectively (majority 
of the scar burden related to PV isolation: 20% ± 4% of the left 
atrial surface).83 However, recovery of atrial mechanical function 
was observed at 3 months in almost all patients.83

The possibility of mapping AF sources more directly may 
offer a safer and more efficient strategy for persistent AF, poten-
tially reducing the need for PV isolation and linear lesions in 
specific subsets also defined by adequate mapping (PV discharge 
and repetitive macroreentry).

Catheter Ablation of Atrial Tachycardias  
After Atrial Fibrillation Ablation

Atrial tachycardias represent the second front of AF ablation and 
are increasingly seen during the index ablation of persistent AF. 
They are common after the ablation of persistent AF, occurring 
in half of all patients who have had AF successfully terminated 
during ablation.84 An AT is rightly seen as a failure of AF ablation, 
because they are poorly tolerated. Multiple ATs occurring 
sequentially can be challenging to map in the presence of a 
scarred atrium. As ablation strategies progress from PV isolation 
to extensive substrate modification, the incidence of AT rises 
dramatically from approximately 5% to as high as 25%. Jaïs 

Technique for Ablation of the Mitral Isthmus

The mitral line consists of linear lesions joining the posterior 
mitral annulus to the left inferior PV. Because of difficulty and 
risks associated with ablation in this location,79 a more anterior 
mitral line has been described.81 To perform the standard mitral 
line, an irrigated tip ablation catheter is introduced through a 
long sheath to facilitate catheter stability and is positioned at the 
lateral mitral annulus, where the atrial : ventricular electrogram 
demonstrates a 1-2 : 1 ratio. The ablation line is performed, com-
mencing at the 3- or 4-o’clock position on the mitral annulus and 
reaching up to the 2- to 3-o’clock position at the top of the line. 
Radiofrequency energy is typically delivered for 60 to 120 seconds 
at each site using a power of 30 to 37 W and a temperature 
limited to 43°C. Care must be taken to ensure catheter stability 
and to avoid its inadvertent displacement, which can result in 
high-energy delivery within the left inferior PV or the left atrial 
appendage. If conduction block is not achieved, potential “con-
duction gaps” along the line should be explored and ablated. 
Failing this, the lesion can be performed on the anterior wall.

Approximately two thirds of patients require ablation from 
within the coronary sinus (CS) to achieve mitral isthmus block. 
Ablation within the CS is performed using an irrigated tip cath-
eter, with power delivery of 20 to 25 W, temperature limited to 
43°C, and flow rates of up to 60 mL/min to reduce the risk of 
circumflex artery injury and cardiac tamponade. CS ablation rep-
resents an opportunistic approach in linear ablation where epi-
cardial and endocardial ablations sandwich the lateral mitral 
isthmus to obtain a transmural lesion set.

The endpoint of linear ablation is confirmation of bidirec-
tional block using criteria similar to those previously described 
for cavotricuspid isthmus (CTI) block, namely, local corridor of 
widely separated double potentials, proximal to distal CS activa-
tion during pacing from the left atrial appendage, and delayed 
left atrial appendage activation with distal compared with proxi-
mal CS pacing.

In 100 consecutive patients with paroxysmal AF undergoing 
PV isolation and mitral isthmus ablation, mitral isthmus block 
was achieved in 92% of the patients, with 68% of patients requir-
ing ablation within the CS. Complete linear block was achieved 
with transmitral conduction delay of 151 ± 26 ms after 20 ± 10 
minutes of endocardial and 5 ± 4 minutes of epicardial (within 
the CS) ablation.

Technique for Ablation of the Left Atrial Roof

The left atrial roofline is a contiguous line of ablation lesions 
joining the superior PVs. An irrigated-tip ablation catheter is 
introduced through a long sheath to provide catheter stability, 
with its tip oriented toward the left atrial roof. Commencing at 
the left superior PV, the ablation catheter is gradually dragged 
toward the right superior PV by rotating the sheath and catheter 
assembly clockwise and posteriorly.

Radiofrequency energy is typically delivered for 60 to 120 
seconds at each site, with temperature limited to 43°C and power 
delivery guided by the catheter orientation. When the catheter 
tip is perpendicular to the tissue interface, power is reduced to 
25 W; a power of 30 to 32 W is safe with a more parallel catheter 
tip position. The ablation end point is demonstration of a com-
plete line of conduction block during LA appendage pacing. 
Conduction block is suggested by a corridor of double potential 
along the ablation line (not always observed) or by caudocranial 
activation of the posterior left atrium in sinus rhythm or left 
appendage pacing.

In 100 consecutive paroxysmal AF patients undergoing PV 
isolation and roofline ablation, conduction block was achieved in 
96% of patients.80 Complete linear block was achieved with a 
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Step 3: Assessment of Atrial Tachycardia  
Cycle Length Stability

The assessment of the stability of AT cycle length (CL) is useful 
to differentiate between various tachycardia mechanisms. A 
decapolar catheter can be used within the CS to assess both the 
activation sequence and CL. The use of a decapolar rather than 
quadripolar CS catheter facilitates the identification of a transi-
tion from one AT to another during ablation, because patients 
commonly experience several episodes of AT. Automated CL 
measurement and annotation can be used and is available with 
most electrophysiology systems. The regularity of the tachycar-
dia can be assessed using recordings from the CS or alternatively 
from a catheter placed within the left atrial appendage, because 
this is an alternative stable position with unequivocal electro-
grams. If the CL variability is greater than 15%, and particularly 
in rare cases where the AT has a start–stop pattern, a focal AT is 
deemed highly likely and mapping should focus on searching for 
a centrifugal source (described later). Both focal and macroreen-
trant AT can have a stable cycle length, with less than 15% vari-
ability. In these cases, it is common initially to investigate for a 
macroreentrant mechanism, because mapping is both simple and 
rapid.

Step 4: Diagnose or Exclude Macroreentry

The number of potential left atrial macroreentry circuits is 
limited to either perimitral or roof-dependent (around the right 
or left PVs), or combinations of these (figure-eight tachycardias). 

et al.84 devised a deductive approach to diagnose and ablate these 
ATs. There are two important principles of conventionally 
mapping ATs arising post AF ablation: First, it is important to 
map the direction of the activation between two segments of the 
left atrium with the roving ablation catheter and a fixed atrial 
reference catheter; second, it is necessary to combine activation 
mapping with entrainment mapping because the latter ascertains 
the mechanism suggested by the former.85

Step 1: Exclude Cavotricuspid Isthmus– 
Dependent Flutter

Cavotricuspid isthmus–dependent reentry in the setting of mark-
edly abnormal atrial substrate, in the context of persistent AF 
ablation, rarely appears on a typical 12-lead electrocardiogram 
(ECG). So-called pseudo-atypical flutter can be rapidly diag-
nosed using standard entrainment criteria, when mapping is 
started in the right atrium.

Step 2: Exclude Pulmonary Vein–Dependent AT

PVs have a propensity to recover and are an important source of 
AT in the left atrium. PV reconduction requires reablation at the 
gaps in all cases, even when they are not the reason for the pre-
senting AT. An origin of AT from the PVs can be rapidly ruled 
out by demonstrating proximal to distal activation of a standard 
quadripolar mapping catheter placed into the PV, indicating 
passive venous activation. Entrainment mapping can be used for 
confirmation.

Figure 122-8.  Stepwise ablation for persistent atrial fibrillation. The first target is the pulmonary veins, which are encircled 2 × 2. The second ablation target is the complex, 
fractionated atrial electrograms, which can occur anywhere in the atria. Finally, linear ablation is performed at the roof and mitral isthmus. 
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When the region of the centrifugal AT cannot be located, the 

technique of repeated resetting with analysis of the PPI86 can be 
used to approach the site of origin of the tachycardia progres-
sively. A PPI lower or equal to 30 ms is considered as indicative 
of the proximity of the tachycardia origin. In the presence of PPI 
exceeding the cycle length more than 50 ms, pacing is performed 
in a different segment of the atrium. Often, the site of origin of 
localized reentry demonstrates very-low-amplitude polyphasic 
signals, and local capture is impossible even at maximal pacing 
output. In these cases, the PPI is measured at a slightly distant, 
so-called proxy site, where capture is possible. A PPI less than 
50 ms at a proxy site is considered an indicator of proximity to 
the tachycardia origin.

The particular characteristic of localized reentry is the record-
ing of electrograms covering greater than or equal to 75% of the 
cycle length of AT within less than 2 cm in contrast to discrete 
electrograms at the remaining atrial sites. The characteristic elec-
trogram at the successful ablation site is usually low amplitude 
and polyphasic, and therefore it can easily be misinterpreted as 
noise, particularly if the noise is generated by irrigation flow 
tubing or three-dimensional mapping systems.

Complications

Catheter ablation of AF is a complex procedure with the potential 
for significant complications.12 The rate of serious complications 
is less than 2% in experienced hands. Good risk management 
dictates that the primary operator and all other members of the 
team (assistant physicians, cardiac technicians, nurses, and anes-
thesiologists) have a sound understanding of the risks involved and 
how to mitigate them. The most commonly described complica-
tions involve the groin access (false aneurysm, arteriovenous 
fistula, retroperitoneal hematoma).87 Serious complications 
include: cardiac tamponade, stroke, PV stenosis, esophageal injury 
(including atrioesophageal fistula), phrenic nerve palsy, gastropa-
resis, mitral valve damage caused by catheter entrapment, endo-
carditis, and aortic root injury during transseptal puncture).87

Clinical Results

There is a large amount of published data concerning success 
rates for catheter ablation of AF. A recent meta-analysis of ran-
domized clinical trials (largely paroxysmal AF patients) described 
an overall success rate of 77.8% in the ablation arm compared 
with 23.3% in the control group at 12 months.88 Figure 122-10 
summarizes the variability of the strategies and results for persis-
tent AF ablation.89 Recently, long-term follow-up studies have 
demonstrated a slow but steady decline in arrhythmia-free sur-
vival over time.90,91

Conclusion

Catheter-based ablation therapy for AF falls into the guidelines 
recommended by international scientific committees. However, 
major issues need further investigation. Although the strategy for 
paroxysmal AF is standard, largely comprising PV isolation, it is 
needed to improve the single procedure and long-term outcomes, 
potentially with new and safer technologies. Concerning catheter 
ablation for persistent AF, ongoing research will help to better 
understand the atrial substrate maintaining AF, including fibrosis 
imaging by MRI, before determining the best ablation strategy, 
which could be determined individually.

A simple combination of conventional activation and entrain-
ment mapping is performed to determine whether the activation 
is consistent with one of these macroreentrant circuits.

A decapolar CS channel demonstrating a clear, high-amplitude 
atrial signal is arbitrarily chosen as the reference signal. A cascade 
of activation is sometimes seen on inspection of the CS catheter 
signals. In the presence of a consistent CS activation sequence, 
either with a distal-to-proximal or proximal-to-distal configura-
tion, a clockwise or counterclockwise perimitral circuit, respec-
tively, is possible. The CS recordings indicate posterior mitral 
annulus activation. It is important to additionally determine the 
activation sequence of the anterior mitral annulus. This is 
achieved by recording activation at the lateral and septal points 
around the anterior mitral annulus. When the anterior annular 
activation is interpreted in relation to the CS activation and 
tachycardia CL, perimitral reentry may be suspected based on 
sequential circumferential activation covering almost the entire 
CL. Dragging the catheter while sequentially observing the rela-
tionship of the locally recorded signal to the reference channel 
with the use of electronic calipers enables understanding of the 
activation direction.

After perimitral reentry is excluded, roof-dependent macro-
reentry is considered. The activation wavefront on the anterior 
and posterior walls of the LA is simply assessed by positioning the 
mapping catheter on the anterior wall (near the mitral annulus 
and then near the roof) to determine the direction of activation 
compared with the previously determined reference channel 
(cranial to caudal or vice versa). The posterior wall is then inves-
tigated in a similar fashion. In the presence of a similar direction 
of activation on both walls (e.g., cranial to caudal on both the 
anterior and posterior walls), the roof is a bystander. If the direc-
tion of activation is opposite on the anterior and posterior walls, 
this rules in the possibility of roof-dependent flutter. It is unneces-
sarily time-consuming to localize the circuit around the right or 
left PVs because a complete roof line treats both possibilities.

Atrial tachycardias after AF ablation are prone to interruption 
or transformation, and entrainment maneuvers can be used spar-
ingly to minimize this risk. The entrainment maneuvers are 
guided by the initial activation mapping and are specifically per-
formed in two opposite left atrial segments. The opposite atrial 
segments usually used for perimitral reentry are septal and left 
isthmus sites. For roof-dependent reentry, the opposite atrial 
segments are the anterior and posterior walls. In the presence of 
a post-pacing interval (PPI) exceeding the CL by more than 
30 ms in either of the previously mentioned locations (2 opposite 
atrial segments), a left atrial macroreentry is ruled out, even if 
the activation mapping was suggestive, leading to Step 5.

Step 5: Identify the Origin of  
Centrifugal Tachycardias

These ATs are termed centrifugal, with the further subclassifica-
tion of focal and localized reentry based on their distinctive elec-
trophysiologic characteristics (Figure 122-9). Initial mapping is 
guided by the activation of the CS with proximal-to-distal CS 
activation, suggestive of a focus in the septal half of the atrium 
and distal-to-proximal CS activation, directing initial attention 
to the lateral half of the LA. The ablation catheter is then used 
to search for a region exhibiting centrifugal activation. The 
atrium is divided into four segments—anterior, posterior, lateral, 
and septal—and the activation in these segments is determined 
by comparison with the fixed reference channel. In this way, it is 
possible to identify a centrifugal pattern of activation (activation 
spreading radially) and progressively narrow the region of inter-
est. In addition, during this mapping phase, areas showing long 
duration (>50% CL) fractionated potentials are noted for subse-
quent analysis using entrainment.
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Figure 122-9.  Mapping localized reentry. A, The Pentaray catheter is near the left veins and activation is after the coronary sinus catheter reference (red line). B and C show 
how the center of centrifugal activation can be chased using the Pentaray catheter. D, At the left septum, the characteristic low-amplitude polyphasic signals spanning 
the entire cycle length in a small region seen at the site of localized reentry are seen. E, Anteroposterior Carto activation map from the same tachycardia demonstrating 
activation from a distinct region on the left septum. F, The successful ablation of this tachycardia at the left septum. 
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Figure 122-10.  Summary of results from studies of catheter ablation for persistent atrial fibrillation. 
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patients, a fact that needs to be appreciated when positioning the 
ablation catheter in the region of the slow pathway.2

During sinus rhythm, conduction typically spreads rapidly via 
the fast pathway that exhibits a relatively long refractory period, 
whereas the slow pathway generally demonstrates less rapid con-
duction but a shorter refractory period.

Retrograde conduction over the fast pathway results in record-
ing of earliest atrial activation at the interatrial septum supero-
posterior to the tendon of Todaro, whereas retrograde conduction 
over the slow AVN pathway demonstrates earliest atrial activa-
tion at the vicinity of the coronary sinus ostium.

Slow Pathway Ablation

In the pioneering days of radiofrequency (RF) ablation, the fast 
pathway was targeted for ablation, resulting in a prolonged PR 
interval during sinus rhythm and a high rate of complete AV 
block because of close proximity to the compact AVN.3 Cur-
rently, the standard approach is to target the slow pathway for 
ablation. Two techniques for successful slow AVN pathway abla-
tion, slow pathway potential mapping, and an anatomical 
approach, have been described.

Using a detailed mapping approach, Jackman et al.4 recorded 
large, sharp, slow pathway potentials along the inferior septum 
between the tricuspid annulus and the coronary sinus ostium that, 
if targeted during catheter ablation, resulted in modification or 
ablation of the slow pathway with a high rate of success.4 
Haissaguerre at al.5 reported a high success rate following cath-
eter ablation of typical slow/fast AVNRT targeting discrete low-
frequency, low-amplitude potentials posteroinferior to the AVN 
and anterior to the coronary sinus ostium. Although the electro-
physiological characterization of slow pathway potentials has 
been variable, targeting these potentials during ablation has 
proven highly effective.

Alternatively, an anatomical approach to slow pathway abla-
tion can be used. For this purpose, Koch’s triangle is divided into 
three sections as seen during fluoroscopic imaging. The superior 
third harbors the AVN and fast pathway and correlates fluoro-
scopically with the position of the His bundle recording catheter. 
The middle third extends inferiorly to the roof of the coronary 
sinus. The inferior third incorporates the coronary sinus ostium 
and is inferred fluoroscopically by the catheter positioned in the 
proximal coronary sinus. The inferior third of Koch’s triangle 
represents the typical site for slow pathway ablation. At this loca-
tion, the ablation catheter will record a large ventricular signal 
and a single or multicomponent atrial potential with an atrial-to- 
ventricular range of 0.1 to 0.5. A conventional, nonirrigated, 
4-mm tip ablation catheter in temperature mode is generally used 
with a target temperature of 55°C and an initial power of 20 W 
that is gradually titrated to 30 to 40 W if junctional ectopy 
ensues. If initial attempts are unsuccessful, the catheter is gradu-
ally advanced superiorly until energy application results in suc-
cessful slow pathway ablation. It is important to note that ablation 
at a more superior position can increase the risk of inadvertent 
AV block because of closer proximity to the AVN. Rarely, if 
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Current international guidelines firmly establish catheter abla-
tion of supraventricular tachycardia as first-line therapy in 
patients with recurrent episodes.1 Historically, lessons from sur-
gical resection of arrhythmic tissue paved the way for percutane-
ous catheter ablation. Currently, catheter ablation is typically 
performed as a combined procedure following a diagnostic elec-
trophysiology study. This chapter will discuss the role of catheter 
ablation for the treatment of paroxysmal and persistent regular 
supraventricular arrhythmias, whereas ablation of atrial fibrilla-
tion is covered elsewhere.

Ablation of Atrioventricular Nodal  
Reentrant Tachycardia

Indications

The ACC/AHA/ESC guidelines for the management of patients 
with supraventricular arrhythmias list catheter ablation as a class 
I indication in patients with recurrent atrioventricular nodal 
reentrant tachycardia (AVNRT).1 Catheter ablation is the pre-
ferred choice by most patients, preventing recurrent symptoms 
and the need for drug therapy.

General Principles

Catheter ablation of AVNRT is based on the concept of dual 
atrioventricular nodal (AVN) pathways with distinct anatomical 
and functional entities. Koch’s triangle describes the anatomical 
region incorporating the slow and fast AVN pathways. The  
His-bundle marks the apex of Koch’s triangle, whereas the fast 
AVN pathway borders just posteriorly, extending into the compact 
AVN. The tendon of Todaro forms a bandlike structure extend-
ing posteriorly and inferiorly from the AVN to the Eustachian 
ridge marking the posterior border of Koch’s triangle, whereas 
the ostium of the coronary sinus marks its base and the tricuspid 
valve is its anterior boundary. The slow pathway extends between 
the CS ostium and the tricuspid valve annulus toward the compact 
AVN and His bundle. It has been demonstrated that patients with 
AVNRT have a larger coronary sinus ostium than do control 
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repeated attempts at common right atrial sites prove unsuccess-
ful, RF application at the inferior left atrial septum is required 
for successful slow pathway ablation.6 Comparing the technique 
of detailed slow pathway potential mapping to an anatomical 
approach, a prospective randomized study found both methods 
to be comparable in efficacy, procedure duration, fluoroscopy 
time, and mean number of RF applications.1 Frequently, both 
techniques are combined scanning the inferior septum in the 
proximity of the coronary sinus ostium for a multicomponent 
atrial potential and a larger ventricular signal.

As an alternative energy source, the use of cryoenergy for 
ablation of AVNRT was first reported by Skanes et al.7 The 
application of cryoenergy allows for testing of the functional 
impact of each freeze application at specific sites (cryomapping) 
before delivery of a permanent lesion. Ice formation at the cath-
eter tip will prevent catheter dislodgment, and cryoablation is less 
painful to the patient.8 Cryoenergy application at the site of the 
slow pathway will not induce junctional rhythm and cannot be 
used to guide lesion delivery.7

Endpoints for Slow Pathway Ablation

During successful RF ablation of the slow pathway, an acceler-
ated, irregular junctional rhythm is commonly seen. Albeit sensi-
tive, development of a junctional rhythm is a nonspecific finding 
also noted in 65% of ineffective RF applications.9 Rarely, success-
ful slow pathway ablation can be achieved in the absence of a 
junctional rhythm.10 Complete elimination of slow pathway con-
duction serves as an optimal endpoint for ablation. However, 
modulation of the slow pathway (i.e., presence of residual slow 
pathway conduction limited to single echo beats without induc-
ibility of tachycardia after isoproterenol infusion) is an acceptable 
endpoint if AVNRT was inducible before ablation. In this sce-
nario, slow pathway modulation demonstrates comparable long-
term success rates to complete elimination of slow pathway 
conduction.11

In patients with baseline prolongation of the PR interval and 
AVNRT, the procedural endpoint should aim at modulating slow 
pathway conduction, since complete slow pathway ablation led 
to a higher rate of late complete AV block.12 By contrast, atrio-
ventricular conduction can improve once slow pathway conduc-
tion has been eliminated, likely owing to reversal of electrotonic 
inhibition by the slow pathway imposed on the fast pathway.13 In 
approximately 10% of patients, AVNRT remains noninducible 
during the electrophysiology study despite the use of intravenous 
isoproterenol.14 Most commonly, this is due to a block in the fast 
pathway. If AVNRT cannot be induced in the presence of dual 
AVN physiology and the documented supraventricular tachycar-
dia suggests AVNRT, slow pathway ablation should be performed, 
demonstrating excellent long-term results.1,15

In the atypical forms of AVNRT, the slow pathway is targeted 
for ablation. The procedural endpoint for fast/slow or slow/slow 
AVNRT is complete elimination of ventriculoatrial conduction 
over the retrograde slow pathway, because mere slow pathway 
modulation results in a higher rate of recurrence.

Risk of Atrioventricular Block

The risk of atrioventricular block during ablation of the slow 
pathway has been estimated to be less than 1% in experienced 
centers.4,5 Unstable catheter tip-to-tissue contact owing to deep 
inspiration or anatomical features, such as a large coronary sinus 
ostium or a narrow Koch’s triangle, are often overcome by inten-
sifying sedation and the use of a long sheath to facilitate catheter 
stability. Anterograde atrioventricular conduction is carefully 
monitored during RF application, and energy delivery is aborted 

if prolongation of the atrioventricular interval is noted. Induction 
of a fast junctional rhythm with a cycle length less than 350 ms 
was predictive for the development of atrioventricular conduc-
tion block.3 The ventriculoatrial interval should be monitored 
continuously, and stable catheter position should be verified to 
minimize the risk of AV block during energy delivery. Prolonga-
tion or block of ventriculoatrial conduction suggests imminent 
high-grade anterograde atrioventricular block, and immediate 
termination of RF delivery is warranted.3 Alternatively, ablation 
can be performed during atrial pacing at a rate sufficient to over-
ride the junctional rhythm while closely monitoring anterograde 
atrioventricular conduction.

Outcome

Radiofrequency ablation of the slow pathway has proved itself 
highly effective, with a reported acute success rate of 97% to 
100%.1,4,5 During long-term follow-up 1.3% to 6.9% of patients 
develop recurrent AVNRT.1,16 Acute success rates for cryoabla-
tion are similar to that of RF ablation.17 However, in a prospec-
tive, randomized, multicenter study enrolling 509 patients, 
long-term results demonstrated a significantly higher rate of 
recurrence for patients undergoing cryoablation compared with 
RF ablation (9.4% vs. 4.4%). In light of these findings, RF abla-
tion should be the first choice for patients undergoing ablation 
of the slow pathway.

Ablation of Atrioventricular  
Reentrant Tachycardia

Indications

Catheter ablation is the mainstay of treatment for patients with 
AVRT, demonstrating excellent long-term outcome and a low 
rate of complications.18,19 Although low in prevalence, rapid 
anterograde conduction over an accessory pathway in the setting 
of atrial fibrillation can result in ventricular fibrillation and 
sudden cardiac death. The most recent ACC/AHA/ESC guide-
lines give catheter ablation a class I indication in patients with 
symptomatic AVRT because of a manifest (Wolff-Parkinson-
White [WPW] syndrome) accessory pathway.1 AVRT in the pres-
ence of a concealed accessory pathway is a class IIa indication, 
unless AVRT is poorly tolerated. In the latter case, catheter abla-
tion becomes a class I recommendation.1

Accessory Pathway Localization

Accessory pathways are commonly located along the tricuspid or 
mitral annulus or within the subepicardial pyramidal space in the 
inferoseptal region (Figure 123-1), forming connections between 
atrial and ventricular tissue. Rarely, an accessory pathway spans 
from the atrium (atriofascicular), AV node (nodofascicular or 
nodoventricular), or His bundle (His-fascicular) to a more distal 
branch of the His-Purkinje system or the ventricular muscula-
ture. The 12-lead surface electrocardiogram (ECG) will aid in 
pathway localization and preparation for the best ablation strat-
egy. Arruda et al.20 developed an algorithm for accessory pathway 
localization correlating the surface 12-lead ECG pattern with the 
successful ablation site in 135 patients with manifest antero-
gradely conducting pathways.20 In a prospective evaluation of 121 
patients, the authors could demonstrate that the vector of the 
initial portion of the surface delta wave in leads I, II, aVF, and 
V1, as well as the R-to-S ratio in lead III and V1 accurately 
predicted 1 of 10 sites around the atrioventricular annuli or sub-
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a discrete, low-amplitude accessory pathway potential between 
the local atrial and ventricular electrogram that precedes the 
onset of the delta wave on the surface ECG (Figure 123-2). 
Generally, pacing maneuvers at atrial and ventricular sites are 
used to dissociate the pathway potential from the atrial and ven-
tricular electrograms. Importantly, the number of RF energy 
applications necessary for successful pathway ablation is lower if 
an accessory pathway potential can be identified.3

In clinical practice, the earliest local ventricular or atrial acti-
vation will identify the accessory pathway insertion site. In 
anterogradely conducting accessory pathways, the timing of the 
preexcited local ventricular electrogram on the bipolar recording 
during sinus rhythm, atrial pacing, or antidromic AVRT in refer-
ence to the earliest onset of the delta wave on the surface ECG 
is used to localize the ventricular insertion site of the accessory 
pathway accurately.24 At this site, the unipolar electrogram dem-
onstrates a QS pattern indicating spread of activation from the 
insertion of the accessory pathway toward local ventricular tissue 
(see Figure 123-2).

In concealed accessory pathways or retrogradely conducting 
manifest pathways, the site of earliest atrial activation during 
orthodromic AVRT or ventricular pacing identifies the atrial 
insertion site.

The local atrioventricular or ventriculoatrial intervals are 
insufficient parameters to predict the successful ablation site, 
because pathway conduction in most patients will follow an 

epicardial region with a sensitivity of 90% and a specificity  
of 99%.20

Following successful catheter ablation, the 12-lead surface 
ECG commonly demonstrates repolarization changes in the 
direction of the delta wave. These alterations in repolarization 
are caused by cardiac memory and require no further treatment 
resolving spontaneously over time.21

Multiple accessory pathways can occur in up to 13% (see 
Figure 123-1) of patients with the WPW syndrome and its preva-
lence is as high as 52% in patients with Ebstein anomaly.22 The 
presence of additional accessory pathways may be evident only 
after ablation of the first, or it might be suggested during intra-
cardiac mapping by variations in the activation sequence because 
of simultaneous or alternating conduction across multiple 
pathways.

Accurate localization of an accessory pathway will require 
careful intracardiac mapping during the electrophysiology study. 
Ventricular myocardium is relatively thick at the atrioventricular 
groove, resulting in an atrial-to-ventricular-signal amplitude 
ratio less than 1, whereas a position at the atrial insertion site has 
a ratio of approximately 1 and a position at the ventricular inser-
tion site a ratio of 1/2 to 1/6. Catheter stability is verified by less 
than 20% variation in the atrial potential amplitude.23

The most reliable mapping criterion is the recording of an 
accessory pathway potential. In manifest pathways, the distal 
bipolar recording at the successful ablation site will demonstrate 

Figure 123-1.  Distribution of accessory pathway location. Schematic of tricuspid and mitral atrioventricular (AV) rings,  in a  left anterior oblique projection, showing the 
locations of accessory pathways from 1969 consecutive patients. Anatomically correct terminology is used.25 The table shows the number of accessory pathways per patient 
in those with and without Ebstein anomaly. 

(From Ernst S, ouyang F, Antz M, et al: Catheter ablation of atrioventricular reentry. In Zipes DP, Jalife J, editors: Cardiac Electrophysiology from Cell to bedside, ed 4, Philadelphia, 
2004, Wb Saunders, pp 1078–1086.)
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Figure 123-2.  Radiofrequency ablation of a right midseptal (paraseptal) accessory pathway. The top tracings show surface electrocardiograph leads I, III, and V4 with promi-
nent delta wave in the first two beats,  followed by disappearance of preexcitation in beats 3 and 4 once the accessory pathway is blocked (Block).  Intracardiac tracings 
recorded from the ablation catheter (LV midsept 1-2, 3-4, and LV midsept uni) positioned at the insertion site of the midseptal (paraseptal) accessory pathway. The distal 
bipolar electrode (LV midsept 1-2) records an atrial signal (A) followed by an accessory pathway potential (AP) and a ventricular signal in beats 1 and 2. Note the prolonga-
tion of the local atrial-to-ventricular interval once conduction block in the accessory pathway occurs (beats 3 and 4). The unipolar electrode (midsept uni) located at the 
accessory pathway insertion site records a QS complex, indicating activation away from the unipolar electrode. HRA 1-2, Recording from the high right atrium; HBE 3-4 and 
5-6, His-bundle recordings; CS 1-2, 5-6, and 9-10, recording from the coronary sinus; RVA 1-2, recording from the right ventricular apex. 

I

III

V4
A AP Block

LV midsept 1-2

LV midsept 3-4

LV midsept uni

HRA 1-2

HBE 3-4

HBE 5-6

CS 1-2

CS 5-6

CS 9-10

RVA 1-2

oblique course or the local activation wavefront recorded on the 
distal mapping electrode will vary in direction.

Free Wall Accessory Pathways

In the presence of a left accessory pathway, access is gained through 
a transseptal or a retrograde transaortic approach. Lesh et al. com-
pared a transseptal to a retrograde transaortic approach and con-
cluded that both complement each other, resulting in nearly 100% 
success if used in combination.1 In most cases, the primary deter-
minant of which approach to choose is one of operator preference. 
Transseptal access carries the risk of systemic air embolism and 
cardiac tamponade owing to perforation, but it avoids aortic valve 
injury or coronary artery dissection using a retrograde transaortic 
approach.1 Transseptal access is preferred in children and older 
patients or in the presence of aortic valve stenosis, mechanical 
aortic valve prosthesis, or significant arterial disease.

Reported success rates for ablation of left free wall accessory 
pathways range from 95% to 97%, but success rates are lower 
for right free wall accessory pathways (90%).1,3 A multielectrode 
mapping catheter positioned around the tricuspid annulus will 
facilitate localization of a right free wall accessory pathway. Cath-
eter stability is improved by the use of a long sheath placed via 
the femoral vein. Ebstein anomaly is associated with a higher 
incidence of right accessory pathways and multiple right-sided 
pathways are present in 52% of patients (see Figure 123-1).22 In 
the region of the “atrialized” right ventricle, the presence of 
extensive fractionated endocardial electrograms can confound 
proper identification of local preexcited potentials and discrete 
pathway potentials.22

Septal Accessory Pathways

Septal accessory pathways are subdivided into anteroseptal 
(superoparaseptal), midseptal (paraseptal), and posteroseptal 
(inferoparaseptal) locations.25 An anteroseptal or parahisian 

(superoparaseptal) pathway is present if the site recording a 
pathway potential simultaneously displays a His-bundle poten-
tial. A superior approach targeting the ventricular insertion site 
through a long sheath placed via the right jugular vein will facili-
tate catheter stability during energy delivery, minimizing the 
potential risk of atrioventricular block. Judicious titration of RF 
energy will result in block of the superficially situated anterosep-
tal (superoparaseptal) pathway without damage to the His bundle, 
which is protected by layers of fibrous tissue. Alternatively, 
cryoenergy can be used for pathway ablation. A single-tip cryo-
ablation catheter allows reversible cryomapping at a temperature 
of –30°C before definitive energy delivery at lower temperatures 
causes irreversible loss of myocardial cell function, thus reducing 
the risk for inadvertent AV block. However, compared to RF 
ablation, long-term success rates of 80% are less favorable with 
the use of cryoenergy.26 Rarely, anteroseptal (superoparaseptal) 
pathways require irrigated RF ablation from the noncoronary 
aortic valve cusp.3

Compared to anteroseptal (superoparaseptal) pathways, the 
risk for accidental AV block is higher during ablation of midseptal 
(paraseptal) pathways because of closer proximity of the AV node. 
Targeting a right-sided midseptal (paraseptal) pathway, the local 
recording site should demonstrate a small atrial and a large ven-
tricular signal, indicating a catheter position closer to the ven-
tricular aspect of the tricuspid annulus (see Figure 123-2). Left 
midseptal (paraseptal) pathways are targeted using a left-sided 
retrograde or antegrade approach.

Posteroseptal (inferoparaseptal) accessory pathways traverse 
the pyramidal space posterior to the septum and are subdivided 
into right and left posteroseptal (inferoparaseptal) pathways. 
Right posteroseptal (inferoparaseptal) pathways are located 
within the vicinity of the ostium of the coronary sinus. If careful 
mapping fails to identify an accessory pathway potential along 
the endocardial right posteroseptal (inferoparaseptal) region or 
within the coronary sinus ostium and its trajectories, retrograde 
transaortic or transseptal access is obtained to search for a suit-
able ablation site along the left posteroseptal (inferoparaseptal) 
region at the medial aspect of the mitral annulus.
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Ablation of Typical Atrial Flutter and  
Non–Isthmus-Dependent  
Macroreentrant Atrial Tachycardia

Indications

Cavotricuspid isthmus-dependent atrial flutter or typical atrial 
flutter is the most common type of macroreentrant atrial tachy-
cardia, whereas the remaining 10% are non–cavotricuspid 
isthmus-dependent macroreentrant atrial tachycardia or atypical 
atrial flutter. Macroreentrant atrial tachycardia appearing after 
corrective cardiac surgery or after catheter ablation of atrial 
fibrillation will be discussed elsewhere.

Catheter ablation for typical atrial flutter has proved itself 
vastly superior to antiarrhythmic drug therapy in a randomized 
trial; therefore, the 2003 ACC/AHA/ESC guidelines give cath-
eter ablation a class IIa indication in patients with new-onset 
typical atrial flutter and a class I indication in patients with recur-
rent typical atrial flutter.1,32 In patients with recurrent atypical 
atrial flutter despite antiarrhythmic therapy, current guidelines 
list catheter ablation as a class IIa indication.1

Typical Atrial Flutter

Typical atrial flutter or cavotricuspid-isthmus dependent atrial 
flutter comprises 90% of macroreentrant atrial tachycardias in 
patients without prior ablation for atrial fibrillation. The prefer-
ential path of activation involves the region posterior to the tri-
cuspid valve and anterior to the crista terminalis and eustachian 
ridge, and its narrowest portion situated between tricuspid 
annulus and inferior vena cava is the cavotricuspid isthmus.32 
Conduction traverses the interatrial septum in an inferior to 
superior direction, resulting in a counterclockwise activation 
around the tricuspid annulus in a left anterior oblique projection 
with late activation of the inferolateral right atrial free wall. In 
10% of patients with typical atrial flutter, the activation wave-
front proceeds in a clockwise direction around the tricuspid 
annulus.33 Three-dimensional electroanatomic mapping studies 
confirmed that activation across the cavotricuspid isthmus is con-
stant, whereas conduction varies along other parts of the tachy-
cardia circuit.32,34

Catheter Ablation
If typical atrial flutter is present at the time of an electrophysi-
ologic study, entrainment mapping will confirm that the cavotri-
cuspid isthmus is an integral part of the macroreentrant circuit. 
At times, local conduction delay at the site of entrainment pacing 
can result in a falsely long postpacing interval.35 Catheter ablation 
is performed during ongoing tachycardia or if the patient is in 
sinus rhythm, while pacing from the proximal coronary sinus in 
order to identify block of the cavotricuspid isthmus. Variable 
length, muscle thickness, and pouchlike recesses are frequent 
anatomical features of the cavotricuspid isthmus.36 As a result, 
ablation catheters capable of creating larger lesions than a con-
ventional 4-mm tip catheter, either a nonirrigated 8-mm tip or 
an irrigated tip catheter are used for cavotricuspid isthmus abla-
tion. In a randomized trial, the externally irrigated catheter dem-
onstrated superiority over a conventional 8-mm tip or an 
internally irrigated tip ablation catheter.37

For RF energy delivery, the ablation catheter is positioned on 
the cavotricuspid isthmus at a 6 o’clock position, where the distal 
bipole records a large ventricular and a small atrial electrogram. 
Gradual withdrawal of the catheter during energy delivery will 
result in a continuous linear lesion set. Alternatively, individual 
lesions are placed contiguously in a point-by-point fashion until 
the catheter reaches the eustachian ridge along the anterior 

Epicardial Accessory Pathways

Epicardial accessory pathways most commonly use muscular 
sleeves extending into the coronary sinus and its tributaries, 
acting as a bridge between atrial and ventricular myocardium. 
Because of low blood flow within the coronary sinus or its 
branches, ablation requires the use of an irrigated tip catheter 
targeting the ostium of the middle cardiac vein or the posterior 
coronary vein. In 21% of patients with previously failed ablation 
of a posteroseptal (inferoparaseptal) accessory pathway, coronary 
sinus angiography demonstrates a diverticulum emanating from 
the coronary sinus or middle cardiac vein.3 In these patients, the 
ablation site is commonly located within the neck of the diver-
ticulum. Rarely, accessory pathways are confined to the epicardial 
space along the right free wall or use a left or right atrial 
appendage-to-ventricular connection. The latter may require 
endocardial ablation within the atrial appendage or a percutane-
ous pericardial approach.3,27

Accessory Pathways with Decremental Conduction

An atriofascicular pathway (Mahaim fiber) is characterized by 
decremental antegrade conduction properties in the absence of 
retrograde conduction. During antidromic AVRT, the surface 
ECG demonstrates left bundle branch block morphology with 
late precordial transition. Essentially, right atriofascicular path-
ways consist of a duplicate His bundle located along the lateral 
tricuspid annulus that produces a characteristic M potential and 
an accessory right bundle branch that inserts into the apical right 
ventricular free wall or the original distal right bundle branch.3 
Catheter ablation targets the atrial insertion site at the lateral 
tricuspid annulus where a discrete pathway potential (M poten-
tial) is recorded: the distal ventricular insertion site or the earliest 
site of ventricular activation.

More common in infants, children, or young adults, perma-
nent junctional reciprocating tachycardia is defined as ortho-
dromic AVRT utilizing a posteroseptal (inferoparaseptal) pathway 
with slow decremental retrograde conduction properties that can 
result in tachycardia-mediated cardiomyopathy.28 During tachy-
cardia or ventricular pacing, an accessory pathway potential is 
most often found at the right posteroseptal (inferoparaseptal) 
region or within the proximal coronary sinus. Successful ablation 
will usually result in normalization of left ventricular function.

Outcome

Nakagawa and Jackman3 reported an overall acute success rate of 
98.8% for catheter ablation of accessory pathways, with a recur-
rence rate of 5.4% after 1 year. The recurrence rate was lowest 
for left (2.2%) and right (2.8%) free wall accessory pathways, 
intermediate for posteroseptal (inferoparaseptal, 10.1%), and 
highest for anteroseptal (superoparaseptal, 14.7%) accessory 
pathways.3 In a pooled analysis, Morady16 reported serious com-
plications in 0.6% of patients, with cardiac tamponade and com-
plete AV block being the most common adverse events. Death 
occurred in 0.02% of patients undergoing catheter ablation of an 
accessory pathway, whereas the risk for malignant arrhythmias 
causing hemodynamic collapse or ventricular fibrillation is 1.1% 
over 5 years in patients with untreated symptomatic WPW syn-
drome.16,29 In patients with previously failed accessory pathway 
ablation, a repeated ablation procedure yields a success rate of 
91%.30 Causes for ablation failure during the initial procedure 
include inappropriate identification of the atrial or ventricular 
accessory pathway insertion site because of an oblique course,  
a difficult or unexpected anatomical location of the accessory 
pathway, technical issues, or operator inexperience.3,31
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a longer conduction interval to the proximal coronary sinus than 
pacing from the mid lateral right atrial wall.32 During ablation, 
the local atrial signal should decrease in amplitude until double 
potentials are seen (see Figure 123-3). Widely split double poten-
tials separated by an isoelectric interval greater than 110 ms indi-
cate local conduction block.32 Scanning the cavotricuspid isthmus 
line for convergence of double potentials will identify gaps that 
are capable of continued slow conduction requiring additional 
ablation lesions. Polarity reversal of the atrial electrograms 
during coronary sinus pacing or a transisthmus conduction inter-
val increase of 50% or more compared to baseline are other 
methods to ensure bidirectional isthmus block.41,42

Lower Loop Reentry
In some patients, the macroreentrant circuit crosses the crista 
terminalis with activation proceeding around the inferior vena 
cava, resulting in lower loop reentry.32 Lower loop reentry is 
amenable to cavotricuspid isthmus ablation, because the cavotri-
cuspid isthmus is a critical part of the macroreentry circuit.

Outcome
In a randomized trial, RF ablation of typical atrial flutter resulted 
in 80% of patients maintaining sinus rhythm, whereas only 36% 
of patients receiving antiarrhythmic drug therapy were free of 
arrhythmia recurrence during a mean follow-up period of 22 ± 
11 months.32 In a survey of electrophysiology laboratories pub-
lished in 2004, Morady16 reported a 97% long-term success rate 

margin of the inferior vena cava. In an electrogram-based 
approach, single or narrowly split atrial electrograms are targeted 
along the cavotricuspid isthmus (Figure 123-3). In a randomized 
comparison, an electrogram mapping technique was superior to 
an anatomical approach if deployment of an initial ablation line 
failed to achieve complete isthmus block.38 In addition, a long 
sheath or a steerable sheath can provide greater catheter stability 
and allow proper energy delivery to regions that are difficult to 
reach.39 Although ablation of the cavotricuspid isthmus is readily 
accomplished in most instances, a three-dimensional mapping 
system can provide the necessary support if conventional methods 
fail.32 Cryoenergy and RF ablation have demonstrated similar 
acute and long-term success rates, but cryoenergy offers the 
advantage of decreased pain perception during energy delivery.8

Procedural Endpoints
Termination into sinus rhythm during ablation and subsequent 
inability to reinduce tachycardia was once thought to be an 
acceptable procedural endpoint, but there is a significant rate of 
arrhythmia recurrence that is as high as 40% (Figure 123-4).32 In 
current clinical practice, the accepted procedural endpoint has 
become bidirectional conduction block across the cavotricuspid 
isthmus, decreasing the long-term recurrence rate to less than 
10%.40 Several diagnostic techniques have been published to 
verify that bidirectional block is present. Differential pacing from 
the low lateral right atrium, which is of greater distance from the 
medial aspect of the cavotricuspid isthmus line, will demonstrate 

Figure 123-3.  Radiofrequency ablation of the cavotricuspid isthmus with development of isthmus block during coronary sinus pacing. Top: During pacing from the coronary 
sinus (CS 3-4) a narrowly split atrial signal (AA’) is recorded on the distal electrode (MAP D-2) of the ablation catheter. Following the second paced beat, a widely split double 
potential  is  recorded  on  the  distal  electrode  indicating  local  conduction  block.  Note  that  at  time  of  local  conduction  block,  the  activation  sequence  recorded  on  the 
multipolar mapping catheter (RA 19-P to RA D-2) changes, indicating cavotricuspid isthmus block. Bottom: Schematic of ensuing cavotricuspid isthmus block. Left: Pacing 
from the coronary sinus (yellow) results in two wavefronts (red double arrow) traveling simultaneously from an inferior and superior direction with late activation of the mid 
lateral right atrial wall (RA 13-14 in top tracing). Right: Once cavotricuspid isthmus block is achieved, direct activation of the lateral right atrial wall from an inferior direction 
is interrupted (black vertical line), resulting in a superior to inferior activation (red arrow) and late activation of the inferolateral right atrial wall (RA D-2 in top tracing). His 3-4, 
Recording from the His bundle catheter; S1, pacing stimulus; RA, right atrium; LA, left atrium; HB, His bundle. 
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Figure 123-4.  Termination  of  typical  (counterclockwise)  isthmus-dependent  right  atrial  flutter  during  radiofrequency  energy  delivery. The  top three tracings  are  surface 
electrocardiograph leads I, III, and V1, demonstrating negative flutter waves in the inferior lead III and positive flutter waves in precordial lead V1. Intracardiac tracings from 
a multipolar catheter positioned around the tricuspid valve annulus (proximal pR 9-1 to distal dR 3-4 and RA pola). The activation spreads in a counterclockwise pattern 
around the tricuspid annulus. The mapping catheter (Mp Dis and Mp pro) records a local double potential (arrow) before termination of tachycardia. 
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with only 4% of patients needing a repeated ablation procedure. 
The rate of complications was 0.4%, with atrioventricular block 
accounting for half of the reported complications.16 A recent 
metaanalysis of 18 studies published between 1990 and 2007 on 
the outcome of catheter ablation of typical atrial flutter reported 
a single-procedure success rate of 91.7%, a multiple-procedure 
success rate of 97.0%, an arrhythmia recurrence rate of 13.2%, 
and an adverse event rate of 0.5%, respectively.43 Finally, a recent 
study demonstrated that 50% of patients undergoing cavotricus-
pid isthmus ablation for typical atrial flutter subsequently devel-
oped atrial fibrillation.44 Importantly, half of first-time atrial 
fibrillation occurrences were diagnosed as late as 2 years after the 
index atrial flutter ablation, highlighting the need for careful 
long-term follow-up in this patient population.44

Ablation of Non–Isthmus-Dependent 
Macroreentrant Atrial Tachycardia and  
Atypical Atrial Flutter

Non–isthmus-dependent atrial macroreentry originates in the 
right or left atrium, involves the interatrial septum, traverses both 
atria. Atypical atrial flutter is a descriptive term for a non–
isthmus-dependent atrial macroreentrant tachycardia fulfilling 
the classic ECG definition of a continuous undulating pattern 
without satisfying the 12-lead surface ECG criteria of typical 
clockwise or counterclockwise atrial flutter.33 The reentry circuit 
commonly develops around surgical scar following repair of con-
genital or valvular heart disease. These circuits and non–isthmus-
dependent atrial macroreentrant tachycardia or atypical atrial 
flutter following catheter ablation of atrial fibrillation will be 
covered elsewhere.

In patients without prior cardiac surgery, the macroreentry 
circuit is constrained between islands of acquired scar tissue and 
a fixed anatomical structure.32,45 These patients often demon-
strate underlying structural heart disease, and during electro-
physiology study multiple reentry circuits may be inducible.45,46 
Within the right atrium, spontaneous scarring most commonly 
occurs along the right atrial free wall.32,45 Left atrial scarring is 

predominantly found along the anterior and posterior atrial 
wall.46,47

Mapping Techniques
Activation and entrainment mapping are common techniques for 
delineating the macroreentrant circuit. Entrainment mapping 
from the coronary sinus and the lateral right atrial wall readily 
distinguishes between a right or left site of origin, precluding the 
need for unnecessary transseptal puncture.48 Entrainment 
mapping from a critical isthmus within the reentry circuit will 
demonstrate concealed entrainment without evident fusion on 
the surface ECG during the pacing cycle, a postpacing interval 
within 30 ms of the tachycardia cycle length and a stimulus time-
to-activation time interval less than 30 ms. Local recording from 
a critical isthmus site demonstrates slowing of conduction and a 
low-amplitude, fractionated, broad bipolar signal in the majority 
of patients. Complex macroreentrant circuits can result in a 
figure eight reentry pattern.46

A three-dimensional electroanatomic mapping system is com-
monly used for accurate delineation of the atrial macroreentrant 
circuit.32,47 The system collects information from the distal 
mapping electrode as the catheter is steered through the chamber 
of interest. The reconstructed virtual anatomy can be displayed 
selectively as a bipolar voltage map or an activation map. Fixed 
anatomical structures such as valve orifices or venous ostia can 
be marked on the map. Scar is identified by a low-voltage area 
where pacing at maximal output fails to capture local tissue. 
Individual ablation points can be annotated on the virtual map to 
facilitate proper linear lesion deployment.

Catheter Ablation
Catheter ablation aims at transecting a critical portion of  
the macroreentrant circuit, resulting in noninducibility of  
tachycardia. Typically, two inert anatomical structures are con-
nected using a linear lesion set that traverses through the critical 
isthmus.

Upper loop reentry involves a gap within the crista terminalis, 
allowing conduction to cross and encircle the orifice of the supe-
rior vena cava. Catheter ablation of upper loop reentry targets 
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a left atrial origin. Focal ATs originating from the atrial septum 
display a narrower P wave compared with sinus rhythm, whereas 
an inferior site of origin will result in negative P waves and a 
superior site in positive P waves in leads II, III, and aVF.32 An 
algorithm developed by Kistler et al. predicted the correct loca-
tion of focal AT in 93% of patients.32

Mapping Techniques

Activation mapping can be performed during ongoing tachycar-
dia or frequent atrial extrasystoles to locate the site of origin. 
Atrial pacing and intravenous isoprenaline infusion will aid in 
induction of tachycardia, which can be suppressed by sedatives. 
A multielectrode mapping catheter positioned around the tricus-
pid annulus, a His bundle catheter, and a coronary sinus catheter 
facilitate sequential point-by-point activation mapping within the 
atria during AT. Overdrive pacing at a rate slightly faster than the 
tachycardia cycle length can be used to localize the focal site of 
origin. A difference in the postpacing interval to tachycardia cycle 
length of less than 20 ms is indicative of the site of origin and 
predicts successful ablation.32 If AT is not inducible or spontane-
ous atrial extrasystoles are infrequent, pace mapping can be 
attempted. Pacing from the distal bipole of the ablation catheter 
at different locations within the atrium will generate a character-
istic P wave configuration for each site. A perfect match to the P 
wave morphology of the documented clinical AT or atrial extra-
systole will indicate the focal site of origin where ablation is likely 
to be successful.32

At the focal site of origin, the local atrial electrogram is often 
prolonged and fractionated, preceding the onset of the surface P 
wave by 30 ms or longer.1 If the P wave onset is obscured by the 
preceding T wave, an alternate reference such as the coronary 
sinus atrial electrogram with a known constant relationship to the 
P wave onset should be selected. In addition, introducing paced 
premature ventricular extrastimuli can facilitate proper P wave 
analysis.

A QS complex recorded on the unipolar electrogram indicates 
the spread of activation away from the focal source, whereas 
remote sites will demonstrate an RS complex. During catheter 
mapping, “bumping” the focal site of origin can cause inadvertent 
mechanical termination of AT.1 Ablation should be attempted if 
the local atrial electrogram at the site of inadvertent termination 
precedes the surface P wave by 30 ms or more or if pace mapping 
at this site demonstrates a perfect match.1

An electroanatomic mapping system can aid in localizing the 
site of origin (Figure 123-5).52 During activation mapping, each 
point is tagged and color-coded on the virtual three-dimensional 
atrial map. Precise localization of the earliest site of activation 
within the reconstructed anatomy facilitates successful catheter 
ablation. However, frequent atrial ectopic or inducible ATs are a 
prerequisite for detailed point-by-point electroanatomic mapping. 
In contrast, using a noncontact mapping system, only a single 
atrial extrasystole is required to create an isopotential map of the 
atrium.32,53

Catheter Ablation

Most commonly, RF energy is used for catheter ablation of focal 
AT. In regions of low blood flow, such as the coronary sinus or 
atrial appendage, an irrigated tip catheter will allow sufficient 
energy delivery to achieve successful lesion formation. Cryoen-
ergy delivered through a single-tip catheter can serve as a safer 
alternative in areas at high risk for collateral damage, such as the 
vicinity of the phrenic nerve or the AV node.54 Successful RF 
ablation is suggested by acceleration of the tachycardia before 
termination or termination within 10 seconds of energy delivery, 

the lower turnaround point along the conduction gap of the crista 
terminalis at the right atrial free wall.32

In a study by Stevenson et al. on eight patients with right atrial 
macroreentrant tachycardia, spontaneous regions of scar were 
predominantly located along the posterolateral right atrial free 
wall, forming the central obstacle around which macroreentry 
would circulate.32 Radiofrequency ablation targeted the critical 
isthmus between scar tissue and the superior or inferior vena cava 
or the crista terminalis, resulting in long-term freedom from 
recurrent arrhythmia in 75% of patients. Satomi et al. reported 
on 17 patients without prior cardiac surgery and right atrial free 
wall macroreentrant tachycardia who underwent catheter abla-
tion using an electroanatomic mapping system.45 Multiple unsta-
ble reentry circuits were present in six patients, and these patients 
underwent circumferential isolation of the right atrial free wall, 
which was successfully completed in five patients. During long-
term follow-up, two of six (33%) patients developed arrhythmia 
recurrence.

Jaïs et al.46 reported that within the left atrium areas of fibrosis 
and scar most commonly occur along the posterior wall. Regions 
of scar act as barriers facilitating reentry around the mitral 
annulus or pulmonary vein ostia. Connecting scar tissue with the 
mitral annulus or one of the pulmonary vein ostia or placement 
of a linear lesion between the right pulmonary vein ostium and 
the septal mitral annulus (anterior line) or the left pulmonary vein 
ostium and the lateral mitral annulus (mitral isthmus line) renders 
tachycardia noninducible. Ouyang et al.47 examined 28 patients 
with left atrial macroreentrant tachycardia using an electroana-
tomic mapping system. Dual-loop reentry circuits were present 
in the majority of patients, and conduction block through the 
critical isthmus prevented AT recurrence. Following successful 
ablation, atrial fibrillation occurred in one third of patients 
during follow-up.

Ablation of Focal Atrial Tachycardia

Indications

Focal atrial tachycardia (AT) owing to automaticity, triggered 
activity or microreentry accounts for 10% to 15% of cases 
referred for ablation to the electrophysiology laboratory.1 In the 
ACC/AHA/ESC guidelines from 2003, catheter ablation is a class 
I indication in patients with symptomatic focal AT or in asymp-
tomatic patients with the incessant form of focal AT.1 Patients 
might exhibit nonsustained or paroxysmal AT or with incessant 
AT resulting in tachycardia-mediated cardiomyopathy.32 Most 
patients have no underlying structural heart disease, even in the 
presence of more than one inducible focal AT.49

Correlating Site of Origin with Surface  
P Wave Morphology

The majority of focal ATs (75%) originate from the right atrium 
along the crista terminalis, around the tricuspid annulus, or in 
the vicinity of the coronary sinus ostium.32 In the left atrium 
the pulmonary vein ostia, mitral annulus, or left atrial append-
age are common focal sites of origin.32,50 Rarely, focal ATs 
emanate from the noncoronary cusp, superior vena cava, or vein 
of Marshall.51

During AT, centrifugal spread from a point source within 
healthy atrial myocardium will result in a characteristic P wave 
configuration on the 12-lead surface ECG.32,33 A right atrial focus 
is suggested by a negative monophasic or initially positive than 
negative biphasic P wave in V1.32 A monophasic positive P wave 
in lead V1 or a monophasic negative P wave in lead aVL implies 



AbLATIoN oF SuPRAvENTRICuLAR TACHYARRHYTHMIAS 1247

123 

from within the pulmonary veins and no history of atrial fibril-
lation, catheter ablation resulted in freedom from new onset 
atrial fibrillation in all patients over a mean follow-up period of 
7.2 years.56

Conclusions

In patients with regular supraventricular tachycardia, catheter 
ablation demonstrates excellent acute and long-term success rates 
with a low rate of complications. An ablative strategy should be 
considered in all patients with recurrent supraventricular tachy-
cardia and as first-line therapy in those who desire definitive cure.

or both. Following ablation, acute procedural success is defined 
as noninducibility of AT after repeating the arrhythmia induction 
protocol with or without isoprenaline and completing a 30-minute 
waiting period.

Outcome

Reported acute success rates from nonrandomized studies range 
from 69% to 100%.55 The recurrence rate varied between 0% 
and 33%.55 In a multivariate analysis, a right atrial focus was the 
only independent predictor of successful ablation, whereas 
underlying heart disease, older age, and multiple tachycardia foci 
predicted AT recurrence.32 In patients with focal AT originating 

Figure 123-5.  Three-dimensional electroanatomic activation map (Carto XP; Biosense Webster, Diamond Bar, CA) of a  focal  left atrial  tachycardia with a cycle  length of 
260 ms. Note that the activation map covers less than 50% of the tachycardia cycle length (109 vs. 260 ms), indicating focal spread from a point source. The colors ranging 
from purple, to blue, green, yellow, and red represent late versus early activation. In the left map in posterior-anterior projection and right map in left lateral projection, the 
gray area represents regions of scar. Gray dots indicate sites where pacing with maximal output from the distal mapping electrode failed to capture local tissue. White dots 
are location points encircling the ipsilateral left pulmonary veins. The focal (earliest) site of activation is located at the ostium (anterior ridge) of the left inferior pulmonary 
vein. Ablation at this site (red dots) eliminated the focal atrial tachycardia. 
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increase the risk of the procedure if not addressed. It is important 
to consider fluid balance, electrolyte abnormalities, anemia, and 
metabolic abnormalities, such as hyperthyroidism, that might 
contribute to hemodynamic deterioration or development of 
uncontrollable arrhythmias during the procedure. The use of 
external irrigation ablation catheters administers intravascular 
volume that requires attention to fluid balance and diuresis to 
avoid development of pulmonary edema or aggravation of heart 
failure if extensive ablation is needed.

Cerebral or systemic embolism is reported in 0.0% to 2.7% 
of patients.4,5 If endocardial left ventricular mapping is planned, 
then echocardiography should be performed. A mobile left ven-
tricular (LV) thrombus is a contraindication to LV mapping. If 
laminated thrombus is suspected, a period anticoagulation 
therapy with warfarin may be considered with the hope of stabi-
lizing potentially friable thrombus, although the efficacy of this 
approach is not known. During LV mapping and ablation, sys-
temic anticoagulation is achieved with heparin. After ablation, 
continued anticoagulation with aspirin or warfarin is recom-
mended depending on the extent of ablation performed.

Cardiac tamponade occurs in 1% of VT ablation cases and is 
usually related to ablation in the thin-walled right ventricle (RV), 
sometimes because of a steam pop from excessive intramural 
heating. AV block can occur with ablation targeting septal VTs.

LV access is usually achieved with a retrograde aortic approach 
across the aortic valve. Damage to the valve or coronary artery 
ostia is possible, but rare. Significant vascular access complica-
tions, including significant bleeding, arterial dissection, and 
femoral AV fistulas, occur in 2.1% of patients.4,5 A transseptal 
approach via the left atrium allows access to the LV through the 
mitral valve for patients with peripheral vascular disease or a 
mechanical aortic valve or when insertion of multiple mapping 
catheters is desired.

Discontinuation of antiarrhythmic drug therapy is usually 
desirable to facilitate induction of VT and assessment of the 
ablation endpoint. Drug withdrawal is not always feasible or 
necessary in patients with frequent episodes and can precipitate 
electrical storm in some patients.

Approach to Mapping and Ablation

If ventricular tachycardia is incessant, mapping proceeds during 
VT. Otherwise, programmed stimulation is used to induce VT 
to confirm the diagnosis, establish absence of inducible VT as a 
potential procedural endpoint, and to obtain ECG and intracar-
diac recordings that suggest the type of VT and its likely origin, 
which is useful in guiding the procedure.

QRS Morphology During Ventricular Tachycardia 
and Pacemapping

The QRS morphology of VT is an indication of the location of 
the arrhythmia focus or reentry circuit exit. A left bundle branch 
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Catheter ablation has an important role in reducing or preventing 
episodes of ventricular tachycardia (VT). The optimal ablation 
approach and its efficacy are determined by the characteristics of 
the arrhythmia and the anatomy and location of the arrhythmia 
substrate, which can often be anticipated from the electrocardio-
graphic characteristics of the arrhythmia and any underlying 
heart disease. Most VTs that are considered for ablation are 
monomorphic, with the same QRS complex from beat to beat 
indicating repetitive ventricular activation from a structural sub-
strate or a focus that can be targeted for ablation. In patients with 
heart disease, more than one morphology of sustained monomor-
phic VT is often inducible. VT that has the same electrocardio-
gram (ECG) QRS morphology and cycle length as one that has 
been observed to occur spontaneously is designated a “clinical 
VT.”1 Often the ECG morphology of VT is not known a priori, 
because the arrhythmia is clinically terminated by an implantable 
cardioverter defibrillator (ICD), and only the cycle length and 
intracardiac electrograms are known. VTs that are then induced 
and are similar in cycle length and morphology in available ECG 
leads or recordings are designated “presumed clinical VTs.”1 
Inducible VTs that have not been documented to occur spontane-
ously are designated as having uncertain clinical significance or 
“undocumented VT.” Ablation can be used to control recurrent 
polymorphic VT or VF in selected patients when the triggering 
foci or substrate for the arrhythmia can be identified.2,3

Preparation and Consideration of Risks

Mortality is rare in patients without structural heart disease, but 
perforation, tamponade, coronary injury, and AV block can occur. 
In patients with structural heart disease, procedure-related mor-
tality is approximately 2%, with most deaths being related to 
uncontrollable VT with hemodynamic deterioration in patients 
with severe disease when the procedure fails.1,4 Preprocedure 
planning is important to minimize risks. Underlying heart disease 
should be defined. The potential for myocardial ischemia should 
be assessed. Although ischemia is not usually the cause of mono-
morphic VT, it can contribute to hemodynamic instability and 
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block–like configuration in lead V1 (dominant S wave) suggests 
an origin in the right ventricle or interventricular septum; domi-
nant R waves in V1 indicate a left ventricular origin. The frontal 
plane axis points away from the VT origin. A superiorly directed 
axis indicates an inferior wall exit. An inferiorly directed axis 
indicates an anterior wall exit. The closer an exit is to a precordial 
lead, the more negative the S wave in that lead, providing an 
indication of exit location between the base and apex. Apical exits 
generate dominant S waves in leads V3 and V4. Basal exits gener-
ate dominant R waves in these leads.

In nonischemic cardiomyopathy, an epicardial origin is sug-
gested by a VT QRS with a relatively long QRS duration and 
slow QRS upstroke, producing a pseudo–delta waves; these find-
ings could be due to delayed activation of the endocardial Pur-
kinje system compared with endocardial VTs.6,7 A QS complex 
with the absence of initial R waves in leads reflecting the region 
of initial activation in VT, such as lead I in the presence of pos-
terobasal scar and the inferior leads in the presence of inferior 
wall scar, often indicates an epicardial VT origin.7,8 In patients 
with prior myocardial infarction, the VT QRS morphology does 
not reliably identify which VTs require epicardial ablation.9

The QRS morphology during pacemapping often suggests 
the direction in which the catheter should be directed to approach 
the VT origin. Moving further from a positive electrode (e.g., 
the left arm for lead I or a precordial lead) increases the R wave 
in that lead during pacemapping. Moving closer to the lead 
decreases the R waves and increases S waves.

It is important to recognize that the QRS morphology only 
suggests a starting point for mapping. Individual differences in 
cardiac position, areas of scars, conduction block, and abnormal 
ventricular anatomy can render the QRS morphology 
misleading.

Initial Assessment of Induced  
Ventricular Tachycardia

Recordings from the His bundle region and RV apex are usually 
obtained. A His bundle potential before each QRS onset suggests 
the possibility of bundle branch reentry (see Chapter 83), 
although one-to-one passive conduction into the Purkinje system 
is also possible. Pacing is often performed from the RV apex to 
entrain or terminate VT. Entrainment from the RV apex with a 
postpacing interval of 30 ms or less further suggests bundle 
branch reentry or a VT circuit close to the apex.10 Activation 
recorded from the RV catheters provides some limited mapping 
data. Relatively early ventricular activation at the basal septum 
(His bundle region) or apical septum indicates a septal origin of 
VT. Further mapping is based on whether VT is likely focal or 
scar-related reentry.

Focal-Origin Ventricular Tachycardia

Focal-origin VTs should be suspected in patients without struc-
tural heart disease, who have typical QRS morphologies for 
outflow tract (see Chapter 81) or papillary muscle VT sites (see 
Chapter 80), and for repetitive monomorphic and nonsustained 
VTs and PVCs. A focal origin is confirmed by activation mapping 
that shows spread away in all directions from the focus. Automa-
ticity or small reentry circuits are possible mechanisms. The VT 
origin is identified as the site of earliest ventricular activation 
relative to the QRS onset. Pacing at the site of origin will produce 
a QRS morphology replicating that produced by the arrhythmia 
focus, provided that pacing captures the small area at the focus 
and not the surrounding myocardium, but is not as accurate as 
activation mapping and is sometimes misleading.1 Focal VTs are 

often found along the valve annuli (pulmonic, aortic, mitral, and 
tricuspid). The complex anatomy in some of these locations can 
render the QRS morphology and pacemapping particularly unre-
liable for guiding ablation.11 VT that originates in sleeves of 
myocardium extending along the aorta or pulmonary artery must 
be identified from sites of earliest activation before the QRS 
onset during the arrhythmia (see Chapter 81).

Inability to induce the VT is a common problem that limits 
mapping. Immediately on arrival in the electrophysiology labora-
tory, attention should be directed to recording a 12-lead ECG of 
any spontaneous arrhythmia that can provide a template to guide 
pacemapping if the arrhythmia is not inducible after placement 
of catheters. Minimizing sedation and avoiding excess adminis-
tration of local lidocaine anesthesia, which can be absorbed and 
result in systemic levels, are important considerations. Adminis-
tration of β-agonists, such as isoproterenol, or epinephrine 
boluses may be effective. The arrhythmia can emerge as heart 
rate slows during washout from the effect of a β-agonist. There 
are also anatomical obstacles. The VT focus can be located deep 
within the myocardium, or at the summit of the LV, where it is 
not approachable with standard ablation.12 Epicardial foci may be 
under a coronary artery (see Chapter 127) where ablation risks 
damaging the artery.13 Electroanatomical mapping systems, 
imaging with intracardiac ultrasound, angiography, and incorpo-
ration of preprocedure cardiac computed tomography or mag-
netic resonance imaging (MRI) can be helpful in clarifying 
anatomic complexities.14,15

Ablation of focal PVCs that trigger polymorphic VT and 
ventricular fibrillation can be used to control frequent episodes 
of these arrhythmias (see Chapter 97). Arrhythmia in this case 
can occur in the absence of structural heart disease, in areas of 
infarction, or associated with a myopathic processes.16-18 The 
origin is most often found in the Purkinje system or RV outflow 
tract.

Scar-Related Reentry

Scar-related reentry is the most common cause of sustained 
monomorphic VT in structural heart disease.1 Scars can be due 
to prior myocardial infarction, cardiomyopathies, or surgical 
incisions. The location of the scar as indicated by wall motion 
abnormalities, or delayed gadolinium enhancement on MRI sug-
gests the region likely to contain the VT substrate.19-22 Regions 
of dense fibrosis that create conduction block combined with 
surviving myocytes bundles with interstitial fibrosis and dimin-
ished coupling produces circuitous conduction paths for slow 
conduction that is the substrate for reentry. Stable circuits can be 
modeled as having an isthmus or channel composed of a small 
mass of tissue that does not contribute to the surface ECG 
(Figures 124-1, 124-2). The QRS onset occurs when the excita-
tion wavefront emerges from an exit along the border of the scar 
and spreads across the ventricles. Reentry circuit configurations 
and locations are variable. Scars related to VT often border  
a valve annulus that forms a border segment for part of the 
circuit.23-25 Slow, stable VTs are often due to relatively large 
macroreentry circuits spanning several centimeters.26 Multiple 
VTs with different QRS morphologies can be due to multiple 
exits from the same region of scar, or changes in activation 
remote from the circuit because of functional regions of  
block.26-29 Ablation at one region could abolish more than one 
VT.25,29-31 Multiple reentry circuits from widely separated areas 
also occur. The location of the scar that provides the arrhythmia 
substrate is a major determinant of the mapping approach  
and likely success of ablation. The substrate and reentry circuits 
locations can be subendocardial, subepicardial, or intramural,  
and vary with the type of heart disease, being most commonly 
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point by point mapping, intracardiac ultrasound images, or regis-
tration of pre-acquired computed tomography or MRI images 
and allow electrophysiological features to be displayed in relation 
to the anatomy (see Chapter 60. EP Mapping and Navigation19,21,34 
Scar associated with myocyte loss and fibrosis are characterized by 
low amplitude electrograms. Voltage maps are plots of peak to 
peak electrogram amplitude (Figure 124-3).28,33 In normal ven-
tricular myocardium > 95% of sites have a bipolar electrogram 
amplitude exceeding 1.5 mV (recorded with an ablation catheter 
with large tip electrode, 1 mm interelectrode spacing and filtered 
at 10 to 400 Hz). Recent studies correlating voltage maps with 
regions of delayed gadolinium enhancement in MRIs of infarct 
regions have found that areas with bipolar electrograms less than 
1.5 mV in amplitude are associated with fibrosis typically occupy-
ing at least 75% of the ventricular wall,19,35 and that less extensive 
fibrosis is present at surrounding regions. Bipolar electrogram 

endocardial in prior infarcts, epicardial in arrhythmogenic RV 
cardiomyopathy, and variable in other cardiomyopathies.

In addition to the variable substrate locations, there are other 
challenges to identifying ablation targets. Mapping during VT is 
often limited by hemodynamic intolerance or inability to induce 
the same VT reliably. Multiple VTs are often inducible, indicat-
ing the potential for multiple reentry circuits.

Substrate Mapping During Sinus or Paced Rhythm

Voltage Maps
Areas of scar can often be identified during stable sinus rhythm, 
along with potential exits and channels, facilitating ablation in 
patients with multiple and unstable VTs.27,28,32,33 Electroanatomi-
cal mapping systems recreate the geometry of the ventricles from 

Figure 124-1.  Entrainment of reentrant ventricular tachycardia (VT). A, C, D, and E show schematics of a theoretic reentry circuit with areas of dense scar (gray) defining 
the circuit. Activation sequence is indicated by arrows and colors proceeding from red to yellow to green to blue to purple. A, The VT circuit with an isthmus (yellow arrow), 
outer loop along the border of the scar (white arrow), and bystander region (bys; gray arrow). The QRS onset would occur when the wavefront emerged from the exit region. 
B, Entrainment from a remote bystander site and the findings are shown schematically in the VT circuits in C and D. VT with a cycle length of 400 ms is present. The last 
three stimuli of a pacing train accelerate the QRS complexes and electrograms to the pacing cycle length with a change in QRS morphology compared to VT. The postpac-
ing interval (PPI) is 520 ms, exceeding the VT cycle length by 120 ms. C, The stimulated wavefronts divide into antidromic wavefronts (gray arrow), which alters the ventricular 
activation sequence compared with  tachycardia changing  the QRS morphology. The stimulated orthodromic wave  front  resets  the  tachycardia circuit. D, After  the  last 
stimulus, the stimulated orthodromic wavefront propagates through the circuit and back to the pacing site, such that the PPI is equal to the tachycardia cycle length plus 
the conduction time from the pacing site to the circuit and from the circuit back to the pacing site. In E and F, the effects of pacing at an outer loop site along the border 
of the scar. F, Pacing accelerates the QRS complexes and electrograms. The PPI of 550 ms matches the VT cycle length, indicating that the site is in the circuit as shown 
schematically by the white arrow in E. Subtle QRS fusion is evident in the change in QRS morphology in lead I during pacing. Absence of any delay between stimulus and 
QRS also indicates that the site is not in an isthmus. 
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124-3).38-40 The low voltage region is likely to contain the reentry 
circuit but is often large, exceeding 20 cm in circumference in 
many patients with infarct.27

Exits and Channels
Additional analyses of electrograms, voltage, or pacemapping are 
used to refine selection of target sites.41,42 Exit regions are typi-
cally located along the scar border (Figure 124-4). Pacing in the 
exit region replicates the QRS morphology of VT.42,43 The inter-
val between the stimulus and QRS onset is typically short, which 
is consistent with its location in the infarct border.

Potential channels within low-voltage regions can be identi-
fied from analysis of electrograms and pacemapping. In some 
cases, the borders of potential channels are defined by dense 
fibrosis that has a lower amplitude electrogram than that of the 
channel (Figure 124-5).44,45 Similarly, if the border is dense fibro-
sis, it may be electrically unexcitable, such that pacing (10 mA at 
2 ms pulse width with unipolar pacing) fails to capture.25 Marking 

amplitude thresholds for 95% of normal sites are slightly lower 
for the right ventricle (< 1.44 mV).28 During epicardial mapping, 
bipolar electrogram amplitude exceeds 1 mV at 95% of normal 
sites; however, lower-amplitude signals are recorded normally 
over a thick region of fat along the AV groove and coronary arter-
ies.36,37 Electrograms recorded over fat do not display fraction-
ation or long durations; therefore, these features are often useful 
in distinguishing clearly abnormal regions from normal myocar-
dium with overlying fat.

An endocardial region of bipolar electrograms less than 
1.5 mV is specific for subendocardial scar, but it does not identify 
epicardial or intramural scar.19,35 Epicardial and intramural scars 
can potentially be identified from unipolar recordings.38 Unipolar 
recordings filtered at 1 to 250 Hz contain substantial far-field 
signal. Endocardial unipolar signals less than 8.3 mV in the LV 
and less than 5.5 mV in the RV have been shown to be associated 
with epicardial or intramural scar despite endocardial bipolar 
electrogram amplitude greater than 1.5 mV (see Figure 

Figure 124-2.  Entrainment from an epicardial isthmus site (A) from the patient shown in Figure 124-1 and schematics (B and C) are shown. From the top of A are surface 
electrocardiogram (ECG) and cardiac recordings from the epicardial ablation catheter (Abl) with bipolar records from distal (1-2), mid (2-3), and proximal (3-4) electrodes 
and a high-pass–filtered unipolar recording from electrode 1 (Abl 1), high right atrium (HRA), and His bundle region (His). Ventricular tachycardia (VT) with a cycle length 
of 350 ms  is present. Unipolar pacing at 330 ms from the distal electrode of  the ablation catheter accelerates the QRS complexes and electrograms to the pacing rate. 
Measurement  of  the  postpacing  interval  (PPI)  requires  assessment  of  which  electrogram  most  likely  indicates  the  local  potential.  During  pacing,  a  broad  fractionated 
potential  is visible,  indicating  that  this  is a  far-field potential  (blue arrows). The potential  that  is not visible during pacing  is  the  likely  local potential  (red arrow). The PPI 
measured to the local potential  is 350 ms, matching the VT cycle length. The QRS during pacing is  identical to that of VT (also confirmed in the 12-lead ECG that is not 
shown). These  findings  are  consistent  with  pacing  from  an  isthmus  in  the  reentry  circuit  as  shown  schematically  in  B  and  C.  Stimulated  orthodromic  wave  fronts  are 
indicated by black arrows. The stimulated antidromic wave front is the white arrow in B. 

I

II

III

V1

V5

Abl 1-2

Abl 1

HRA
330

PPI

350

350

200 ms

Far-field

Local

His

Abl 2-3

Abl 3-4

A

B C



CATHETER AbLATIOn FOR VEnTRICuLAR TACHYCARDIA In PATIEnTS WITH STRuCTuRAL HEART DISEASE  1253

124 

(see Figure 124-3).47 Jaïs et al.47 termed these potentials and late 
potentials “local abnormal ventricular activation” (LAVA).47 Case 
series have shown that targeting late potentials in low-voltage 
regions and LAVA potentials is an effective strategy in some 
patients and that elimination of LAVA or late potentials predicts 
better outcome.46,47,49,50

Pacemapping in a channel produces a QRS that appears after 
a delay (S – QRS > 40 ms) because of slow conduction of the 
stimulated wavefront through the channel (see Figure 124-4). 
When the wavefront emerges from an exit region, the paced QRS 
morphology resembles VT, suggesting that the pacing site is in 
a reentry circuit isthmus.42,48 If the wave front leaves the scar by 
another path, such as the entrance to a channel, the paced QRS 
morphology might differ from VT or resemble a different VT.

Targeting these markers of potential reentry circuit channels 
can facilitate ablation for patients with multiple and unstable 
VTs. The complexity of the reentry circuit configurations and 
areas of slow conduction and block in diseased ventricles are such 
that they are not always sufficient to define a reentry circuit loca-
tion. Additional mapping and entrainment during VT can be 
helpful to confirm that a region is in a reentry circuit and to 

these electrically unexcitable scar (EUS) areas (gray area on the 
voltage map in Figure 124-4) creates a visual map of potential 
channels in some patients. Narrow bands of fibrosis likely elude 
this method of detection. Pacing provides complimentary infor-
mation to analysis of electrogram amplitude. EUS cannot be 
detected reliably based on electrogram amplitude alone. Pacing 
captures at many sites with low electrogram amplitudes of less 
than 0.25 mV. In contrast, some EUS sites have electrogram 
amplitude greater than 0.5 mV because of the presence of large 
far-field potentials from depolarization of a substantial mass of 
adjacent myocardium in the border area or outside the scar (see 
Figure 124-5).

Electrograms from channels are often smaller than the far-
field electrograms produced by depolarization of the larger mass 
of myocardium outside the scar (see Figure 124-2). When con-
duction delay into the channel is present during sinus rhythm, 
these low-amplitude potentials can be inscribed as a late potential 
occurring after the end of the QRS.46-48 When the electrogram 
is inscribed at the same time as the far-field signal, it can become 
evident and separate from the far-field signal during VT or when 
pacing or premature stimuli delay conduction into the channel 

Figure 124-3.  Electroanatomic voltage mapping in a patient with prior posterolateral infarction viewed from an inferolateral angulation. A, A bipolar voltage map where 
purple (normal) areas are indicated by an electrogram amplitude of 1.5 mV or greater. B, A unipolar voltage map where purple (normal) areas are indicated by an electro-
gram amplitude of 8.3 mV or greater. Note the larger area subtended by abnormal voltage in the unipolar map (heavy blue arrow); this likely indicates intramural or epicardial 
scar beyond that appreciated on the bipolar voltage map. C and D, Electrograms recorded from the orange dot at the inferior mitral annulus (thin blue arrow in A) in sinus 
rhythm and in VT, respectively. C, The terminal portion of the ablation signal (thin black arrow) is a late potential occurring after the terminal portion of the QRS, fused with 
the far-field electrogram. During VT (D), this electrogram is fractionated with a large presystolic component. 
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artery cardiopulmonary bypass, can be used to allow mapping 
during VT or to stabilize the condition of patient who develops 
VT storm.53,54 Whether these approaches improve outcomes 
compared to substrate guided approaches is not established. 
Mechanical support devices have potential complications related 
to vascular access and thromboembolism, and some interfere 
with electroanatomical mapping.

Activation Mapping and Electrograms
During VT, presystolic activation is recorded at the circuit  
exit, and earlier diastolic activation is recorded from more  
proximal isthmus sites, often in the form of an isolated potential. 
Sites that are proximal in the isthmus can be activated during  
the end of the QRS complex, without diastolic electrical activity, 
but can be identified by entrainment.55 Multielectrode and non-
contact mapping systems acquire electrograms from multiple 
sites simultaneously. Detection of low-amplitude signals in 

facilitate successful ablation with fewer ablation lesions.27 Alter-
natively, RF lesions can be placed through presumptive exits or 
channels, followed by retesting for inducible VT.27,28,43 Even 
when VT is stable, substrate mapping can be used to identify 
regions for further evaluation during VT (discussed later), mini-
mizing the time spent in VT.

Mapping During Ventricular Tachycardia

During VT, assessment of activation and entrainment are useful 
for targeting the reentry circuit.26,27,51,52 When VT is not stable 
for extensive mapping, these assessments can still be useful during 
brief episodes of tachycardia to confirm that a region identified 
during substrate mapping is involved in the tachycardia. Hemo-
dynamic support with percutaneously placed ventricular rotary 
pumps, left atrial–femoral bypass, or femoral vein to femoral 

Figure 124-4.  Findings from mapping in a patient with a prior anterior wall infarction are shown. The center and panel F show a voltage map viewed from the right anterior 
projection. Purple  indicates an electrogram amplitude of 1.5 mV or greater. A gray region of electrically unexcitable scar  is present. A, Ventricular tachycardia (VT)-2 that 
has a right bundle branch block configuration inferior axis configuration. Pacing at the superior aspect of the infarct (arrow) reproduces the VT-2 QRS morphology indicating 
that the exit for VT-2 is near the pacing site. B, Pacing at a site in the middle of the infarct. There is a delay of 170 ms from the pacing stimulus to the QRS, indicating slow 
conduction through the scar to the margin of the infarct. The paced QRS has a left bundle branch block superior axis configuration that matched VT-1, suggesting that 
the pacing site was  in a channel used by VT-1; this  is confirmed by pacing during VT-1 (D). There  is entrainment with concealed fusion with a postpacing  interval that 
matches  the VT  cycle  length.  Pacing  resets  tachycardia  with  a  long  stimulus  to  a  QRS  interval  without  changing  the  QRS  morphology  and  with  a  postpacing  interval 
(measured to the low-amplitude diastolic potential that is enlarged in panel of D) matches the VT cycle length. C, The exit for VT-1 was at the inferior margin of the infarct, 
where presystolic activity is recorded during VT. F, shows the potential channel (black arrow) with exits at the superior and inferior septal margin of the infarct, that likely 
used a loop along the border of the infarct. Potential ablation targets are the exits (red circles) or the channel (blue circles). 

(Modified with permission from Stevenson WG, Soejima K: Catheter ablation for ventricular tachycardia, Circulation 115:2750–2760, 2007.)
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Interpretation of the PPI requires that three assumptions be 
satisfied. The first is that the pacing stimuli reliably capture the 
myocardium. The second is that the time of activation at the 
pacing site following the last stimulus can be determined from 
the electrograms.61 Far-field electrograms can often be recog-
nized by their visible presence during pacing, indicating that they 
are not due to direct depolarization of that tissue by the pacing 
stimulus (see Figure 124-2) and will produce a misleading PPI if 
used for measurement. In contrast, the local potential is obscured 
by the stimulus artifact during pacing. When the local potential 
cannot be assessed late after the stimulus, because of saturation 
of the recording amplifier, measuring the PPI to electrograms 
recorded on the adjacent proximal electrodes, that are not far-
field potentials, agrees with the distal electrode recordings at 
approximately 85% of sites.62 The S-QRS n+1 technique can also 
be used to assess the PPI.63 The third assumption is that pacing 
does not alter conduction times in the circuit or the reentry path. 
Slowing of conduction, as is common in the presence of antiar-
rhythmic medications, falsely prolongs the PPI.

Determination of whether the pacing site is in a narrow 
isthmus in the circuit is made from assessment of QRS fusion 
during pacing. When pacing is performed at an isthmus site in 
the circuit, the stimulated orthodromic wave fronts follow the 
path of the reentry circuit, emerging from the exit. The stimu-
lated antidromic wave fronts are contained in or near the circuit 
by areas of block that define the isthmus, and by collision with 
returning orthodromic wave fronts. Fusion resulting from the 
collision of stimulated antidromic and orthodromic wavefronts 
occurs in or near the pacing site and is not evident as fusion in 
the surface ECG. The tachycardia is accelerated to the pacing 
rate with a QRS morphology that is identical to that of the VT 
(entrainment with concealed fusion). During entrainment with 
concealed fusion, the stimulus to QRS interval (S-QRS) indicates 

isthmuses is difficult, but the exit in the border region is often 
identifiable.29,56-58

Electrogram timing alone is not a reliable indicator of reentry 
circuit sites because presystolic and diastolic electrograms can 
also occur at bystander sites that are not in the circuit. Pacing 
maneuvers and entrainment are useful for further characterizing 
potential reentry circuit sites.

Entrainment Mapping
Entrainment mapping can confirm the relation of an individual 
site to the reentry circuit (see Figures 124-1, 124-2, 124-4).59 
During entrainment, pacing at a rate faster than the tachycardia 
continuously resets the reentry circuit (see Figure 124-1). 
Entrainment is confirmed by criteria that include evidence of 
constant fusion between paced orthodromic and antidromic wave 
fronts, and progressive fusion owing to proportionately greater 
activation of the ventricles by paced antidromic wavefronts as the 
pacing rate is increased.60 The demonstration of entrainment 
indicates that reentry with an excitable gap in the circuit is the 
tachycardia mechanism.

The postpacing interval (PPI) is an indication of the proximity 
of the pacing site to the reentry circuit.59 The last stimulus that 
entrains VT produces a wave front that propagates to the reentry 
circuit, orthodromically through the circuit, and returns to the 
pacing site. Thus the time from the last pacing stimulus to the 
next activation at the pacing site is equal to the conduction times 
for propagation from the pacing site to the circuit, one revolution 
through the circuit (the tachycardia cycle length), and then back 
to the pacing site. For sites that are in the circuit, the conduction 
time from pacing site to circuit and back equals zero, and the PPI 
equals the tachycardia cycle length. At pacing sites removed from 
the circuit, the PPI increases as a function of the conduction time 
between the site and the reentry circuit.

Figure 124-5.  Recordings from a region of scar in patients with prior myocardial infarction and a schematic illustrating the potential reentry circuit location. A, Ventricular 
tachycardia (VT) is present. An isolated diastolic potential is present at the site (blue arrow). A potential is also inscribed during the QRS comlex, which is a far-field potential 
from depolarization of surrounding myocardium. Ablation at this site terminated VT (not shown). The recordings during sinus rhythm before (B) and after (C) sinus rhythm 
are shown. A late potential is present during sinus rhythm (B). Ablation markedly diminishes the late potential (C), whereas the far-field potential is intact. 

(Modified with permission from Harada T, Stevenson WG, Kocovic DZ, Friedman PL: Catheter ablation of ventricular tachycardia after myocardial infarction: relation of endocardial 
sinus rhythm late potentials to the reentry circuit, J Am Coll Cardiol 30:1015–1023, 1997.)
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isthmuses, ablation through isthmuses or exits extending to the 
border of the scar, and ablation of all diastolic potential or LAVA 
sites.46,47,49,50 These strategies and endpoints have not been com-
pared directly. In a series of 70 patients with scar-related VTs, 
Jaïs et al.47 observed that VT recurred in 32% of patients in 
whom these potentials could be eliminated by ablation, compared 
to 75% of those in whom the potentials could not be eliminated. 
In a series of 64 patients with scar-related VT, Vergara observed 
recurrent VT in 10% of patients in whom late potentials were 
eliminated by ablation, compared to 75% of those in whom abla-
tion failed to eliminate late potentials.50

After ablation, no monomorphic VT of any type can be 
induced in 38% to 95% of patients. Remaining inducible VTs are 
often faster and initiated by more aggressive stimulation than the 
initial VTs.27,30,72 When the clinical or presumptive clinical VT 
remains inducible after ablation, the recurrence risk exceeds 
60%.71,73 Absence of any inducible VT has been associated with 
a lower but still significant incidence of recurrence ranging from 
less than 3% to 27% in single-center reports and up to 44% in 
a multicenter study.5,25,27,70-73 Inducible, nonclinical VTs are asso-
ciated with increased risk of recurrence in some studies.72,74 
Healing of initial ablation lesions and reduction of antiarrhyth-
mic medications likely contribute to recurrences. Some patients 
benefit from a repeated procedure.75

There are several considerations when endocardial ablation is 
not successful. The reentry circuit could be subepicardial (see 
Chapter 126).76 In a series in which epicardial mapping is per-
formed after failed endocardial ablation, more than 70% of 
patients were found to have an epicardial VT substrate.76,77 This 
is often suggested by the nature of the underlying heart disease, 
being frequent in arrhythmogenic RV cardiomyopathy and 
nonischemic cardiomyopathy, and the QRS configuration of VT 
(discussed earlier).78 In addition, the unipolar endocardial voltage 
map could suggest epicardial or intramural scar (discussed 
earlier).39,40 Endocardial mapping may show a pattern of focal 
activation from an endocardial breakthrough site that incorrectly 
suggests a focal origin.79

The VT can have an intramural origin. An intramural septal 
origin is suspected when the sites closest to the VT circuit are 
located on either side of the ventricular septum or at adjacent 
endocardial and epicardial sides of the ventricular free wall.39 
Ablation at the best adjacent sites is usually attempted. Intracoro-
nary ethanol ablation can also be considered in selected patients 
(discussed later).

Ablation in Specific Diseases

The arrhythmia substrate, and consequently ablation approaches 
and outcomes, vary with the type of heart disease. Ablation is 
usually successful for abolishing VT in patients without structural 
heart disease, as discussed in Chapters 80, 81, and 82. Ablation 
is often more challenging in patients with heart disease. In most 
series, these patients have recurrent episodes of VT that has failed 
drug therapy, and they often have more than one morphology of 
inducible VT.

Prior Myocardial Infarction

The majority of VT circuits can be ablated from an endocardial 
approach. Ablation is acutely successful, abolishing one or more 
VTs in 77% to 95% of patients (Table 124-1).41,80,81 In patients 
who have had multiple VT recurrences despite antiarrhythmic 
drug therapy, previously ineffective antiarrhythmic drugs are 
often continued. VT recurs in 19% to 50% of patients, although 
the frequency is reduced for the majority. Multiple morphologies 

the conduction time from the pacing site to the reentry circuit 
exit, and it is short near the exit and longer at sites proximal to 
the exit. Entrainment with concealed fusion usually indicates that 
the pacing site is in a reentry circuit isthmus, in which case the 
S-QRS interval equals the prematurity of activation (electrogram 
to QRS interval) at the site and the PPI equals the tachycardia 
cycle length. When entrainment with concealed QRS fusion 
occurs at a bystander site, the S-QRS usually exceeds the elec-
trogram; QRS and the PPI exceeds the tachycardia cycle length.

At sites that are in broad portions of the reentry circuit, such 
as reentry loops along the border of the scar, entrainment occurs 
with QRS fusion because of propagation of stimulated wave 
fronts away from the pacing site, but the PPI indicates that the 
pacing site is in the circuit.64

Termination of VT by pacing stimuli that capture without 
producing a propagated response, such that no QRS complex 
follows the stimulus, also indicate that the site is likely to be in 
an isthmus.65 The stimulated antidromic wave front is extin-
guished by collision with a returning orthodromic wave front. 
The stimulated orthodromic wave front encounters refractory 
tissue and blocks terminating tachycardia. Alternatively, the stim-
ulus can extend the refractory period at the pacing site.

Other findings that indicate that a site is in the reentry circuit 
include reproducible VT termination by catheter-induced 
mechanical pressure and termination of VT by ablation during 
VT. It is not necessary to define the entire circuit if an isthmus 
can be identified for ablation.

Other Ablation Targets

Approximately 8% of patients with sustained monomorphic VT 
associated with structural heart disease have bundle branch 
reentry as the cause of one of their VTs, although scar-related 
reentry is often present as well.66 Ablation of the right bundle 
branch typically eliminates this VT. Occasionally interfascicular 
reentry requires ablation of left bundle fascicles. Portions of the 
Purkinje system can also be involved in scar-related reentry cir-
cuits, particularly after myocardial infarction.67,68 These VTs can 
have a relatively narrow QRS duration of 145 ms or less with 
Purkinje potentials present in the exit region. Rarely, automatic-
ity in the Purkinje system is the cause of VT in patients with 
structural heart disease.66 VT often requires isoproterenol admin-
istration for initiation. These VTs can be ablated at sites where 
a Purkinje potential is present and linked to the VT.

Ablation Strategies and Acute Endpoints for 
Scar-Related Ventricular Tachycardia

If VT is hemodynamically tolerated, mapping and ablation can 
be performed during VT, seeking VT termination. Scar-related 
VTs can require substantial lesions for interruption facilitated 
with irrigated or large (e.g., 8 mm) electrodes (see Chapter 122). 
Markers of lesion creation include a reduction or complete aboli-
tion of electrograms, increase in pacing threshold, and termina-
tion and prevention of reinitiation of VT.25,27,50,69

When VT is incessant or hemodynamically tolerated, or  
a clear clinical VT is identifiable, the primary aim of the  
procedure is to abolish that VT. When a VT isthmus can be 
identified, ablation is highly successful. Other morphologies of 
VT are often inducible, indicating the presence of other potential 
reentry circuits. Some centers attempt to abolish all inducible 
VTs, or all inducible mappable VTs, in the hope of reducing 
recurrences.27,28,43,70-72

Ablation lesion sets for multiple and unmappable VTs include 
ablation lines through exit regions, ablation through all identified 
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Thus, outcomes appear to be related to underlying heart 
disease. Ablation is palliative therapy for frequent symptomatic 
episodes in some patients. Cardiac perforation is the major com-
plication, but it is infrequent.73 Death from hemodynamic dete-
rioration in uncontrollable VT has occurred.101,102

Repaired Congenital Heart Disease

Scar-related VT involving RV regions of repair also occur later 
after surgical correction of congenital heart disease, notably 
tetralogy of Fallot.104,105 In tetralogy of Fallot, VT usually involves 
an isthmus that can be interrupted with ablation between the 
tricuspid or pulmonary valve annulus, and scar or patch material 
in the free wall of the RV.105 Catheter ablation is feasible, with 
successful outcomes during follow-up in 43% to 91% of patients 
reported in relatively small series with follow-up exceeding  
2 years.104,105

Other Diseases

Ablation has been used successfully to control scar-related recur-
rent sustained monomorphic VT in patients with a history of 
myocarditis,90 hypertrophic cardiomyopathy,106 and valvular heart 
disease. An increasing number of patients are receiving left ven-
tricular assist devices as destination therapy or as a bridge to 
cardiac transplantation. VT impairs hemodynamics in these 
patients, and small series have shown that catheter ablation can 
be useful for controlling the arrhythmia.107

Ablation for Polymorphic Ventricular 
Tachycardia and Fibrillation

Recurrent polymorphic VT causing “electrical storm” that is not 
due to ongoing acute ischemia is rare, but it occurs in idiopathic 
ventricular fibrillation, long QT syndrome, Brugada syndrome, 
and early and late after myocardial infarction.16,17,108,109 VT is 
often initiated by premature beats from one or a few foci that can 
be targeted for ablation if they occur with sufficient frequency. 
Sharp potentials consistent with Purkinje activation are often 
recorded from foci in the left or right ventricles. Less frequently, 
an RV outflow tract focus is a trigger. Arrhythmias can wax and 
wane. Immediate patient transport to the laboratory when the 
arrhythmia is active is warranted if ablation is to be attempted. 
In selected patients, approximately 90% of patients are free from 
recurrences during follow-up.16,17,108,109

In a small series of patients with Brugada syndrome and  
recurrent VF, epicardial mapping identified abnormal electro-
grams over the RV outflow tract, where ablation abolished recur-
rent VF.2

Transcoronary Ethanol Ablation

When endocardial and epicardial ablation attempts fail, trans-
coronary ethanol ablation can be considered.110 This approach 
requires identification and cannulation of a target artery that is 
supplying the VT substrate and injecting absolute ethanol to 
directly damage the myocardium, as well as the vessel. Tokuda 
et al.110 attempted this approach in 27 of 274 patients with VT 
related to structural heart disease. It was abandoned in five 
because of unsuitable anatomy; the targeted VT was acutely abol-
ished in 82% of the remaining patients; and 9 of the 11 patients 
with prior VT storm remained free of VT storm. At least one 

of VT and unstable VTs are associated with a higher risk of recur-
rence.27,30 Failure of endocardial ablation can be due to intramu-
ral or epicardial reentry circuits.82,83 Procedure mortality is 2% 
to 3% and major complications occur in 5% to 10% of patients.

The annual mortality following catheter ablation for recur-
rent VT ranges from 5% to more than 20%.74,84,85 Progressive 
heart failure is the most common single cause of death and is 
consistent with the severity of heart disease and the association 
of VT as a marker for mortality and heart failure despite the 
presence of an ICD.86 Greater age, LV size and dysfunction, renal 
dysfunction, and recurrence of VT are markers for increased 
mortality.74,84,85 The potential for ablation to adversely affect LV 
function is of concern. Assessment of LV ejection fraction after 
ablation has not shown deterioration, but is not very sensitive for 
detection of injury.28,87 Confining ablation to regions of scar and 
attention to medical therapy for ventricular dysfunction seems 
prudent.

Whether earlier use of ablation, prior to multiple VT recur-
rences, improves outcomes has been evaluated in two randomized 
studies. In the VTACH trial, ablation was performed in patients 
with hemodynamically tolerated VT who were receiving ICDs. 
Catheter ablation extended the time to recurrent VT from a 
median of 5.9 months to 18.6 months, and reduced the frequency 
of VT.88 In the SMASH VT trial, substrate-guided ablation was 
performed for hemodynamically untolerated VT in patients 
receiving ICDs. In this trial, ablation of VT reduced ICD shocks 
from 31% to 9% over a mean follow-up of 22.5 ± 5 months, and 
it reduced VT episodes from 33% to 12%.89 These trials were 
too small to assess an effect on mortality.

Dilated Cardiomyopathy and Valvular  
Heart Disease

More than 80% of patients with sustained monomorhic VT have 
scar-related reentry; in the remainder, VT is due to bundle 
branch reentry or a focal origin.49,90 Scars can be demonstrated 
with MRI and are often adjacent to a valve annulus, but can be 
epicardial or intramural in more than one third of patients (see 
Figures 124-3, 124-4).20,32,36,77,91 Ablation is generally more diffi-
cult than for infarct-related VT and is more likely to require 
epicardial ablation. More than 70% of those who fail endocardial 
ablation are found to have subepicardial VTs if epicardial mapping 
can be performed.36,77 Late potentials and low-voltage regions 
indicating the substrate are generally smaller and more difficult 
to detect, consistent with intramural or epicardial substrate.46,49,50 
Relatively small series are reported showing that VT is controlled 
in 50% to 82% of patients.36,46,77 Incessant idiopathic VT or 
ventricular ectopy can cause tachycardia-induced cardiomyopa-
thy that improves after ablation.

Right Ventricular Cardiomyopathies

Scar-related RV tachycardias occur in idiopathic cardiomyopathy, 
genetic arrhythmogenic RV cardiomyopathy, and cardiac sar-
coidosis.37,79,92-97 Scar can be identified from endocardial and epi-
cardial voltage maps and on delayed enhancement on MRI.37,97-99 
Scars causing VT are often adjacent to the tricuspid or pulmonic 
annulus.24,79 Focal-origin VTs caused by automaticity also occur. 
Epicardial circuits are particularly common in arrhythmogenic 
right ventricular cardiomyopathy, and epicardial ablation appears 
to improve outcomes in these patients.37,40,96,100-103 In a nonran-
domized case series, Bai et al.96 reported freedom from VT over 
3 years 85% of patients who received endocardial and epicardial 
ablation compared to 52.2% of 23 patients treated with endocar-
dial ablation only. Ablation for VT caused by sarcoidosis has also 
been associated with a high recurrence rate.93
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and electrical storms. Techniques for epicardial mapping and 
ablation have improved outcomes for patients with arrhythmias 
that are not endocardial in origin. The approach is determined 
by the characteristics of the arrhythmia and underlying heart 
disease. Current techniques enable ablation for multiple and 
hemodynamically unstable VTs, formerly considered unmappa-
ble. Failure is often related to anatomic obstacles that would 
potentially benefit from further technologic advances.

VT recurred in 64% of patients, and mortality during follow-up 
was 32%. This technique continues to be reserved for patients 
who have failed other options.

Summary

Catheter ablation of VT has an important role in reducing VT 
episodes in patients with ICDs and in controlling incessant VT 
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layer is also divided into two substructures: the parietal layer, 
attached to the external fibrous layer, and the visceral layer, better 
known as epicardial space. The pericardial cavity contains reflec-
tions, sinuses, and recesses.

During epicardial mapping and ablation, these reflections are 
extremely useful because they represent important landmarks  
for the placement and anchoring of the mapping or ablation 
catheter.

The reflection of the visceral pericardium at the posterior 
surface of the heart results in an oblique sinus bounded by the 
inferior vena cava and the four pulmonary veins, posterior to the 
left atrium and anterior to the esophagus. The main sinuses 
involved during EP procedures are the transverse and the oblique 
sinuses. The transverse sinus is located posterior to the ascending 
aorta and the pulmonary trunk and above the left atrium. Because 
the pericardial reflections are posterior, the anterior, apical, and 
lateral surfaces of the ventricles are freely accessible within the 
pericardial space as well as the posterior and superior surfaces of 
the left atrium. The transverse sinus is attached inferiorly to the 
pericardial reflection and anteriorly to the left atrium, and it 
connects with the left and the right pulmonary veins. The aortic 
recess and the right pulmonary artery are contained in the trans-
verse sinus. When mapping this area, the left atrium, the pulmo-
nary veins, and the coronary cusps (noncoronary and right) can 
be accessed.

The oblique sinus is attached anteriorly to the atria and infe-
riorly to the vena cava. By navigating in the oblique sinus, epi-
cardial mapping and ablation of both atria and ventricles can be 
achieved.34-41

Of interest is the knowledge that in patients with previous 
cardiac surgery and at time with history of pericarditis, significant 
adhesions can form, rendering the epicardial space difficult to be 
accessed.

It is the author’s opinion that epicardial instrumentation should 
not be attempted in subjects with previous cardiac surgery. Differ-
ently, in the case of arrhythmia recurrence following an epicardial 
ablation, the epicardial space can be safely reaccessed.42,43

Pericardial Anomalies

Partial and, more rarely, total absence of the pericardium have 
been described in 1 : 10,000 autopsies and are often associated 
with other cardiac anomalies. In case of partial defect of the 
pericardium, a foramen of variable size connects the pericardial 
and the pleural cavity. In case of the absence of the pericardium, 
heart and lungs occupy a common serous cavity (75% of cases).44

Methods of Accessing the Pericardial Space

As described before, the pericardial space contains 15 to 50 mL 
of serous fluid providing the key to access the pericardial space 
in patients without pericardial effusions. Sosa et al.1 first reported 
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The importance of an epicardial approach for the treatment of 
arrhythmias was not considered until the year 1996, when Sosa 
et al.1 first described this approach for the treatment of patients 
with Chagas cardiomyopathy.

Before 1996, endocardial mapping and ablation represented 
the standard approach for the ablation of arrhythmias.2-4 Until 
that time, open chest surgery was the only alternative to endo-
cardial ablation failures as described in 1969 for the surgical 
resection of the bypass tract in patients with Wolff-Parkinson-
White syndrome.5,6

The importance of epicardial mapping and ablation after the 
series described by Sosa et al.1 has continued to grow for both 
the treatment of supraventricular and ventricular arrhythmias. 
Epicardial access is currently used in all experienced electrophysi-
ology laboratories as an adjunctive strategy for challenging 
arrhythmias, either after the failure of conventional endocardial 
ablation or as first line approach.7-32

A survey of ventricular tachycardia (VT) tertiary referral 
centers showed that epicardial access was necessary in 19% of 
patients undergoing VT ablation,33 ranging from 6% in healthy 
hearts to 41% in patients with arrhythmogenic right ventricular 
dysplasia (ARVD).

Mapping and ablation within the pericardial space requires 
advanced skills and relevant knowledge of the anatomic struc-
tures present in the pericardial space. With epicardial access, 
invasive surgical procedures can be avoided.

This chapter will discuss the importance of epicardial and 
coronary sinus ablation for the treatment of complex arrhyth-
mias, the technique of accessing the pericardial space, and future 
developments in this field.

Anatomy of the Pericardial Space

The knowledge and understanding of the pericardial space 
anatomy is of utmost importance for cardiac electrophysiologists 
who use the epicardial approach for the treatment of complex 
cardiac arrhythmias. The heart is contained in a double-layered 
membrane that forms a sack, known as the pericardium, which 
extends from the roots of the great vessels to the central tendon 
of the diaphragm. The pericardial cavity is a virtual space between 
the internal serosal layer, which is invaginated by the heart and 
an outer fibrous layer. The thickness of the parietal pericardium 
varies from 0.8 to 2.5 mm. In the absence of adhesions, the peri-
cardial space contains 15 to 50 mL of serosal fluid. The serosal 
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and avoid cardiac perforation. The use of general anesthesia or 
good respiration control at the time of the puncture is 
important.

The puncture of the fibrous pericardium is appreciated with 
a release of resistance on the needle (sometime a pop can be felt), 
and the injection of contrast will result in a contrast layer outlin-
ing the heart in the pericardial space. A long guidewire is then 
advanced into the pericardial space, and in the left anterior 
oblique (LAO) view it is observed to follow the left cardiac border 
and preferably cross from the left to right side in front of the 
great vessels, confirming the pericardial location. Before advanc-
ing the sheath, it is extremely important to see the guidewire 
looping several times around the cardiac silhouette and all the 
chambers of the heart in the LAO view. The right anterior 
oblique–anteroposterior projections can be misleading because a 
perforation of the RV can lead the wire in the pulmonary artery 
or in the right atrium, and this can simulate an intrapericardial 
location of the wire.35-41

Once access is confirmed, a long sheath is then advanced into 
the space, through which a mapping or ablation catheter can be 
introduced. In the normal pericardial space, the catheter will 
move smoothly over the epicardial surface, allowing for easy 
mapping and ablation.

The advent of deflectable sheaths (Agilis EPI; St. Jude Medical, 
Minnetonka, MN) and robotic magnetic navigation has improved 
the ability to navigate in the pericardial space.49

It is common to perform the epicardial access using general 
anesthesia, which will allow for better respiratory control and less 
diaphragmatic excursion, although in some cases the critical con-
dition of the patients do not allow general anesthesia. The use of 
conscious sedation has also been reported as a safe alternative.

Complications

Several major complications can occur during epicardial access, 
mapping, and ablation. When the pericardial space is accessed, 
liver, colon, and diaphragm with its vascular supply can be 
injured. The needle might inadvertently enter and puncture the 
right ventricle, pleural space, or lung. The use of the curved-tip 
Tuohy needle is helpful to decrease the risk of entering the RV 
and direct the guidewire when the epicardial space is entered. In 
a preliminary series of three patients, no acute complications 
were reported1 and there was no effusion at the follow-up 
echocardiogram. In a recent report, there were puncture- 
related complications such as right ventricular puncture not 
requiring intervention in 4.5% of the cases, hemopericardium 
requiring drainage in 7% of the cases, and one occlusion of a 
marginal coronary artery resulting in a non–Q wave myocardial 
infarction.50

Avoiding coronary artery damage is another major concern 
when ablating in the epicardial space. A coronary angiogram can 
be performed to delineate the location of the coronary arteries. 
Radiofrequency (RF) energy should be delivered when the  
distance between the catheter tip and a visible coronary artery  
is at least 0.5 to 1 cm. This distance is primarily based on  
operator experience8 and a few published studies.51 The authors 
of this chapter do not routinely perform angiograms in patients 
with structural heart disease and have not experienced 
complications.52

Phrenic nerve injury is another possible complication that can 
be minimized using high output pacing at the ablation sites. Sosa 
et al. reported no cases of phrenic nerve injury by using high 
output pacing (15 mA, 5 ms pulse).7,51

Pericarditis without pericardial effusion is another possible 
complication reported by Sosa in 30% of the patients after the 
procedure; it responded to treatment with antiinflammatory 
drugs.7,43,51,53

the subxiphoid percutaneous puncture to access the virtual space 
between the heart and the pericardium The subxiphoid approach 
is the best known and most frequently used for percutaneous 
access although other approaches such as parasternal or apical 
can also be used.37 In addition, transesophageal,45 transatrial,46,47 
and transbronchial48 methods to access the pericardial space have 
also been described.

Subxiphoid Approach

Two different puncture site orientations have been described:
• Anterior—directing the needle superiorly with a shallow tra-

jectory to enter the pericardial space anteriorly over the right 
ventricle (RV) and to allow easy maneuverability over the left 
ventricle (LV)

• Inferior—directing the needle with a steeper trajectory toward 
the left shoulder, thus entering the epicardial space over the 
basal, inferior part of the ventricles (Figures 125-1, 125-2)
The skin in the subxiphoid region is sterilized and anesthe-

tized with lidocaine 1%.8
A 17-gauge standard Tuohy needle (marketed by multiple 

manufacturers, originally designed for epidural access by Havel’s, 
Cincinnati, OH, and BD Medical, Franklin Lakes, NJ), either 3.5 
or 6 inch in length, is commonly used to perform the puncture 
(Figure 125-3).

The needle is directed to the left shoulder and oriented to the 
left border of the subxiphoid process and the left rib. The angle 
between the needle and the thorax determines the area of the 
ventricle accessed; with a steeper angle (with respect to the chest 
wall), the access tends to be more posterior, whereas a less acute 
angle will approach the anterior surface. As the needle is advanced, 
the area between the diaphragm and the chest wall is crossed, and 
cardiac pulsation may be appreciated as the fibrous pericardium 
is indented. Injection of small amounts of contrast will indicate 
the location of the needle tip; once the fibrous pericardium is 
tented, this can be delineated with contrast. In case of a down-
ward movement of the diaphragm, care should be taken to move 
the needle backward to compensate the diaphragm movement 

Figure 125-1.  Anatomic sagittal section crossing the middle of the sternum. The 
needle  to  achieve  pericardial  access  is  inserted  in  the  substernal  plane.  A,  Skin, 
subcutaneous  fat,  and  rectus  abdominis  are  shown.  B,  Liver.  C,  Right  ventricle. 
D, Sternum. E, Aorta. F, Right ventricular outflow tract. 

(Reproduced from the Visible Human Server.)
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puncture with intraabdominal bleeding, pericardial bleeding 
owing to middle cardiac vein laceration, pericardial bleeding 
owing to coronary sinus laceration, and RV abdominal fistula. 
Other uncommon complications such as a pleuropericardial 
fistula can occur and should be considered if a new left pleural 
effusion occurs after the procedure.55,56

Recently, it has been shown in a series of 30 patients that 
repeated pericardial access can be performed safely at a median 
of 110 days after the initial procedure.42 However, a case of con-
strictive pericarditis requiring pericardiotomy after a fourth epi-
cardial ablation procedure, resulting in severe heart failure, has 
been reported as well.43

How to Avoid Complications

Operator experience and understanding of fluoroscopic and sur-
rounding anatomy are critical to minimize complications. As 
mentioned earlier, when attempting a subxiphoid pericardial 
access there is risk of damaging different adjacent structures. 

Sacher et al.33 reported a multicenter safety study from three 
tertiary centers performing epicardial VT ablation in 2010.33 
There were eight (5%) acute major complications related to 
epicardial access: seven epicardial bleeding and one coronary 
stenosis. Three delayed complications occurred after 48 hours: 
one major pericardial inflammation, one tamponade (10 days 
after) and one acute inferior myocardial infarction (2 weeks after). 
No constrictive pericarditis or phrenic nerve injuries were 
reported. In a recent European multicenter study,53 major com-
plications were observed in nine (4.1%) patients, (cardiac tam-
ponade in eight and abdominal hemorrhage in one). Minor 
complications such as heart failure, intermittent atrioventricular 
block, and pneumonia were observed in 17 patients (7.8%), 
whereas 10% of the patients experienced severe pericardial pain 
after the procedure. It is common to prescribe nonsteroidal anti-
inflammatory medications.54

Unusual complications have been reported in a recent series 
of 334 patients with subcapsular hepatic hematoma, coronary 
spasm, and RV pseudoaneurysm that were all managed conser-
vatively. Surgical intervention was required for cases of liver 

Figure 125-2.  A, Reconstruction of the pericardial sinuses. B and C, Fluoroscopic images of the pericardial access showing the pericardial puncture in left anterior oblique 
view using an inferior approach. The guidewire loops around the heart on both side of the heart, confirming the successful epicardial access. SVC, Superior vena cava; PA, 
pulmonary artery; LSPV,  left superior pulmonary vein; LIPV,  left  inferior pulmonary vein; RSPV,  right superior pulmonary vein; RIPV,  right  inferior pulmonary vein; LAA,  left 
atrial appendage; RV, right ventricle; LV, left ventricle. 

(Modified with permission by drs. noel G. boyle and Kalyanam Shivkumar.)
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nonischemic cardiomyopathy.22 Our group compared different 
methods to separate the phrenic nerve from the epicardial surface 
during both epicardial and endocardial RF ablation. In many 
cases, the use of air and saline resulted in the best strategy to 
avoid phrenic nerve capture. The use of a peripheral balloon was 
a valid alternative.59

In this regard, the successful deployment of a balloon in the 
epicardial space has improved with the use of deflectable sheaths. 
Epicardial balloons were used for esophageal protection during 
ablation of the posterior wall and to displace the phrenic nerve 
during endocardial ablation in a case of inappropriate sinus 
tachycardia.59-61

Protection of the coronary arteries is key when ablating in the 
epicardial space.62 There are few data available in addition to 
the seminal experience of Sosa et al.1 D’Avila et al.63 studied the 
effects of RF lesions delivered in the vicinity of coronary arteries; 
they found that the risk of vascular damage varied inversely with 
vessel size. This finding implies that larger vessels might be pro-
tected by increased blood flow and possibly epicardial fat.63

Thyer at al.64 showed that the instillation of intracoronary 
chilled saline (5°C) during RF ablation over the coronary artery 
in excised sheep hearts decreased the temperature in the vessel 
and the distance between the lesion and the artery.

After accessing the pericardial space, usually 30 to 50 mL of 
serous or serosanguineous fluid are removed. If more blood is 
aspirated or if the bleeding is not self-contained, a cardiac perfo-
ration should be suspected. If the RV is entered with the needle 
tip only, usually it is inconsequential as long it is promptly with-
drawn. To avoid this situation, it is advisable to advance the 
needle in the LAO view and being cautious not to go beyond the 
spine. In addition, the tactile feedback and the presence of pre-
mature ventricular complexes (PVCs) irritating the heart once 
touched by the needle tip are important clues to prevent this 
complication. In addition, avoid changing the needle direction 
once inside the chest or when close to the heart shadow; this can 
help to minimize the risk of such complications.

Other methods of improving fluoroscopy orientation include 
the positioning of mapping catheters (e.g., aortic root, right ven-
tricle, coronary sinus), and the use of intracardiac echocardiog-
raphy.34 Different techniques have been described to avoid 
phrenic injury.

Buch et al.57 used a Meditech balloon (Boston Scientific, 
Natick, MA) to displace the phrenic nerve on the lateral epicar-
dial wall protecting it during RF ablation.

Fan et al.58 used a peripheral angioplasty balloon to separate 
the phrenic nerve from the ablation target site in a patient with 

Figure 125-3.  Representation of the Tuohy needle, 3.5 or 6 inches long, commonly used to perform the puncture. A schematic representation of the landmarks used for 
needle access is shown, together with the needle orientation, while accessing the epicardium. The yellow arrows in the magnetic resonance imaging scan show the possible 
different access orientation (anterior or inferior) when performing the access. 

(Left lower panel image by Patrick J. Lynch, Yale University. Tuohy needle tip image obtained from http://www.ganfyd.org.)
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pathways requiring epicardial ablation to achieve success.6,10-16 
Combined epicardial and endocardial approaches have been  
used when endocardial or epicardial approaches alone were 
unsuccessful.15

Morady et al.10 reported that in 8% of the cases the reason for 
endocardial ablation failure of an accessory pathway was the epi-
cardial location of the AP. In these cases, epicardial mapping and 
ablation should be considered. The epicardial approach can 
include ablation within the coronary sinus and its tributaries. 
Importantly, it has to be mentioned that in some cases epicardial 
ablation might fail because of the presence of a thick fat pad, 
because pathways are annular in location, or for the inability to 
deliver energy in close proximity to collateral structures such as 
the coronary vessel or the phrenic nerve. Schweikert et al.14 and 
Valderrábano et al.15 reported a series of patients with accessory 
pathways and previously failed endocardial ablations who had 
successful epicardial ablation.

Atrial Tachycardia

A few cases or series have reported on epicardial ablation of atrial 
tachycardia usually due to uncommon locations such as the right 
and the left atrial appendages.17,23 Epicardial access could be 
required to inflate an angioplasty balloon in the pericardial space 
to avoid phrenic nerve injury during endocardial ablation at the 
level of the crista terminalis.

Inappropriate Sinus Tachycardia

Ablation of inappropriate sinus tachycardia is challenging because 
the sinus node has a subepicardial location and frequently is in 
close proximity to the phrenic nerve. Endoepicardial ablation has 
been used successfully by different groups to achieve sinus node 
modification and to avoid phrenic nerve palsy. In this regard, an 
angioplasty balloon or the use of saline and air have been used as 
possible ways to increase the procedural success while minimiz-
ing the risk for phrenic nerve damage (Figure 125-4).18-22

Viles-Gonzalez et al.65 delivered RF lesions within 1 mm of 
the coronary arteries in seven pigs, and they examined the acute 
(20 days) and chronic (70 days) effects.65 In both groups, intimal 
and medial thickening was seen, with replacement of smooth 
muscle cells by extracellular matrix. Whether these findings can 
be applied in humans requires further investigation. The safest 
approach is to avoid RF delivery within 1 cm of an epicardial 
coronary artery. However, in patients with structural heart 
disease, it may be safe to perform epicardial ablation within the 
scar area without the need for coronary angiography.52,65 New 
tools and technologies to reduce complications and increase fea-
sibility of the epicardial access will be discussed in a following 
paragraph.

Epicardial Ablation of  
Supraventricular Tachycardias

The majority of epicardial clinical studies have involved ventricu-
lar arrhythmias, with only small series or case reports for  
supraventricular arrhythmias such as accessory pathways,  
atrial tachycardia, inappropriate sinus tachycardia, and atrial 
fibrillation.

Accessory Pathways

The first reported ablation of an accessory pathway used the open 
surgical approach in 1969.6 With the development of endocardial 
RF catheter ablation, the majority of bypass tracts have been 
treated with percutaneous RF ablation.

The coronary sinus66,67 or a coronary sinus diverticulum68,69 
can provide a route to locate and ablate epicardial pathways, but 
there are some pathways that cannot be reached via the coronary 
sinus or its branches. Several uncommon locations such as pos-
teroseptal and left posterior pathways as well as right atrial 
appendage to right ventricular pathways and left atrial appendage 
to left ventricular pathways have been described as challenging 

Figure 125-4.  Case of inappropriate sinus tachycardia (IST) in a 19-year-old woman referred to the authors’ institution after a failed ablation. Because the ablation target 
electrograms were at the level of the phrenic nerve (PN; verified by high output pacing), a peripheral balloon was placed epicardially and inflated at the level of the sinus 
node to separate the PN from the myocardium. The IST was successfully ablated endocardially with radiofrequency energy. The  left panel shows an anteroposterior fluo-
roscopy view of  the ablation catheter and the peripheral balloon at  the  level of  the sinus node. The  right panel shows a  three-dimensional  reconstruction of  the  right 
atrium in left lateral (LL) view. The white dots indicate the phrenic nerve location, and the red dots indicate the ablation points overlapping the phrenic nerve area. 
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amiodarone or other antiarrhythmic drug (AAD) treatment, 
which might jeopardize the sensitivity and specificity of those 
criteria.

Berruezo et al.76 analyzed the ECG recordings of patients 
with VT successfully ablated from the epicardial LV. They 
showed that the presence on the ECG of a pseudo delta wave of 
34 ms or greater (measured from the onset of ventricular activa-
tion to the onset of the earliest rapid deflection in any precordial 
lead), an intrinsicoid deflection time of 85 ms or greater (mea-
sured from the onset of ventricular activation to the peak of the 
R wave in lead V2), and an RS complex duration of 121 ms or 
greater were predictors of an epicardial origin of the VT with an 
overall sensitivity greater than 80% and a specificity of approxi-
mately 85%. It is important to note that 64% of the patients had 
ischemic CM and that a more recent analysis showed that none 
of these criteria could reliably predict an epicardial VT focus.77

The Marchlinski group78,79 sought to determine the epicardial 
origin of VTs in patients with nonischemic cardiomyopathy. 
They showed that the majority of LV VTs with an endocardial 
origin present small Q waves in the inferior leads and small R 
wave in lead I, expressing the depolarization of a small segment 
of myocardium with an endo- to epi-activation. In contrast, when 
the VT has an epicardial origin, it will not show an initial Q wave 
in the inferior leads and will consistently show a Q wave in  
lead I.

In the RV, when the stimulus rises from the epicardial surface, 
the QRS will show an initial negative force (Q waves) in inferior 
leads, lead I, or lead V2, depending on the origin. The anterior 
epicardial sites will show Q wave or QS complex in lead I and 
V2, and the inferior RV epicardial sites show an initial Q wave 
in the inferior leads.79

Of note, left-sided outflow tract ventricular tachycardia 
(LVOT-VT) with an epicardial origin can be ablated from the 
coronary cusps. In this setting, the R wave duration index and 
R/S amplitude index in lead V1 or V2 are useful ECG criteria to 
identify Epi-LVOT-VT. In this scenario, a delayed precordial 
maximum deflection index of 0.55 or greater identifies epicardial 
LVOT-VT far from the aortic sinus of Valsalva, with a sensitivity 
of 100% and a specificity of 98.7% relative to all other sites of 
origin. The Q wave ratio of lead aVL to aVR and S wave ampli-
tude in lead V1 are useful information to distinguish an Epi-
LVOT-VT originating from the LV epicardium far from the left 
sinus of Valsalva and VTs from the left sinus of Valsalva. However, 
it can be concluded that ECG criteria to identify epicardial VT 
are substrate specific and that in many cases can be misleading. 
It appears that the specificity and sensitivity is higher in idio-
pathic nonischemic substrate (Figure 125-5).

Mapping, Ablation, and Energy Sources in the 
Pericardial Space

Epicardial mapping in the pericardial space is similar to the one 
performed on the endocardial surface. Areas of scar with abnor-
mal electrograms (low amplitude, delayed or fractionated poten-
tials) should not be confused with epicardial fat that can simulate 
area of scar.80,81 For those reasons, a voltage less than 1 mV is 
used to define scar in the pericardial space differently from the 
endocardium where scar is anything less than 0.5 mV. Epicardial 
fat can also represent an obstacle for pacing (entrainment and 
pace mapping) as well as for ablation. For these reasons, high 
pacing outputs are often required.

In the pericardial space, radiofrequency energy without irriga-
tion will be limited by a lack of cooling because of the absence 
of circulating blood, resulting in temperatures at low power set-
tings. D’Avila et al.82 compared the efficacy of standard versus 
cooled-tip RF catheters during epicardial ablation in animals 
showing that standard RF lesions using a 4-mm tip catheter was 

Atrial Fibrillation

Few data are available regarding ablation of atrial fibrillation 
using an epicardial approach. The sinuses and reflections in  
the pericardial space prevent complete encircling with  
isolation of the pulmonary veins.70 The vein of Marshall is a 
potential nonpulmonary vein trigger of atrial fibrillation. This 
structure can be accessed epicardially or through the coronary 
sinus.24

Hwang et al.71 reported six cases in which the AF was trig-
gered by the vein of Marshall and epicardial ablation via the 
coronary sinus was able to achieve stable sinus rhythm.71 Simi-
larly, Katritsis et al.72 showed patients were the sole focus of AF 
was epicardial and it was ablated via the coronary sinus.

Pak et al.25 showed the feasibility of adjunctive epicardial abla-
tion to achieve success in persistent AF cases. All patients had 
failed previous endocardial ablation and underwent adjunctive 
ablation sites such as roof, perimitral annulus, and ligament of 
Marshall. Such areas can require long RF times and are more 
amenable to be treated with epicardial ablation. Kowalski et al.73 
performed epicardial mapping in a series of patients undergoing 
surgical Maze procedure within 8 ± 11 months after the endo-
cardial ablation. Interestingly, they showed PV conduction in the 
epicardial region in 62.5% of the cases.73

In a recent case of persistent atrial fibrillation, a combined 
endocardial-epicardial approach was used to create a box set of 
lesions on the posterior atrial wall isolating all four PVs and the 
posterior wall together.74

Scanavacca et al.75 performed endocardial or epicardial RF 
ablation, or both, in seven patients in which high-frequency 
stimulation (20 Hz) induced vagal reflexes (atrioventricular block 
> 2 seconds) without pulmonary veins isolation. The authors 
reported a high recurrence rate.75 Given the small number of 
patients, additional studies are needed to determine whether this 
approach has a role in AF ablation procedures. Kiser et al.26 
reported on 28 patients with persistent or LSP AF undergoing a 
combined surgical epicardial radiofrequency ablation and endo-
cardial ablation.

Despite the enthusiasm for the short-term results, the long-
term follow-up showed no improved success compared with 
manual ablation with a higher complication rate. Although the 
idea of a hybrid approach remain interesting, the technology used 
in the series by Kiser et al.26 is not advisable because of a dismal 
success rate at follow up.

Mahapatra et al.27 reported on the initial experience of 15 
patients with persistent and long-standing persistent atrial fibril-
lation undergoing surgical epicardial and endocardial ablation 
with the “atri cure” technology following a failed endocardial 
ablation. At 20.7 ± 4.5 months of follow-up, 87% of the patients 
were free from atrial tachyarrhythmias.

It can be concluded that epicardial ablation of AF has not 
shown acceptable results and that repeat endocardial procedures 
extended to non PV triggers achieve better success.

Epicardial Ablation of Ventricular Tachycardias

When to Consider an Epicardial Approach for 
Ventricular Tachycardia Ablation

When planning a VT ablation, an epicardial origin should always 
be considered. Several groups sought to determine electrocardio-
gram (ECG) criteria to predict an epicardial origin of the VT.28 
However, often the 12-lead ECG can be misleading because of 
the presence of delayed activation around scar regions that might 
confound the ECG morphology. In addition, the majority of 
patients with ischemic cardiomyopathy and VTs are treated with 
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epicardial ablation; of these, 7 were ablated from the aortic root, 
and 9 had an epicardial origin clustered along the course of major 
vessels.14 Similarly, Daniels et al. reported a series of 138 patients 
with idiopathic VT, where in 9% of the cases an epicardial abla-
tion including the coronary sinus was necessary to achieve 
success.28

Epicardial Ablation in Patients with Nonischemic 
Ventricular Tachycardia

Endocardial ablation in patients with nonischemic cardiomyopa-
thy has shown a poorer outcome compared with ablation in 
patients with ischemic cardiomyopathy.29-32,57,58 A potential expla-
nation for these findings is the presence of an epicardial 
substrate.98,99

Hsia et al.30 first reported the presence of abnormal electro-
grams (amplitude < 1.8 mV) during epicardial mapping in 
patients with nonischemic cardiomyopathy.30 Cesario et al.32 
found that in these patients the endocardial and epicardial scar 
had a similar extension, in contrast with ischemic cardiomyopa-
thy substrates where the endocardial scar area is approximately 
threefold larger than the epicardial scar area. Soejima et al.31 
first described an improved outcome with an endoepicardial  
ablation in this subset of patients. In the series by Soejima et al.,31 
the epicardial scar area was larger than the endocardial 
counterpart.

In a series of patients with nonischemic idiopathic cardiomy-
opathy undergoing epicardial mapping and ablation (owing to the 
failure of the endocardial ablation or because of an ECG sugges-
tive of an epicardial origin of the VT), Cano et al.80 confirmed 
the presence of a larger epicardial scar characterized by low 
voltage and fragmented bipolar electrograms in up to 82% of 
patients. Because low voltage and amplitude could be secondary 
to the epicardial fat, a cutoff value80 of 0.94 mV was used to define 
“true” scar. All electrograms below this cutoff were considered 
abnormal electrograms. Importantly when analyzing abnormal 
electrograms below 0.94 mV, scar areas were associated with 
characteristics of abnormal electrograms, such as delayed and 
split potentials. Cano et al.80 showed that the implementation of 
epicardial ablation improved the procedural success rate at 
follow-up. Unfortunately, mortality and need for heart transplant 
remains an issue in patients with nonischemic cardiomyopathy 
(NICM).80

Epicardial Ablation of Arrhythmogenic Right 
Ventricular Dysplasia

Arrhythmogenic right ventricular dysplasia (ARVD) is an auto-
somal dominant genetic disease characterized by progressive 
replacement of the right ventricular myocardium (rarely, left  
ventricle) with fatty and fibrous tissue. The fatty replacement is 
more prominent in the subepicardium and progresses to the 
subendocardium.100-103 VTs have often a left bundle branch block 
morphology. Different mechanisms responsible for the arrhyth-
mias have been described, including reentry around the fibrofatty 
areas, enhanced automaticity occurring during exercise, and 
trigged activity from inflammatory myocytes. Guiraudon et al.104 
reported good outcome with surgical procedures by a total dis-
connection of the right ventricle (RV) free wall. Soon after, RF 
ablation of ventricular arrhythmia became an effective treatment 
for patients with ARVD. However, endocardial ablation showed 
good results at the short-term follow-up (up to 75% success rate 
at 3 months follow-up) but unsatisfactory results at the long-term 
follow-up (25% to 50% success rate).105-110 For these reasons, 
epicardial ablation in addition to endocardial ablation has been 
tested in ARVD patients.

less effective in producing deep lesion than the RF-irrigated tip 
catheter. In addition, in fat area standard RF did not generate any 
appreciable lesion, and 4-mm lesions were created with the irri-
gated catheter.82 For the aforementioned reasons, RF energy with 
open-irrigated catheter seems the best energy source in the peri-
cardial space to create effective lesions,83 using up to 50 W for at 
least 30 seconds with a flow rate of 30 mL/min.49,83 However, to 
increase lesion size, it is advisable to reduce the flow rate to 
15 mL/min. To avoid iatrogenic tamponade, intermittent drain-
age of the pericardial space has to be performed. Theoretically, 
the absence of circulating blood in the pericardial space should 
favor the use of cryoablation.

Di Biase et al.84 showed that cryoablation might represent a 
valid alternative energy source to minimize potential damages to 
surrounding structures, such as the coronary artery and the 
phrenic nerve, although its efficacy was limited to epicardial VT 
ablation in patients with a “normal heart.”84 In rare cases cryo-
ablation might be useful after ineffective RF energy delivery.85 
Other potential energy sources include microwave, laser, and 
ultrasound.86

Epicardial Ablation of Ventricular Tachycardia in 
Subjects with a “Normal” Heart

Idiopathic VT is defined as arrhythmia present in a subject with 
an apparent structurally normal heart. The majority of idiopathic 
VTs originate from the RV outflow tract (RVOT), which is in 
close proximity to the pulmonary valve. Other common sites of 
idiopathic VTs can arise from the pulmonary artery, the LV 
outflow tract, the aortomitral continuity, the coronary cusps, and 
the anterior interventricular vein.

The anterior interventricular vein, the RVOT, coronary 
cusps, and aortomitral continuity define an area where all these 
structures are in close proximity, and in some cases ablation from 
more than one structure is required to achieve success, including 
epicardial ablation via the coronary sinus or by instrumenting the 
pericardial space.87-96 It has been shown recently that VT/PVC 
arising from the interventricular vein could be abolished from a 
different area such as the left sinus of Valsalva when the distance 
between these structures is less than 13.5 mm.97 Schweikert 
et al.14 had 20 patients with “normal” hearts in their series of 

Figure 125-5.  Flowchart showing the need for an epicardial ventricular tachycardia 
ablation. 

NEED FOR EPICARDIAL ACCESS VT ABLATION

ARVC 100% cases (ref. 111–114)
Ischemic Cardiomyopathy 16–33% cases (ref. 33,129,130)
Hypertrofic Cardiomyopathy 100% cases (ref. 147,148)
Non Ischemic Cardiomyopathy 35–58% cases (ref. 31,33,53)
Chagas 100% cases (ref. 1,7–9,135–139)
Normal heart 6–12% (ref. 33,53)
Myocarditis 30% cases (ref. 142)

ECG suggestive of an epicardial VT site (ref. 76-80)

Underlying Condition:

Prior endocardial unsuccessful ablation

EPI scar at imaging studies (MRI, CT, other)
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Epicardial Ablation of Chagas Disease

Chagas disease is endemic in Latin America. It is caused by a 
parasite named Trypanosoma cruzi. It affects approximately 
90 million people in Latin America and causes approximately 
45,000 deaths per year.132 The cardiac involvement is more 
common in the chronic phase of the disease.133,134 Sudden 
cardiac death related to ventricular arrhythmias is a common 
clinical presentation. The major causes for arrhythmias are 
reentry and less commonly enhanced automaticity. Sabaranda 
et al.135 reported wall motion abnormalities as predictors of 
VTs in patients with Chagasis disease. The disease is character-
ized by the development of subepicardial fibrosis, explaining  
why the majority of these patients require an endoepicardial 
ablation.136-138

Epicardial access in these patients is often challenging because 
adherences are present; therefore, sometimes a surgical pericar-
dial window is necessary to perform VT ablation.136

Most of the VTs are related to a left-sided infero-basal135 and 
posterolateral scar, in close proximity to the mitral valve. Angi-
ography is often required in these cases to avoid coronary artery 
damages. Sosa et al.7 first described the presence of epicardial 
circuits responsible for the arrhythmias that were targeted. More 
recently, their group in a series of consecutive 257 patients 
referred for VT ablation reported that the prevalence of epicar-
dial VT was 37% in patients with Chagas disease, 24% in those 
with idiopathic dilated cardiomyopathy patients, and 28% in 
patients after myocardial infarction.139

Myocarditis

Ventricular arrhythmias are sometimes the initial presentation of 
myocarditis.140,141 Dello Russo et al.142 published a multicenter 
study of 20 patients with a mean EF of 55%, with drug refractory 
VT and a biopsy-proven myocarditis. In 30% of the cases, epi-
cardial ablation was necessary to treat the VT. Once myocarditis 
is suggested or diagnosed, contrast-enhanced cardiac magnetic 
resonance is useful for identifying scar. De Cobelli et al.143 found 
that late enhancement with gadolinium was present in 84% of 
patients with myocarditis and VT and that this was equally dis-
tributed between mid-wall and subepicardial areas.

Sarcoidosis, Granulomatous Diseases,  
and Hypertrophic Cardiomyopathy

Ventricular arrhythmias can also be the first clinical presentation 
in granulomatous cardiac disease.144 Koplan at al.145 described a 
series of eight consecutive patients with monomorphic VT owing 
to cardiac sarcoidosis. Areas of low voltage in the RV were present 
in all patients, in the LV in five patients, and in the epicardium 
in two patients. At 6 months of follow-up, four patients were 
controlled with immunosuppression and antiarrhythmic drugs. 
Four patients required cardiac transplant because of recurrent 
VT. Jefic et al.146 reported data from a multicenter registry of 42 
patients with cardiac sarcoidosis who developed VT. In 9 patients, 
VT was not controlled with medical therapy (steroids and antiar-
rhythmic drugs), and RF ablation was performed for this group. 
The most frequent VT mechanism was reentry in the peritricus-
pid area.

One patient required epicardial ablation of a lateral LV site; 
55% of the patients who underwent ablation had no recurrence 
at 20 months of follow-up. Different groups have reported VT 
ablation in the setting of hypertrophic cardiomyopathy, and the 
majority are case reports with unsatisfactory results.

Recently Dukkipaty et al.147 (10 patients) and Santangeli 
et al.148 (22 patients) presented the largest series published. Both 

Different groups have tested the role of epicardial ablation 
after the failure of the endocardial ablation. Garcia et al.111 and 
Bakir et al.112 showed that endo-epicardial ablation increased the 
success rate at follow-up when compared with endocardial abla-
tion alone. Bai et al.113 compared two different ablation strategies: 
endocardial ablation alone (n = 23) and endo-epicardial ablation 
(n = 26).113 Interestingly, after at least 3 years of follow-up, 
freedom from ventricular arrhythmias or implantable cardio-
verter defibrillator (ICD) therapy was 69% in the endocardial 
ablation–only group and 84.6% in the combined endo-epicardial 
ablation group. Similarly, Berruezo et al.114 reported a 91% 
success rate at 11 months of follow-up with a combined endoepi-
cardial ablation.

Of interest is the finding that the epicardial scar is usually 
larger than the endocardial one,80,115 demonstrating that with 
endocardial ablation alone many areas of the epicardial substrate 
would not be targeted. It is the author’s opinion that endo- 
epicardial abolition of any delayed, split, and fragmented  
electrograms is of utmost importance to improve long-term 
success.113,130

Epicardial Ventricular Tachycardia Ablation for 
Ischemic Cardiomyopathy

Ischemic cardiomyopathy is the most common cardiac disease in 
the United States and Europe, leading to VT and sudden cardiac 
arrest. The implantation of an ICD is warranted when ejection 
fraction (EF) is compromised.4 AADs are often ineffective to treat 
VTs and are laden with side effects.116 Catheter ablation of ven-
tricular arrhythmias represents a valid alternative to AADs, espe-
cially in the settings of ventricular storm to reduce ICD shocks 
and improve quality of life.

However, with endocardial ablation, results at the long-term 
follow-up are not optimal, despite the introduction of open irri-
gated catheters.117-124 Previous studies have described success 
rates ranging from 54% to 66%.83,117,125-128

Explanations for the recurrences could be the inability to 
create transmural lesions or the ablation technique being used. 
The thickness of the LV prevents lesions to reach the intramyo-
cardial and epicardial layers. New tools are under investigation, 
such as an ablation catheter with a retractable needle to create 
deeper lesions.123,124 Another possible explanation for the VT 
recurrence might be related to the ablation approach.

In patients with tolerated inducible tachycardia, the identifica-
tion of the critical isthmus responsible for the arrhythmia is 
crucial. Lesions are placed across the VT isthmus to terminate 
the VT.83 Differently, in patients with nontolerated VT, the 
three-dimensional map (bipolar voltages between 0.5 and 1.5 mV) 
and pacemap are performed during sinus rhythm to characterize 
the scar and the border zone. Alternatively, cardiopulmonary 
support can be used to facilitate VT induction and activation 
mapping.

Epicardial ablation is considered in patients with VT induc-
ibility after endocardial ablation or after the failure of a previous 
endocardial ablation, which occurs in 10% to 15% of cases.117

Recently, Jaïs et al.129 proposed to eliminate all local abnormal 
ventricular activities during sinus rhythm or ventricular pacing. 
In many cases, epicardial ablation to abolish all local abnormal 
ventricular activities was required.

Similarly, Di Biase et al.130 have suggested the ablation of all 
abnormal potentials around the entire endo or epicardial scar, or 
both (scar homogeneization). In addition to voltage criteria,131 
“abnormal” electrograms including delayed and fragmented 
recordings were targeted during ablation both endocardially  
and epicardially (33% of the cases). The homogeneization tech-
nique increased the success rate up to 81% at 27 months of 
follow-up.
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A “pressure sensor needle” able to differentiate the pressure 

in the parietal pericardium (respiratory rate) from the one of the 
visceral pericardium (heart rate), might be able to solve this 
problem. Mahapatra et al.155-157 have reported on a needle that 
can measure the changes in pericardial impedance once it enters 
the pericardial space and abandon the thoracic cavity.

Macris et al.158 and Seferovic et al.159 proposed a new device 
(Perducer Device; Comedicus, Columbia Heights, MN) to enter 
the pericardial space and to reduce complications associated with 
pericardial access. Laham et al.160 proposed a device able to deliver 
continuous positive pressure by using saline to push away the right 
ventricle and facilitate the puncture. In case of a double pericar-
dial access, the injection of fluid to induce hydropericardium thus 
separating the surrounding structures, such as coronary artery and 
the right ventricle, has been described.161 Scanavacca et al.162 
recently described a percutaneous transatrial approach in which 
the epicardial space was accessed via the atrial appendage.

The epicardial space was successfully entered in 17 animals, 
with complications in two cases because of a puncture outside the 
appendage: RV and tricuspid annulus.162

Pollack et al.163 designed a novel percutaneous access needle 
that draws the pericardium away from the surface of the heart 
before the access, thus minimizing the risk of ventricular 
perforation.

Nazarian et al.164 tested fiberoptic endoscopy for a direct visu-
alization within the pericardial space. The authors insufflated air 
through the endoscope. When the epicardial visualization was 
poor, an inflatable balloon was inserted and expanded in addition 
to the air. This technology allows visual identification of the 
pericardial structures, potentially reducing fluoroscopy and pro-
cedural time.

Sumiyama et al.165 tried to visualize the epicardium during 
gastrointestinal endoscopy. This methodology is better known as 
submucosal endoscopy with mucosal flap safety valve.

The Perikor technology is a tool created to allow better visu-
alization and access to the pericardial space. In addition, it allows 
thermal protection of anatomic structures during catheter abla-
tion and is able to deliver site-specific epicardial therapies such 
as gene therapy, stem cell therapy, and biologic therapy. Larger 
studies are necessary to assess the safety and the feasibility of 
these new technologies.

Other Ablation Approaches: Coronary Sinus and 
Left Persistent Superior Vena Cava

The coronary sinus runs transversely in the groove between the 
left atrium and the left ventricle on the posterior surface of  
the heart. Its orifice is located on the posterior, inferior surface 
of the heart, medial to the inferior vena cava opening, and supe-
rior to the septal leaflet of the tricuspid valve. Because of its 
anatomic location, the coronary sinus represents an important 
location for the understanding of the arrhythmia activation 
during mapping and for the ablation of several surrounding struc-
tures (e.g., accessory pathway, atrial and ventricular arrhythmias), 
offering additional options to successful ablation. In addition,  
the sinus itself could represent an arrhythmogenic area.36-38,40 The 
coronary sinus and sometimes its diverticulum provide a route to 
identify and ablate epicardial pathways, thus avoiding epicardial 
access.10-16,66-69

The coronary sinus (CS) represents the trigger site for a few 
atrial flutters and atrial tachycardias. In patients with atrial fibril-
lation, triggers within the CS have been recognized as potential 
sources of AF.166 Mapping triggers within the CS should be part 
of each left atrial arrhythmia ablation procedure. It is the author’s 
opinion that in case of demonstrated triggering from the CS, 
isolation is superior to focal ablation to achieve long-term success 
at follow-up.167

groups concluded that VT ablation in patients with hypertrophic 
cardiomyopathy is feasible and effective. However, epicardial 
instrumentation and ablation is required in a significant number 
of cases to increase success rate. Because of the thickness of the 
LV wall, VT cannot be suppressed in nearly 30% of the subjects 
despite endoepicardial ablation. In this subgroup, new catheter 
technologies or different energy sources need to be developed.

Brugada Syndrome

Nagase et al.149 showed that patients with type I Brugada ECG 
and coexistent negative T wave had abnormal electrograms in  
the epicardial RVOT compared with the endocardial RVOT. 
Recently, Nademanee et al.150 reported on nine patients with 
Brugada type I syndrome and recurrent episodes of ventricular 
fibrillation (VF).150 Combined endocardial and epicardial mapping 
of the RV revealed areas of abnormal low voltage and fractionated 
EGMs localized at the anterior aspect of the epicardial RVOT. 
Ablation of these electrograms rendered VT/VF noninducible in 
78% of the cases, after a mean follow-up of 20 months. More 
interestingly, the ECG pattern normalized in 89% of cases.

Epicardial Ablation Using Magnetic  
Robotic Navigation

Robotic magnetic navigation has shown promising results for the 
ablation of VTs. Catheter movement within the epicardial space 
can be manually difficult because of the absence of anchoring 
structures. In some cases, navigating to certain positions can 
require looping of the catheter around the heart. Remote mag-
netic navigation directs the magnetic tip of the catheter to a 
certain location with the use of the magnetic field,151-153 rendering 
the map of the epicardial space easier.

Aryana et al.154 reported on the use of remote magnetic navi-
gation to guide endocardial and epicardial mapping and ablation 
of scar-related VT154 because of several conditions: idiopathic 
cardiomyopathy (ICM), NICM, hypertrophic cardiomyopathy, 
arrhythmogenic right ventricular cardiomyopathy, and sarcoid-
osis. Electroanatomic maps of the LV, RV, and epicardial surface 
were constructed robotically. Success rate was 97% at 7 ± 3 
months of follow-up. The authors’ group reported the largest 
series (110 patients) of consecutive patients with LV VT who 
were mapped and ablated with the stereotaxis robotic system. In 
36 cases, epicardial mapping and ablation was successfully per-
formed. At 11.7 months of follow-up, the success rate was 85%. 
The study compared the robotic ablation with a similar group of 
patients undergoing manual LV VT ablation. Success rate was 
similar within robotic and manual ablation, although procedural 
time and RF time were longer in the robotic group. Interestingly, 
fluoroscopy time was lower in the robotic group. Crossover to 
manual ablation was required in 14% of the cases.49

New Tools to Access the Epicardial Space

In the last 15 years, cardiac electrophysiologists have appreciated 
the benefit of epicardial ablation for the treatment of complex 
arrhythmias. A major limitation of epicardial ablation is the 
ability to access the pericardial space. An ideal tool would be one 
that reduces the operator dependency while minimizing compli-
cations. The visualization of the pericardium is difficult with both 
the use of fluoroscopy and contrast, thus creating a major chal-
lenge because the operator does not easily understand when the 
needle enters the epicardial space. New methods to make peri-
cardial access easier while minimizing complications are being 
developed.
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permanently. Because of the risk of damaging the coronary 
vessels, cryoenergy might represent a valid alternative energy 
source, although it is often difficult to advance the stiffer cryo-
catheter in small vessels.84

With radiofrequency energy, ways to minimize coronary 
artery damage include reduction of the power setting to 30 W, 
avoiding the ablation catheter being wedged into the venous 
system and limiting the ablation time to no more than 20 seconds 
per ablation spot.

A persistent left superior vena cava (PLSVC) is an important 
target in patients with atrial fibrillation. When this anatomic 
variant is present, ablation within the PLSVC is of paramount 
importance to achieve freedom from atrial arrhythmias. As for 
the triggers from the coronary sinus, the best end point is electri-
cal isolation of the PLSVC, which is assessed by advancing the 
circular mapping catheter within the vein167,171 (Figure 125-6).
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Ventricular arrhythmias can originate and be ablated within 
the CS. The CS course (for the great cardiac and interventricular 
veins) at the base of the interventricular septum is in close prox-
imity to the epicardial surface of the left and right ventricular 
outflow tracts.168 Epicardial OT-VTs can arise from the coronary 
venous system, and some studies showed successful VT ablation 
from this structure.28,94,169,170

It is important to state that the CS can be the only site of early 
activation and of successful ablation of VT/PVCs, but it can also 
represent a site from which it is possible to reach surrounding 
structures such as the epicardium. Jauregui Abularach et al.97 
showed that CS VTs can be ablated from surrounding structures, 
such as the mitroaortic continuity and the left sinus of Valsalva, 
when the distance is less than 13.5 mm. This result is important 
because it is often difficult to map the distal part of the interven-
tricular vein and in general the whole CS vessels. A 2.5-French 
diagnostic catheter is often necessary during the mapping portion 
of the procedures. In addition, because of the close proximity to 
the coronary arteries and the small diameter of the vessels, some-
times no more than 10 W can be delivered, resulting in ineffec-
tive lesions. Ablation with irrigated catheters and up to 30 W  
is usually necessary to abolish the VTs from this structure 

Figure 125-6.  Atrial fibrillation ablation in a patient with persistent left superior vena cava (PLSVC). A, The intracardiac echocardiography (ICE) image of the PLSVC. The red 
arrow indicates the enlarged coronary sinus ostium. B, The angiography of the PLSVC demonstrating right superior vena cava atresia. C, The circular mapping catheter at 
the distal part of the PLSVC. D, A three-dimensional reconstruction of the left atrium and of the PLSVC. The red dots indicate ablation in the left atrium, and the pink dots 
indicate ablation in the PLSVC. The latter structure requires complete isolation to achieve long-term success in these patients. 
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spontaneously resolve. The specific situation of congenital heart 
disease (CHD) should be noted. Certain forms of CHD are 
highly associated with arrhythmias. Most importantly, patients 
with Ebstein anomaly of the tricuspid valve have a high incidence 
of coexisting WPW syndrome, generally because of right-sided 
APs.4 One subtype of hypertrophic cardiomyopathy is associated 
with WPW syndrome, specifically Danon disease, a form of gly-
cogen storage disease caused by LAMP-2 mutation.5 In patients 
who have had repair of CHD, a variety of tachyarrhythmias are 
seen, generally in the late postoperative period, sometimes 
decades later. This topic is discussed in Chapter 127. Intraatrial 
reentry tachycardia, also known as postoperative atrial flutter, is 
seen commonly after extensive atrial surgery, such as a Senning 
or Mustard procedure, but can also be seen after any operation 
that involves an atriotomy including repair of tetralogy of Fallot, 
ventricular septal defect, atrial septal defect, or other 
conditions.6

General Procedural Success and Complication 
Rates That Inform Indications

The first case reports and single-center reports concerning a 
catheter ablation in children appeared in the early 1990s, but 
organized multicenter research quickly followed. There are now 
reasonable benchmarks for likely success rates, complication 
rates, and recurrence risks based on these multicenter studies. 
The collaborative Prospective Assessment after Pediatric Cardiac 
Ablation (PAPCA) study began enrolling patients on April 1, 
1999, in an effort to better determine success rates, complications 
rates, and the time course of recurrence following initially suc-
cessful ablation. The PAPCA study included children up to 16 
years old with either AP tachycardias or AVNRT. The first 
PAPCA report included 2761 patients and reported an initial 
procedural success rate of 95.7%, which was higher for left-sided 
(97.8%) than for right-sided (90.8%) pathways.7 Acute complica-
tions were uncommon (approximately 4%). The incidence of AV 
block was 1.2% of all procedures, but 2.1% of AVNRT and 3.0% 
of septal AP procedures. Success rates were high in younger aged 
children and teenagers, and complication rates were similar. The 
second PAPCA report focused on recurrence.8 This study 
involved 517 successfully ablated substrates (540 attempted; 
95.7%). Recurrence rate 12 months after ablation related to sub-
strate type (AP, AVNRT) and AP location. It was highest for right 
septal pathways (24.6%) and lowest for left septal AP and AVNRT 
(both 4.8%). Serial echocardiography results after ablation was 
the subject of the third PAPCA report.9 Previously, only anec-
dotal or retrospective nonblinded data had been reported address-
ing the issue of potential cardiac structural damage (e.g., valvar 
regurgitation, perforation, coronary occlusion) by ablation.10 In 
the small hearts of pediatric patients, this has been an important 
concern. Of the total 481 patients (follow-up at 2, 6, and 12 
months) who were recruited, two-dimensional echocardiography 
was obtained before and at intervals following the ablation  
procedure, and these studies were reviewed by a reference labora-
tory in a blinded fashion. Moderate valve regurgitation was 
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Indications for Ablation in the  
Pediatric Age Group

The indications for catheter ablation in the pediatric age group 
are similar to, but not identical to, those in the adult group. As 
with any invasive procedure, the indications depend on the 
natural history of the condition, the success rate of the proposed 
intervention, and the complication rates. In the pediatric age 
group, these considerations are largely dependent on the age and 
the size of the child, as growth and development change both the 
respective incidences of the mechanisms of tachycardia, and the 
potential for a safe uncomplicated procedure.

Incidence of Heart Rhythm Abnormalities by Age 
and Congenital Heart Disease

The respective incidences of heart rhythm disorders change 
throughout childhood, from fetal life, through newborn infants, 
and up through the teen years to adulthood. In adults, the most 
common form of supraventricular tachycardia (SVT) other than 
atrial fibrillation is atrioventricular nodal reentrant tachycardia 
(AVNRT). In contrast, in the newborn infant, this diagnosis is 
unusual, whereas accessory pathway (AP)–mediated tachycardia 
is the most common form of SVT seen. Through childhood, 
AVNRT becomes progressively more likely and is common in 
teenagers.1

Specific arrhythmia mechanisms are much more common in 
children and adults. Atrial flutter can be seen in the newborn 
period, with atrial rates in the range of 400 to 600 beats/min, but 
once converted back to normal sinus rhythm, most will never 
require therapy or ablation.2 Neonates can exhibit hydrops caused 
by in utero SVT, but most can be managed with medication once 
they are born. Furthermore, the natural history of SVT in infants 
is fairly well characterized, particularly when Wolff-Parkinson-
White (WPW) syndrome is present.3 Most will experience spon-
taneous resolution by 1 year of age, and this argues strongly for 
avoiding invasive procedures in infants if possible. Occasionally, 
incessant SVT, especially persistent junctional reciprocating 
tachycardia (PJRT), or other mechanisms such as atrial ectopic 
tachycardia or junctional ectopic tachycardia can be difficult to 
manage and rarely require catheter ablation. It is generally agreed 
that once the child reaches 3 to 4 years of age, if SVT is still 
occurring clinically, it is unlikely that the substrate will 
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uncommon (0.12%), and severe valve abnormalities were not 
seen at all. With the exception of the association of mild tricuspid 
valve regurgitation to right free wall AP and AVNRT, there was 
no other association of ablation targets to valve proximity. No 
intracardiac thrombosis or ventricular wall motion or function 
problems were found.

Since the publication of the PAPCA studies, technology has 
changed, with both the availability of catheter cryoablation and 
reports of the use of three-dimensional (3D) mapping as a tech-
nique for avoiding fluoroscopy exposure. The risk of inadvertent 
AV block has been lowered substantially with the use of cryoabla-
tion.11,12 Only transient block has been reported. This compares 
to the data for RF ablation that consistently has shown a 1% risk 
of AV block for slow AV node modification for AVNRT, 3% for 
ablation of anteroseptal APs, and 10% for midseptal APs.13

Since the beginning of the catheter ablation era, there has been 
concern about the fate of the coronary arteries, because of the 
frequent close anatomical proximity of the catheter ablation to the 
tricuspid and mitral valve annulus. It is thought that high coronary 
flow dissipates any heat that reaches to coronary arteries, and 
results have shown, with few exceptions, no evidence of gross 
catheter ablation damage using standard ablation techniques for 
APs. However, the concern for potential catheter ablation damage 
to coronary arteries has never completely receded. There have 
been occasional but persistent case reports of coronary damage, 
especially in small children.14 Further animal investigation dem-
onstrated catheter ablation effects by more sensitive tests, such as 
ultrasound, suggesting that perhaps the absence of gross catheter 
ablation damage did not negate the potential cellular damage that 
could lead to clinical problems in the future, in the older pediatric 
population, and in adults.15 Although there are essentially no 
reports of the late development of coronary artery disease follow-
ing catheter ablation, no prospective studies investigating the 
status of the coronary arteries have been performed.

Consensus Indications (Class I, II, III) for Catheter 
Ablation in Children

From the factors and available data detailed earlier, it appears 
reasonable that indications for catheter ablation in pediatric 
patients should vary with age and symptoms. The 2002 NASPE 
Expert Consensus Conference reported guidelines for the indica-
tions of ablation in children by applying the American Heart 
Association (AHA) and American College of Cardiology (ACC) 
definitions used for other published indications: class I, class II, 
and class III (Box 126-1)16. No other consensus guidelines for 
pediatric indications have been developed; however, several 
reports continue to stimulate opinion and discussion.

A recent joint expert consensus statement from the Pediatric 
and Congenital Electrophysiology Society and the Heart Rhythm 
Society addressed the topic of management of asymptomatic 
younger patients with WPW syndrome. Traditionally, the risk of 
sudden death in asymptomatic individuals has been thought to 
be low (0.1% per year), but it is clear that these data, accumulated 
for adults, do not necessarily apply to the pediatric population. 
There have always been reports of pediatric patients with sudden 
death as their first sign of WPW, but the actual risk of this event 
has been difficult to determine. The availability of electrophysiol-
ogy testing, the high success rate, and low complication rate of 
catheter ablation have prompted many clinicians to take an 
aggressive approach to studying asymptomatic pediatric patients 
with WPW syndrome and offering catheter ablation when safe 
and feasible. The recent consensus document supports the use of 
noninvasive testing for risk stratification, specifically exercise 
treadmill testing to identify individuals who have had a spontane-
ous loss of preexcitation indicating low risk.17 Another approach 
is the use of the Holter monitor to identify intermittent 

Box 126-1 Indications for Pediatric Catheter Ablation

Class I
• WPW syndrome following an episode of aborted sudden 

cardiac death
• WPW syndrome associated with syncope when there is a 

short preexcited R-R interval during atrial fibrillation 
(preexcited R-R interval < 250 ms) or antegrade effective 
refractory period of the accessary pathway measured 
during programmed electrical stimulation < 250 ms

• Chronic or recurrent SVT associated with ventricular 
dysfunction

• Recurrent VT that is associated with hemodynamic 
compromise and is amenable to catheter ablation

Class IIA
• Recurrent or symptomatic SVT refractory to conventional 

medical therapy and age > 4 years
• Impending congenital heart surgery when vascular or 

chamber access may be restricted following surgery
• Chronic (occurring for >6-12 months following an initial 

event) or incessant SVT in the presence of normal 
ventricular function

• Chronic or frequent recurrences of intraatrial reentrant 
tachycardia

• Palpitations with inducible sustained SVT during 
electrophysiological testing

Class IIB
• Asymptomatic preexcitation (WPW pattern) on an ECG, age 
>5 years, and no recognized tachycardia, when the risks and 
benefits of the procedure and arrhythmia have been clearly 
explained

• SVT, age > 5 years, as an alternative to chronic 
antiarrhythmic therapy that has been effective in 
controlling the arrhythmia

• SVT, age < 5 years (including infants), when antiarrhythmic 
medications, including sotalol and amiodarone, are not 
effective or are associated with intolerable side effects

• IART, one to three episodes per year, requiring medical 
intervention

• AV node ablation and pacemaker insertion as an alternative 
therapy for recurrent or intractable intra-atrial reentrant 
tachycardia

• One episode of VT that is associated with hemodynamic 
compromise and that is amenable to catheter ablation

Class III
• Asymptomatic WPW syndrome, age < 5 years
• SVT controlled with conventional antiarrhythmic 

medications, age < 5 years
• Nonsustained, paroxysmal VT that is not considered 

incessant (i.e., present on monitoring for hours at a time or 
on nearly all strips recorded during any 1-hour period) and 
where no concomitant ventricular dysfunction exists

• Episodes of nonsustained SVT that do not require other 
therapy or are minimally symptomatic

AV, Atrioventricular; ECG, electrocardiogram; IART, intraatrial reentry; SVT, 
supraventricular tachycardia; VT, ventricular tachycardia; WPW, 
Wolff-Parkinson-White.
Extracted from Friedman RA, Walsh EP, Silka MJ, et al: NASPE Expert Consensus 
Conference: Radiofrequency catheter ablation in children with and without 
congenital heart disease. Report of the Writing Committee. Pacing Clin 
Electrophysiol 25:1000–1017, 2002.
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preexcitation. For individuals who are 8 to 21 years old and 
exhibit constant preexcitation but are asymptomatic, transvenous 
or esophageal electrophysiology study was judged reasonable, 
primarily to evaluate the shortest preexcited RR interval during 
atrial fibrillation, with subsequent catheter ablation depending on 
the findings. The decision concerning ablation also depends on 
the proximity of the pathway to critical structures, such as the 
conduction system or coronary arteries, and the inducibility of 
AV reciprocating tachycardia.

Another frequently discussed issue is ablation in infants and 
small children. Data from individual centers suggests that younger 
and smaller patients appear to have a higher risk of complications, 
although small numbers of patients limit meaningful statistical 
analysis. Blaufox et al.18 showed good success rate in their 14 
small patients (18 procedures) weighing less than 15 kg. They 
reported a higher incidence of complications that were signifi-
cantly associated with greater total RF applications. The consen-
sus is that ablation is recommended only in dire circumstances in 
this population and, when necessary, limiting RF application 
duration to 20 seconds.

Preparation for the Procedure

Developmental and Psychosocial Considerations 
and Procedure Consent

Most children older than 6 years should be involved in some way 
in the consent process, and the level of involvement depends on 
age and developmental status. Preparation for the procedure 
should start well in advance and is particularly important in 
teenagers who need to be completely cognizant of the issues 
involved. Often, pediatric patients and families who have previ-
ously gone through the experience can be helpful in answering 
questions and allaying fears.

Preprocedure Studies

The results of all prior cardiovascular testing should be reviewed, 
paying particular attention to electrocardiographic documenta-
tion of the arrhythmia in question. Most clinicians routinely 
obtain a complete echocardiogram in children coming to the 
electrophysiology laboratory, even when there is no clinical evi-
dence of structural heart disease. Certain abnormalities are 
important to detect before insertion of catheters, such as left 
superior vena cava to coronary sinus (CS) connection, patent 
foramen ovale, and more rare abnormalities of venous connec-
tions. In patients with preexcitation, and particularly those with 
apparent right-sided pathway locations, Ebstein anomaly of the 
tricuspid valve should be excluded, because this defect dramati-
cally changes the expected technical challenges and likely 
outcomes.

Laboratory Setting

Sedation and Anesthesia

Virtually all pediatric patients require sedation, anesthesia, or 
both. For younger children, general anesthesia is essentially 
always used. Although older teenagers can often cooperate with 
an invasive procedure lasting several hours with conscious seda-
tion, many cannot, and it can be difficult to predict which teenag-
ers will do well. In general, patient and family acceptance is 
highest when general anesthesia is offered.

Anesthesia techniques vary, and patients can undergo deep 
sedation and anesthesia without airway instrumentation, or with 
the use of laryngeal mask airway or endotracheal intubation. The 
anesthetic agent dexmedetomidine should be avoided; it is a 
vagotonic agent and suppresses sinus and AV node function,19 and 
it can interfere with automatic focus tachycardias.20 However, the 
use of general anesthesia has implications for the pediatric 
patient. First, the inducibility of arrhythmias, particularly 
AVNRT, may be decreased and it is frequently necessary to use 
provocative agents such as isoproterenol to allow for tachycardia 
initiation. Recovery from general anesthesia will generally take 
longer than with conscious sedation, and postprocedure nausea 
is sometimes an issue; therefore, same day discharge is not always 
possible.

Radiation Concerns

Nearly all ablation procedures require some level of radiation 
exposure, and for years there has been concern over the effects 
of such exposure in young patients, particularly before modern 
pulsed fluoroscopy systems became available. Bacher et al.,21 
Campbell et al.,22 and Davies et al.23 have addressed the issues of 
various measurements, new technologies of radiation direct mea-
surement, and radiation exposure–reduction strategies. The cal-
culated effective doses in children are as high as those for adult 
interventional cardiology, resulting in higher radiation risks. It is 
important to monitor the patient by the use of dose-area-product 
(DAP) instrumentation and to maintain records of cumulative 
DAP for individual patients for repeat procedures. DAP can be 
reduced by using beam filtration to maintain the effective dose 
as low as possible. Strategies to reduce radiation exposure have 
been developed.

The availability of advanced 3D mapping systems has led to 
much interest in the development of nonfluoroscopic catheter 
navigation techniques in children. In addition, intracardiac echo-
cardiography contributes, particularly for the safe performance 
of the transseptal puncture. The performance of catheter ablation 
in children completely without fluoroscopy is clearly possible, but 
it is much more likely that these technologies will lead to a dra-
matic reduction in fluoroscopy exposure rather than complete 
elimination.24

Recording and Mapping Systems

All modern pediatric electrophysiology laboratories incorporate 
the use of 3D mapping systems. These systems are particularly 
valuable for mapping complex arrhythmias, such as those seen 
after repaired CHD. They provide excellent assistance to cath-
eter navigation, even for simple substrates that normally do not 
require 3D mapping, such as AVNRT and APs. In addition to 
reducing fluoroscopy exposure, as discussed earlier, they allow for 
the accurate placement of catheters at previously mapped and 
ablated locations, such as when a successful lesion is followed by 
recurrence of AP conduction. These systems can be used in the 
smallest patients.

Energy Sources

The various technologies available for creating intracardiac 
lesions are covered extensively elsewhere in this text. Standard 
radiofrequency (RF) ablation, irrigated tip ablation, and ablation 
with large tips are useful in the pediatric population; however, 
techniques such as irrigated tip ablation designed to create larger 
and deeper lesions are rarely used in children, particularly those 
with smaller hearts, because of a fear of serious complications.
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AV node is common. Thus, in WPW syndrome, preexcitation 
tends to be less prominent, making prediction of pathway loca-
tion more difficult. Furthermore, it is possible for a robust ante-
grade AP to exhibit essentially no preexcitation on the surface 
electrocardiograms during sinus rhythm if that pathway is located 
in the left lateral location and AV nodal conduction is brisk 
(Figure 126-1). In the laboratory, excellent retrograde conduc-
tion via the AV node occasionally makes identification of left 
lateral pathways challenging when pacing is performed from the 
right ventricular apex. At times, the only way to show eccentric 
retrograde atrial activation clearly via a left-sided pathway is by 
left ventricular pacing, or by the administration of adenosine 
during ventricular pacing.

The approach to left-sided APs can be via a patent foramen 
ovale, a transseptal puncture, or a retrograde approach via the 
femoral artery. Each of these approaches has advantages and dis-
advantages. In all, full systemic heparinization is considered the 
standard of care, and most laboratories use a target activated clot-
ting time greater than 240 seconds. It should be noted that there 
is no clinical evidence that any given activated clotting time level 
is effective at preventing thromboembolic stroke in left-sided 
catheter ablation for SVT. The transseptal approach has the 
advantage of avoiding an arterial puncture, and most sites on the 
mitral annulus can be reached relatively easily. Possible exceptions 
to this rule include pathways that are located anteriorly, as well as 
left posteroseptal pathways in which the curve of the sheath may 
make it difficult to reach these locations. Careful attention must 
be paid to the avoidance of blood clot formation between the 
sheath and ablation catheter, and particular attention must be paid 
when ablation catheters are exchanged, so that air is not intro-
duced and then delivered to the left atrium. The retrograde 
approach is highly effective, and all parts of the mitral annulus can 
be reached, including the anterior and left posteroseptal locations. 
The retrograde approach allows the tip of the catheter to be posi-
tioned under the mitral valve leaflet, where catheter stability is 
excellent, and tip temperatures are also excellent at moderate 
power (Figure 126-2). Alternatively, the catheter can be retro-
flexed through the mitral valve and positioned in the left atrium 
and then balanced on the mitral annulus. With this approach, 
adequate tip temperatures are sometimes difficult to achieve. This 
latter approach is generally required if the pathway is located adja-
cent to the commissure between the anterior and posterior mitral 
valve leaflets. Although there initially was concern that the retro-
grade approach put the aortic valve at risk of aortic insufficiency as 
a complication, the PAPCA study identified no such risk.9

RF energy can be delivered during sinus rhythm in WPW 
syndrome, or during atrial pacing to bring out preexcitation. For 
concealed and manifest pathways, energy can be delivered during 
ventricular pacing, observing for a sudden shift in retrograde 
atrial activation sequence or loss of retrograde conduction 
entirely. This latter technique is problematic if retrograde nodal 
conduction is robust and eccentric retrograde atrial activation is 
difficult to appreciate. One approach to this problem is to pace 
the ventricle faster, achieving decremental retrograde conduction 
in the node and bringing out retrograde pathway conduction, but 
this is sometimes not tolerated in the anesthetized child. Another 
approach is to pace from the left ventricle if left-sided pathway 
conduction can otherwise not be seen, but this requires an addi-
tional catheter to be placed in most cases. Finally, one helpful 
technique is to initiate sustained AV reciprocating tachycardia, 
and then entrain the tachycardia using ventricular pacing at a 
slightly faster rate, thereby eliminating the problem of retrograde 
fusion. This technique also avoids the problem of catheter dis-
lodgment, which can result from successful ablation and sudden 
termination of tachycardia. When pathways are located on the 
septum, this approach should not be taken, as one needs to 
observe for the occurrence of junctional rhythm as an indication 
of impending damage to the AV node. In this situation, most 

The development of the cryoablation techniques has enhanced 
the safety of catheter ablation. The avoidance of inadvertent AV 
block is of paramount concern in children, as those with this 
complication will require a lifetime of pacing. Cryoablation 
essentially allows for the complete avoidance of this complica-
tion. In addition, RF lesions are often ineffective in areas of low 
flow, such as the CS and cryoablation offers advantage here.25 
The details of the biophysics and engineering considerations are 
covered elsewhere. The limitations of this technology in children 
are partly related to the stiffness of the currently available cath-
eters, as well as the lower reported success rate initially, and 
higher reported recurrence rate, with cryoablation compared 
with RF ablation in pediatric patients.26 In general, larger tip 
cryoablation catheters seem to be more effective in early reports.

Child-Specific Resources

The pediatric electrophysiology laboratory is ideally equipped 
with devices and catheters that allow for the performance of 
procedures in small hearts. The staff members should be trained 
in the care of children; this group includes cardiologists, nurses, 
and anesthesiologists. In addition, the laboratory should exist in 
an environment that supports all aspects of pediatric care. The 
availability of a pediatric intensive care unit is essential, as is a 
recovery area with personnel experienced in caring for children 
after anesthesia. The institution should have pediatric cardiotho-
racic surgery services available in the infrequent event of a cata-
strophic complication. Other features of a children’s hospital are 
also important, such as the availability of Child Life services.

Clinical and Procedural Considerations 
Related to Specific Pediatric  
Ablation Procedures

General Technical Considerations

Few if any of the catheters designed and marketed for ablation 
procedures are designed for children; therefore, the pediatric 
electrophysiologist must adapt currently available equipment to 
the situation of smaller anatomy. Size 4 and 5 French diagnostic 
catheters are available, which minimize the effect on the vessels. 
In small children and in those with limited venous access, the use 
of an esophageal lead allows a complete study with fewer intra-
vascular catheters.

In smaller children, the amount of cardiac movement and the 
effect of diaphragm movement can be significant. Long vascular 
sheaths are available for stabilizing catheter positions, but they 
are designed for adults and are difficult to deploy in smaller 
hearts. Catheter stability often can be achieved with nonstandard 
catheter approaches, such as via the subclavian or jugular vein. 
In cases of ablation close to the AV junction, the effect of respira-
tory movement on catheter position can be minimized by a held 
inspiration in the anesthetized patient, with the cooperation of 
the anesthesiologist.27

Wolff-Parkinson-White Syndrome and Concealed 
Accessory Pathways

The standard techniques for diagnosis, intracardiac mapping, and 
catheter ablation, discussed elsewhere in this text, apply in all 
children. However, pediatric cardiac physiology can present some 
particular challenges. For example, AV node conduction tends to 
be naturally robust in children. The PR interval is a relatively 
short compared with adults, and retrograde conduction via the 
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Figure 126-1.  Surface and intracardiac electrograms in a 12-year-old patient with Wolff-Parkinson-White syndrome. Note that there is essentially no preexcitation on the 
surface ECG in sinus rhythm (A), but preexcitation is seen easily with high right atrial pacing at a cycle length of 320 ms (B). HRA, High right atrium; prx, proximal; mid, 
middle; dis, distal; RVa prx, proximal right ventricular apex. 
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cases is found in the posteroseptal region. Most cases of PJRT 
tend to be incessant, and ablation during tachycardia is the usual 
approach. It is helpful but not mandatory to differentiate PJRT 
from two other conditions that can appear identical—namely, 
atrial ectopic tachycardia arising from the region of the posterior 
septum and the atypical form of AVNRT. Differentiation is 
usually accomplished by critically timed PVCs (Figure 126-3), 
which often will advance the next atrial electrogram at a time 
when the His bundle is refractory.

Atrioventricular Node Reentry Tachycardia

The physiology of the AV node changes with development29,30 
and, not surprisingly, there are differences in the AV node physi-
ology of adults versus children with AVNRT. The usual defini-
tion of dual AV node pathways is a 50-ms prolongation in AV 
node conduction time (A2H2) in response to a 10-ms decrease 
in A1A2 interval. In children and adolescents, a clear-cut dem-
onstration of dual AV node pathways is less common than in 
adults. On the other hand, sustained slow pathway conduction is 
more commonly observed, in which rapid atrial pacing conducts 
down the slow pathway and the PR interval is greater than the 
RR interval. This phenomenon is known as crossover and is 
common in teenagers and younger children. The need for iso-
proterenol for initiation of AVNRT in the laboratory is also 
common, probably at least partly due to how commonly general 
anesthesia is employed in this population.

One interesting phenomenon that is observed frequently in 
young patients is 2 : 1 AV conduction during sustained AVNRT, 
caused by either His-Purkinje system block or so-called lower 
final common pathway block. It is important for the clinician to 
be acquainted with this phenomenon, because it initially appears 
most consistent with a diagnosis of atrial tachycardia with 2 : 1 
conduction. Typically, a critically timed premature ventricular 
contraction will convert 2 : 1 conduction to 1 : 1 conduction, but 
this observation is not specific and does not differentiate AVNRT 
from atrial tachycardia. In practice, once 2 : 1 conduction has 
been converted to 1 : 1 conduction, one should exclude atrial 
tachycardia by specific maneuvers.

The techniques for RF ablation are similar to those used in 
adults, in which the slow pathway is targeted. Most clinicians use 
an anatomically based and electrogram-guided approach in which 
the region of the mouth of the CS is explored for typical electrical 
potentials. Energy is delivered during sinus rhythm, observing 
for junctional accelerated rhythm as an indicator of correct abla-
tion location. In some laboratories, atrial pacing is performed at 
a rate faster than the junctional rhythm, observing for AV block; 
in others, junctional rhythm is simply observed and energy deliv-
ery is terminated if retrograde block is observed during junctional 
rhythm.

The CS can be cannulated via the internal jugular, subclavian, 
or femoral vein. The latter approach may require a deflectable 
catheter. One available technique for better defining anatomy is 
the cannulation of the CS by a multipolar catheter with a lumen, 
allowing the injection of radiographic contrast. When this type 
of catheter is used, the relationship of the CS mouth to a specific 
electrode pair can be established; in turn, the dimensions of the 
proximal CS can be observed in addition to its proximity to the 
site where the His bundle electrogram is recorded (Figure 126-4). 
The proximal CS is enlarged in many cases. Knowledge of this 
anatomic information allows the clinician to better avoid deliver-
ing energy inside the CS itself.

It is important that inducibility of AVNRT in any patient be 
well established before proceeding with ablation. Unlike the situ-
ation with APs, the basic substrate for AVNRT is not particularly 
well understood, and dual AV node pathway physiology often 
persists after successful ablation procedures. Therefore, an abla-
tion approach that seeks simply to eliminate all evidence of slow 

clinicians deliver energy in sinus rhythm and test retrograde 
conduction after each lesion.

The techniques for using cryoablation for AP ablation are 
similar. However, one advantage of cryoablation is the phenom-
enon of cryoadhesion, in which the tip of the catheter adheres to 
the myocardium once the temperature is less than –35°C. Because 
of this phenomenon, cryoablation can be performed during sus-
tained AV reciprocating tachycardia without entrainment pacing, 
because when tachycardia terminates because of successful abla-
tion, the catheter tip will not dislodge. When using this tech-
nique, of course, the clinician must confirm immediately that 
tachycardia has terminated because of retrograde pathway block 
rather than antegrade AV node block.

Because the results of cryoablation for APs have been some-
what disappointing, both in terms of initial success rate and the 
high incidence of recurrence, in most laboratories cryoablation 
is reserved for pathways that are close to the AV node or located 
in structures, such as the CS, where inadequate tip cooling pre-
vents adequate lesion formation with RF energy.26,28

One particular form of AV reciprocating tachycardia is rela-
tively uncommon and is principally seen in the pediatric popula-
tion; it is termed persistent junctional reciprocating tachycardia 
(PJRT). Patients with PJRT can present in heart failure caused 
by tachycardia-induced cardiomyopathy. This form of SVT is 
mediated by a slowly conducting concealed AP that in almost all 

Figure 126-2.  Fluorosocopic images of catheter positions in a patient undergoing 
catheter ablation of a  left-sided accessory pathway via a  retrograde approach  to 
the  ventricular  side  of  the  mitral  annulus.  A,  Right  anterior  oblique  view.  B,  Left 
anterior oblique view. 

A

B



AbLATION IN PEdIATRICS 1283

126 

Figure 126-3.  Incessant persistent junctional reciprocating tachycardia in a 6-year-old boy. Note that long RP tachycardia with inverted P waves in leads II and AVF. Earliest 
retrograde atrial activation is seen in coronary sinus (CS) pair 5,6, which by fluoroscopy was at the mouth of the CS. A premature contraction is introduced after the inscrip-
tion of the His bundle electrogram, which advances the next atrial electrogram without changing retrograde atrial activation sequence, proving the presence of an extra-
nodal pathway. HRA, high right atrium; prx, proximal; mid, middle; dis, distal; RVa prx, proximal right ventricular apex; Stim 2, stimulus marker. 
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Figure 126-4.  Fluoroscopic images of catheter positions in a patient with atrioventricular nodal reentrant tachycardia. Note that radiographic contrast is injected via the 
coronary sinus (CS) catheter, allowing for  identification of the relationship of the CS mouth to the CS electrodes. A, Right anterior oblique view. B, Left anterior oblique 
view. 
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pathway conduction is likely to be overly aggressive and might 
increase the risk of AV block. For this reason, most pediatric 
clinicians use the elimination of tachycardia inducibility as their 
primary endpoint for ablation in AVNRT. This approach requires 
that AVNRT be inducible; therefore, reliable methods for tachy-
cardia initiation in each patient should be defined.

The use of cryoablation for posterior AV node modification 
in AVNRT has been studied extensively in children.12 It is a 
reasonably effective technique, but has a higher recurrence risk 
in most laboratories than the use of RF ablation. Cryoablation 
has the advantage of completely avoiding any risk of AV block; 
therefore, it is used frequently in younger and smaller children. 



1284 ELECTRICAL THERAPY

Congenital junctional ectopic tachycardia is another rare con-
dition that is seen mainly in children. It seems to have a familial 
occurrence, tends to be incessant, presents as a narrow QRS 
tachycardia with AV dissociation and capture beats, and can 
present with tachycardia-induced cardiomyopathy. Catheter 
ablation is necessarily hazardous because of the proximity of the 
AV conduction system. Surprisingly, however, there are many 
reports of successful ablation using RF energy without interrup-
tion of normal AV conduction.31 In addition, the advantages of 
cryoablation are obvious in this condition, because complete AV 
block should be completely avoidable using cryoablation.

Follow-Up

Patients should be followed after initially successful catheter abla-
tion procedures, principally to monitor for possible recurrence 
of the ablated substrate. Clinical studies have shown that most 
documented recurrences are evident by 6 months after the pro-
cedure.8 Most clinicians see patients at several intervals out to 
1 year.

For patients who have undergone ablation of an incessant 
tachycardia, follow-up generally involves serial echocardiography 
to document resolution of ventricular dysfunction, as well as 
Holter monitoring to detect episodes of tachycardia.

The techniques of mapping and catheter positioning are similar 
to those for RF ablation; however, because of the characteristic 
of cryoadhesion, characteristics of AV conduction can be tested 
during the lesion, and ablation can even be performed during 
sustained tachycardia, seeking to observe sudden termination. 
With cryoablation, catheter dislodgment is not a problem  
during sudden termination, and the lesion can be continued for 
a full 4 minutes. When using this technique, however, the clini-
cian must immediately determine the mechanism of termination, 
to confirm that it is by slow pathway block rather than fast 
pathway block.

Automatic Focus Tachycardias, Especially 
Junctional Ectopic Tachycardia

The approach to most automatic focus tachycardias is similar to 
that used in adults. Three-dimensional mapping has proved  
itself useful in atrial ectopic tachycardia and various forms of 
ventricular tachycardia, especially those arising from the right 
ventricular outflow tract. One problem often presents itself in 
pediatric cases of automatic tachycardia, and that is the tendency 
for suppression of the automatic focus with the administration of 
anesthesia.
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syndrome, or supraventricular tachycardia (SVT) might be more 
optimally managed by preoperative catheter ablation.

Currently, there are more adults than children living with 
CHD, because of marked improvements in early (even fetal) 
diagnosis, congenital heart surgery, and perioperative manage-
ment. The indications for catheter ablation in adult and pediatric 
patients with CHD can vary by arrhythmia substrate and ana-
tomic complexity. Atrial arrhythmias include automatic (ectopic 
atrial tachycardia), reentrant (atrial flutter and intraatrial reentry 
tachycardia [IART]) and focal atrial tachycardias, which can also 
be automatic or reentrant. Atrioventricular reentrant tachycar-
dias can occur in patients with CHD, and there are some distinct 
associations between congenital structural and electrical abnor-
malities. Ventricular tachycardias are also seen in patients with 
CHD, often because of areas around scars and patches or corri-
dors of slow conduction or ischemia. Indications for catheter 
ablation of atrial, atrioventricular (AV) reciprocating, or ventricu-
lar tachycardias in patients with CHD include syncope, other 
significant symptoms, or hemodynamic compromise. Ablation in 
patients with CHD is judicious, particularly if they experience 
antiarrhythmic medication refractoriness or side effects or have 
contraindications to medical therapy. First-line therapy is also 
reasonable and probably at clinical equipoise, given the poor 
efficacy and tolerability of chronic medical therapy. However, 
long-term outcomes and success rates are typically lower in 
patients with CHD compared to adults and children with struc-
turally normal hearts.12-15

Catheter Ablation Techniques and 
Technologies in Patients With  
Congenital Heart Disease

Standard catheter ablation techniques might be sufficient for 
many patients with less complex anatomy. However, it is vitally 
important to apply practices that minimize ionizing radiation 
exposure to young patients who are particularly susceptible to the 
damaging effects and potentially have decades in which to develop 
future malignancy.16,17 These patients also could be exposed to 
additional sources of radiation during the clinical follow-up and 
management of their heart disease, including x-rays, nuclear 
studies, computed tomographic scans, diagnostic and interven-
tional cardiac catheterizations, implantable devices, and repeated 
catheter ablation procedures. Ablation procedure duration in 
patients with CHD is often longer than in patients with structur-
ally normal hearts; therefore, general anesthesia is often used.

Because of their anatomical and physiological complexity, 
patients with CHD in particular can benefit from technological 
advances in mapping and catheter ablation, even if these tech-
nologies were not specifically designed with the CHD population 
in mind. There are several types of three-dimensional nonfluo-
roscopic electroanatomic or noncontact mapping systems, which 
allow for the determination of precise localization of arrhythmic 
substrates and provide a reasonable representation of electrical 
activation and propagation in each chamber. These mapping 
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Catheter ablation in patients with congenital heart disease (CHD) 
has paralleled the advances of this technology for pediatric and 
adult patients with structurally normal hearts. Since the clinical 
introduction of catheter ablation in the 1980s, there has been a 
tremendous amount of new information and technology to 
improve the procedure, and these advances could be particularly 
beneficial for the expanding population of patients with abnormal 
cardiac anatomy and physiology. This chapter will focus on the 
unique aspects of catheter ablation for patients with CHD.

Indications for Ablation in Congenital  
Heart Disease

The indications for catheter ablation in adults and children have 
become gradually less restrictive over the past two decades, coin-
cident with published data demonstrating safety and efficacy of 
the procedure.1-3 In the past, the recommendations were to begin 
treatment with a trial of medications; however, catheter ablation 
is now considered a reasonable first-line approach for the treat-
ment of symptomatic arrhythmias in adults and older children.4-6 
More urgent indications for ablation include the presence of 
ventricular dysfunction, a history of syncope, or other concerning 
symptoms. There may be contraindications to β-adrenergic 
blockers or other antiarrhythmic medications, or confounding 
medical conditions (e.g., asthma, depression), particularly in the 
concomitant presence of structural CHD. Although some prac-
titioners choose to trial first-line medications such as β-blockers, 
calcium-channel blockers, or digoxin, these have relatively low 
efficacy compared with more potent antiarrhythmic agents, such 
as sodium-channel blockers (e.g., flecainide) or potassium channel 
and multichannel blocking agents (e.g., sotalol, amiodarone). 
There are risks and benefits of long-term medical therapy, and 
these need to be weighed against the risks and benefits of catheter 
ablation. The choice of catheter ablation for children older than 
3 to 5 years of age and weighing at least 15 to 20 kg is certainly 
reasonable, with high efficacy and relatively low rates of serious 
complications in experienced hands.7-11 It is also reasonable to 
proceed with catheter ablation in patients before planned  
congenital heart surgery to reduce the potential complications 
associated with perioperative arrhythmias and to be able to  
access sites that might be isolated by the surgical repair. For 
example, patients with Ebstein anomaly, Wolff-Parkinson-White 
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comprehension of the planned ablation targeted sites (Figure 127-
3). Nonautomatic focal atrial tachycardias can be challenging to 
differentiate from IART on surface electrocardiogram (ECG), but 
account for much less frequent arrhythmias in CHD patients 
(Figure 127-4).28,29 The atrial walls may be significantly thicker in 
these patients because of chronically elevated intraatrial pressures 
and volumes, and this has important implications for catheter 
ablation.30 The lesions may need to be deeper and larger to result 
in successful ablation, thereby requiring the use of either larger-
tip catheters, or the use of irrigated or cooled radiofrequency (RF) 
ablation to increase the lesion depth.21 The arrhythmogenic 
circuit can involve tissue on either or both atrioventricular annuli 
and can require approaches from the systemic circulation (retro-
grade or transbaffle puncture).31,32 Similarly, ventricular muscle is 
hypertrophic in certain congenital substrates, such as tetralogy of 
Fallot, and the use of deeper RF lesions may be necessary to 
achieve successful outcomes (Figure 127-5). VT in CHD can also 
be more difficult to induce, limiting mapping density and ablation 
success.33 Some patients with CHD have multiple arrhythmia 
mechanisms. Substrate mapping can also be performed using 
electroanatomical voltage mapping as a strategy of identifying 
likely culprits for reentry in repaired CHD.34

Challenges in single-ventricle anatomy include venous and 
intracardiac access, particularly in newer-generation extracardiac 
Fontan techniques. Transbaffle punctures using a standard Brock-
enbrough needle or newer RF-powered transseptal needles facili-
tate access across the atrial septum or synthetic baffles or patches. 
Again, an understanding of the original anatomy is of utmost 
importance, including the three-dimensional orientation and 
precise details of surgical repair, to traverse the atrial septum 
safely and successfully with a needle for left-sided access. The 
primary strategy for successful ablation in complex CHD and 
particularly in single-ventricle physiology is to obtain sufficient 
anatomical resolution (either with merged images overlaid on the 
fluoroscopic or electroanatomical maps, or created using cinean-
giography or nonfluoroscopic anatomical imaging) and combin-
ing that information with the electrophysiological data. The 

systems, described in greater detail elsewhere in this textbook, 
can create an anatomical shell of each cardiac chamber, and then 
superimpose the electrical activation patterns within and between 
these shells. Further anatomical detail can be obtained by merging 
imaging data acquired from cardiac computed tomography or 
MRI on to the anatomical three-dimensional shell. These precise 
anatomical details are critically important for successful electrical 
mapping in these challenging patients with CHD who often have 
multiple scars, electrically inert patches, and distinct isthmuses 
of slow conduction or ischemia (Figure 127-1).18-21 Intracardiac 
or transesophageal echocardiography can be useful adjunct 
imaging techniques to further define the anatomical structures 
and obstacles without additional ionizing radiation. Intracardiac 
echocardiography is particularly beneficial for identification of 
landmarks and substrates involved in arrhythmogenesis, such as 
the crista terminalis, coronary sinus ostium, pulmonary veins, and 
surgical patches.22 Remote magnetic navigation is discussed else-
where, but it has been shown in limited numbers to be of utility 
in mapping complex congenital anatomies and in maneuvering 
the ablation catheter to difficult locations in patients with 
CHD.23-25 Currently, this approach is not widely available in 
pediatric centers, and clinical studies demonstrate equivalent 
success rates and complications as standard techniques, with 
perhaps lower fluoroscopy exposure.

There are several particularly challenging arrhythmias seen in 
patients with CHD, and interestingly, these can occur decades 
after surgical repair. For example, IART is occurring with increas-
ing frequency in patients with CHD who are now surviving longer 
after repair, but are developing arrhythmia sequelae of long-
standing hemodynamic pressure and volume abnormalities, com-
bined with anatomical substrates such as scars, patches, and zones 
of slow conduction (Figure 127-2). IART can be seen years or 
decades following complex atrial surgery, particularly after the 
atrial switch procedures (i.e., Mustard, Senning) for dextro-
transposition of the great arteries or the Fontan procedure for 
single ventricle physiology.26,27 Propagation maps illustrate the 
circuit movement during tachycardia, which can also facilitate 

Figure 127-1.  A, Electrocardiogram of young adult with repaired double outlet right ventricle and pulmonary stenosis, more than 10 years postoperatively with an atrial 
tachycardia. Note that the P waves are not so obvious on every lead, emphasizing the importance of obtaining a 12- to 15-lead electrocardiogram. The tachycardia cycle 
length is 360 ms with variable (2 : 1 to 3 : 1 AV conduction) and QRS duration of 130 ms because of an intraventricular conduction delay. 
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B,  Electroanatomi-
cal  map  of  both  the  right  and  left  atria 
simultaneously  displayed  in  right  anterior 
oblique  angulation  to  illustrate  the  atrio-
ventricular valves, and an  isthmus of slow 
conduction  between  the  tricuspid  valve 
and inferior vena cava. A propagation map 
reveals  this  to  be  a  clockwise  right  atrial 
circuit.  C,  Electroanatomical  map  of  right 
and left atria from an inferior view to high-
light  the  target  areas  for  ablation  lines  in 
the  cavotricuspid  isthmus  and  a  second 
line from coronary sinus to atrial septum. 

Figure 127-1, cont’d 
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Figure 127-2.  A, Electrocardiogram from an adult patient with repaired Ebstein anomaly of the tricuspid valve and suture closure of a secundum atrial septal defect (ASD), 
at 52 years old (38 years postoperatively) with an atrial tachycardia. B, Electroanatomical map demonstrating an intraatrial reentrant tachycardia (IART) in the same patient. 
The projection  is slightly rotated from left anterior oblique, to reveal the cavotricuspid  isthmus. The circuit appears to be counterclockwise along the atrial septum and 
then down the free wall, illustrated by the color-coded scale from red (earliest activation) to orange, yellow, green, blue, and purple (latest activation) during IART. The ASD 
scar is marked in gray. Radiofrequency catheter ablation (marked with red dots) was performed in the zone of slow conduction between the tricuspid annulus (tagged with 
purple dots) and the inferior vena cava. 
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C, An inferior view electroanatomical map reveals the extent of the ablation area. D, Surface electrocardiograms and intracardiac electrograms from 
irrigated radiofrequency (RF) ablation catheter, decapolar atrial catheter (HRA1-10), and bipolar catheter at tricuspid annulus. The IART cycle length slowed and then ter-
minated during the RF line. Following ablation, bidirectional conduction block could be demonstrated, indicating a successful line of ablation. 

Figure 127-2, cont’d 



1290 ELECTRICAL THERAPY

Figure 127-3.  Propagation map of right atrium in a patient with repaired tetralogy of Fallot, illustrating the direction of conduction during intraatrial reentry tachycardia. 
This can be visualized as a movie, aiding the operator in comprehending the three-dimensional tachycardia circuit, including directionality and areas of block. 

SR - pre RF IART

activation sequence of a reentrant tachycardia can be determined 
once points are collected at sites encompassing the entire tachy-
cardia cycle length. Incorporation of scars, barriers, zones of slow 
conduction, and orifices into the picture can assist in the three-
dimensional understanding of the electroanatomical substrate.

Some CHD is associated with distortion of the normal rela-
tionship between the annulus fibrosis and the plane of the atrio-
ventricular grooves (Figure 127-6). In such cases, as may be seen 
in Ebstein anomaly of the tricuspid valve, it is imperative to 
appreciate the precise anatomy including the relationship of the 
cardiac conduction system, epicardial coronary arterial distribu-
tion, degree of valve leaflet displacement, and location of the true 
atrioventricular annulus.35 The proximity of the His bundle and 
AV node to the accessory pathway or other arrhythmia substrate 
for planned ablation also need to be determined to minimize the 
risk of permanent heart block. These anatomical and electrical 
relationships must be well understood and can often be predicted 
from an appreciation of embryology; however, these basic devel-
opmental rules might have individual exceptions, so that mapping 
of the normal conduction and abnormal substrates, albeit complex 
and time-consuming, are vital to assure the optimal and safest 
clinical outcomes.

Outcomes of Ablation in Patients With 
Congenital Heart Disease

There are limited data on the outcomes of ablation in patients 
with CHD, but analysis of these reports show lower acute pro-
cedural success rates, longer procedure duration and complexity, 
higher frequency of multiple arrhythmia substrates, and higher 
recurrence rates when compared with patients (adult or pediatric 
series) with structurally normal hearts. Although these facts are 
disappointing, there is some encouragement because these 
patients previously had limited alternatives and now are living 
longer and healthier lives. Catheter ablation is a part of that 
improvement in survival and quality of life for patients with 
CHD. The large retrospective and prospective pediatric ablation 
registries included patients with CHD, but there was insufficient 
data collected to subanalyze particular defects other than Ebstein 
anomaly. The prospective study specifically excluded children 
with complex CHD.2

In a retrospective single-center report of catheter ablation for 
atrioventricular reciprocating tachycardia, the acute success rate 

was 77%. Recurrence rate after ablation of accessory pathways in 
CHD was reported at 24%, with even higher rates reported in 
patients with Ebstein anomaly.36 When specifically looking at 
ablation outcomes in patients with repaired tetralogy of Fallot or 
double outlet right ventricle, one recent study identified the 
cavotricuspid isthmus and lateral right atrial wall as common 
corridors of IART conduction.26 Another retrospective series of 
adult patients with CHD found that complex atrial surgery, 
single-ventricle physiology (Fontan surgery), and older age at 
ablation were each correlated with higher risk of IART recur-
rence.8 Unfortunately, the recurrence risk appears to be higher 
for patients with complex CHD across multiple studies, and it 
may be due to a combination of ineffective lesions and new 
arrhythmia substrate formation.15 In a small, single-center retro-
spective series of patients with IART and either modified Fontan 
repair for single ventricle or atrial switch for transposition of the 
great arteries, ablation was shown to be effective only when the 
true cavotricuspid isthmus was ablated effectively.32 Entrainment 
to determine whether the site of interest is within the reentrant 
circuit is useful for increasing ablation efficacy and limiting 
unnecessary lesions off target.37

Although there may be some increase in cardiac injury bio-
markers (e.g., cardiac troponins, creatine kinase) after RF cath-
eter ablation in patients with CHD, this likely does not denote 
clinically significant myocardial injury.11 Smaller children with 
(or without) CHD may be at higher risk for coronary and vascular 
injuries because of the smaller size and closer proximity of the 
coronary arteries. In addition, there are animal data demonstrat-
ing continued growth of RF lesions in immature animals, which 
is not seen in adult models.10,38 Therefore, the additional risks for 
ablation in younger patients need to be weighed against the 
potential benefits of a curative procedure and the competing risks 
of chronic antiarrhythmic medication and device therapies.

In heterotaxy or rarely in complex single-ventricle physiology, 
there may be the uncommon but electrophysiologically fascinat-
ing phenomenon of residual twin AV nodes.39,40 This phenome-
non can be identified by careful analysis of the PR duration and 
QRS axis at differential pacing sites. Each node can have dual AV 
nodal physiology (with AV nodal reentry tachycardia) or have AV 
reciprocating tachycardia between the twin nodes. In these cases, 
the less dominant AV node can be ablated, which should be 
curative.

It is not sufficient to be satisfied with an “ablate and pace” 
strategy of simply destroying AV nodal function and implanting 
a permanent ventricular pacemaker,41 because this has become 



Figure 127-4.  Electroanatomical  map 
from  a  19  year  old  with  rheumatic  heart 
disease  and  severe  mitral  regurgitation. 
Both atria are displayed in the left anterior 
oblique and a shallow right anterior oblique 
angulation.  The  color  activation  map 
reveals  a  discrete  area  of  early  activation 
(red color) in the left atrium, consistent with 
a focal left atrial tachycardia. The earliest site 
of activation is marked with a pink dot. Abla-
tion  in  this area  (dark red dots)  resulted  in 
prompt tachycardia termination. 
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Figure 127-5.  Electroanatomic map of left 
ventricle  from a 22 year old with repaired 
atrioventricular  canal  defect  and  who 
developed  sustained  monomorphic  ven-
tricular  tachycardia.  The  maps  are  dis-
played  in  left  and  right  anterior  oblique 
projections, and this reveals earliest activa-
tion during ventricular tachycardia coming 
from the superior left ventricle,  just under 
the  communication  between  the  mitral 
and aortic valves. The area likely represents 
a  peripatch  zone  of  slow  conduction. 
Pacing  with  the  catheter  in  this  location 
resulted in an identical morphology to the 
ventricular  tachycardia  (i.e.,  a  pacemap 
match).  Ablation  in  this  area  (red dots) 
resulted  in  tachycardia  termination  and 
noninducibility. 
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essentially obsolete in the current era of catheter ablation in 
pediatric congenital electrophysiology.

Summary

Remarkable strides have been made over the last decade in  
catheter ablation for patients with CHD. Exploitation of the 

Figure 127-6.  Three-dimensional biplane noncontact map of the right atrium in an adolescent with repaired Ebstein anomaly and intraatrial reentry tachycardia (IART). 
The rotation and view are depicted by the small chest at upper right of each image. The outline of the 64-electrode mesh on the outer surface of the inflated balloon is 
shown. In this patient, a series of ablation lesions (depicted by small circles) was delivered first in a line from the superior vena cava (SVC), anterior and medial to the atrial 
septal defect patch.  IART was still  inducible (not shown), but the circuit changed, so that a second line of ablation was placed from the first series toward the tricuspid 
annulus. Atrial pacing was performed (shown here) to determine whether there was conduction block. A, Pacing catheter near the edge (blue-green) of the circular activa-
tion wave. Atrial activation (center, depicted by red asterisk; earliest, indicated by white circles) travels toward the scar line. B, At 4 ms later, it reaches the ablation line. C, At 
10 ms  later,  it has conducted  through the ablation  line  to  the other side. Despite placing additional ablation  lesions  in  this area,  the  failure  to achieve complete block 
persisted, but IART was not inducible. 

(Reproduced with permission from Kugler JD: Electrophysiologic studies. In Allen HD, Driscoll DJ, Shaddy RE, Feltes TF, editors: Moss and Adams’ heart disease in infants, children, 
and adolescents, ed 7, Philadelphia, 2007, Lippincott Williams and Wilkins, pp 275–292.)
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tools and techniques designed for catheter ablation of atrial  
fibrillation in adults can be extrapolated and used in patients  
with complex arrhythmias and CHD. The advent of improved 
nonfluoroscopic mapping systems with image integration,  
irrigated ablation catheters, new energy sources, and specialized 
sheaths, combined with increasing operator experience and 
understanding, is lowering the hurdles for safe and successful 
catheter ablation in this particularly challenging group of  
patients.
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significant 47% reduction in mortality.2 Given the significant 
prevalence and public health burden of AF, restoration of normal 
sinus rhythm with surgical ablation may be of significant benefit 
to selected patients.

Development of Surgery for Atrial Fibrillation

The first effective interventional procedure for AF was introduced 
clinically by Dr. James Cox in 1987 after extensive animal inves-
tigation at Washington University. This operation, the Cox-Maze 
procedure, was developed to provide a standardized anatomical 
approach that would be applicable to all patients. After initial 
attempts in the laboratory and the operating room failed to define 
the precise mechanisms of AF in the individual patient, this opera-
tion was designed to prevent AF by interrupting all potential 
macroreentrant circuits that could develop in the atria, thereby 
precluding the ability of the atrium to flutter or fibrillate (Figure 
128-1). The operation consisted of myriad incisions arranged 
across the left and right atria in such a fashion that the sinoatrial 
node could still direct the propagation of the sinus impulse. The 
patterns of incisions were designed such that impulse propagation 
into dead end pathways would allow sufficient atrial myocardial 
depolarization to ensure contraction while preventing reentry. 
The Cox-Maze procedure was successful in restoring sinus 
rhythm and atrioventricular synchrony, thereby significantly 
reducing the risk of thromboembolism and hemodynamic com-
promise from the arrhythmia.3,4 The procedure also allowed for 
the preservation of atrial transport function in most patients.5

The Cox-Maze procedure has evolved through several itera-
tions as clinical experience has increased and technology has 
advanced. The early versions of the Cox-Maze procedure were 
complicated by late chronotropic incompetence and a high inci-
dence of postoperative pacemaker requirement. The Cox-Maze 
III, the third iteration, became the standard for the surgical treat-
ment of AF.4 Despite its clinical success, it was not widely adopted 
because it remained technically demanding and significantly pro-
longed the need for cardiopulmonary bypass. During the last 
decade, many groups around the world have attempted to make 
the operation simpler and faster to perform by replacing the tradi-
tional cut-and-sew lesions with ablation lines created using various 
energy sources.6 In 2002, Gaynor et al.7 introduced the Cox-Maze 
IV operation, which uses a combination of bipolar radiofrequency 
ablation and cryoablation to effectively replace the majority of 
incisions that compose the Cox-Maze III (Figure 128-2).

These ablation-based procedures have resulted in a dramatic 
increase in the number of operations performed annually for AF. 
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Atrial Fibrillation

The need for interventional therapies to treat atrial fibrillation 
(AF) has arisen from the shortcomings of pharmacologic manage-
ment. Antiarrhythmic medications have been limited by modest 
efficacy and significant proarrhythmic and systemic toxicities.1 
Conversely, rate-control strategies leave the patient in AF, do not 
address the impaired hemodynamics or symptoms associated with 
this arrhythmia, and can render subsequent attempts at rhythm 
control therapies less effective when young patients suffer 
increased remodeling from spending prolonged periods of time 
in AF. Both rate and rhythm control strategies necessitate the use 
of coumadin for anticoagulation and as a result carry a defined 
risk of major bleeding.

Theoretically, restoration of normal sinus rhythm has several 
potential benefits over other strategies. These benefits include 
improvements in atrial systolic function, which improves cardiac 
output and prevents the development of worsening symptoms in 
patients with congestive heart failure; lower risk of stroke; pos-
sible discontinuation of anticoagulation; and potential reverse 
atrial structural or electrical remodeling. Although the strategy 
of rhythm-control has never been shown to be superior to rate 
control, largely because of the aforementioned problems, a 
follow-up analysis of outcomes in the Atrial Fibrillation Follow-up 
Investigation of Rhythm Management (AFFIRM) trial showed 
that the presence of normal sinus rhythm was associated with a 
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Cox-Maze procedure into an operation that is technically easier, 
shorter, and less invasive. Several devices have been implemented 
with varying success; therefore, it is imperative that the relative 
advantages and disadvantages of each available modality are 
understood.6,9

Several criteria must be met for an ablation device to be con-
sidered suitable for arrhythmia surgery. First, it must reliably 
produce bidirectional conduction block across the line of abla-
tion. It is important to understand that this block requires a 
transmural lesion, because even small gaps can conduct both 
sinus and fibrillatory wavefronts.10 Second, the ablation device 

In 2005, 12,737 patients were reported to the Society of Thoracic 
Surgeons Database as having undergone a surgical procedure for 
AF, whereas 1 year earlier the number was 3987 patients.8 Before 
2004, the volume was so low that the operation was not reported.

Surgical Ablation Technology

The development of surgical ablation technology has trans-
formed the field of arrhythmia surgery by reshaping the 

Figure 128-1.  The lesion set of the traditional cut-and-sew Cox-Maze III operation. 

Figure 128-2.  Diagram illustrating the  incisions,  lesions, and energy sources that are typically used for the Cox-Maze  IV procedure. SVC, Superior vena cava;  IVC,  inferior 
vena cava. 

(From Weimar T, Bailey MS, Watanabe Y, et al: The Cox-Maze IV procedure for lone atrial fibrillation: a single center experience in 100 consecutive patients, J Interv Card Electro-
physiol 31:47–54, 2011.)
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probes is directly heated by a resistive effect, and deeper tissue 
layers are heated via conduction. Tissue temperatures of approxi-
mately 50 to 60° C result in coagulation and permanent destruc-
tion of cell structures and collagen. The lesion size depends on 
the electrode-tissue contact area, the interface temperature, the 
current and voltage (power), topical cooling, and tissue resis-
tance. Accordingly, the depth of the lesion can be limited by char 
formation, epicardial fat, myocardial and endocardial blood flow, 
and tissue thickness.

Currently available devices are capable of delivering RF 
energy through either bipolar or unipolar electrodes. Some of 
these devices are also irrigated, using circulating saline to prevent 
overheating of the thermocouples, avoid insulating char forma-
tion, and allowing for a low-impedance path for energy to pen-
etrate deeper into the tissue. Certain devices intended for 
epicardial ablation, particularly those intended for use via a mini-
mally invasive approach, use suction for stabilization of the elec-
trode and to promote better tissue contact.

There have been a number of unipolar RF devices developed 
for ablation. Although unipolar RF devices have been shown to 
create transmural lesions on the arrested heart in animals with 
sufficiently long ablation times, they have not been consistently 
successful in humans. After 2-minute endocardial ablations 
during mitral valve surgery, only 20% of the in vivo lesions were 
transmural.12 Epicardial ablation on the beating heart has been 
even more problematic. Animal studies have shown consistently 
that epicardial application of unipolar RF is incapable of creating 
reliable transmural lesions on the beating heart,13 and epicardial 
RF ablation in humans resulted in only 10% of the lesions being 
transmural.14

Bipolar RF clamps were developed to overcome this problem 
by embedding the electrodes in the jaws of a clamp to focus the 
delivery of energy. This clamp shields the electrodes from the 
circulating blood pool and surrounding tissues, which shortens 
lesion formation and limits collateral injury. Bipolar ablation has 
been shown to be capable of creating precise transmural lesions 
on the beating heart both in animals and humans, with ablation 
times typically between 10 and 20 seconds.6,15

Bipolar devices have also been shown to be safer than unipolar 
devices. Although relatively infrequent, a number of clinical  
complications from unipolar RF devices have been reported, 
including coronary artery injuries, cerebrovascular accidents,  
and esophageal perforation leading to atrioesophageal fistula.6 
Bipolar RF technology has virtually eliminated this collateral 
damage by confining the energy within the jaws of the clamp, 
and no device-related injuries have been reported in the literature 
with the use of bipolar RF clamps. Currently available devices 
use algorithms capable of predicting lesion transmurality either 
by measuring the tissue conductance between electrodes or 
through the use of temperature-based feedback. As a result, these 
devices can tailor the energy delivery to the physiological char-
acteristics of tissue.

A drawback of bipolar RF devices is the requirement for the 
tissue to be clamped. This has limited potential lesion sets, par-
ticularly on the beating heart, and has required the use of adjunc-
tive unipolar or cryothermal technology to create a complete 
Cox-Maze IV lesion set.

High-Intensity Focused Ultrasound

High-intensity focused ultrasound (HIFU) is another modality 
applied clinically for surgical ablation. With these devices, ultra-
sound waves travel through the tissue causing compression, 
refraction, and harmonic oscillation in the carrier particles (i.e., 
water), which are translated into kinetic energy, ultimately creat-
ing thermal coagulative tissue necrosis. HIFU is the one unipolar 
source that produces high-concentration energy in a focused area 
at a defined distance from the probe. It is reportedly able to create 

must be safe; this requires a precise definition of dose-response 
curves to limit excessive or inadequate ablation and potential 
hazards to surrounding vital cardiac structures, such as the coro-
nary sinus, coronary arteries, and valvular structures. Third, the 
ablation device should facilitate efficient completion of the opera-
tion. This requires that the device create lesions rapidly, be intui-
tive to use, and have adequate length and flexibility. Finally, the 
device should be adaptable to a minimally invasive approach. 
This adaptability would include the ability to insert the device 
through minimal-access incisions or ports. For the treatment of 
lone AF, devices that are able to create transmural lesions on the 
beating heart without the need for cardiopulmonary bypass are 
desirable. The failure to create linear epicardial lesions reliably 
on a beating heart is the biggest shortcoming of unipolar energy 
sources, and it has resulted in the development of hybrid proce-
dures to allow for less invasive surgical options. Currently, no 
single device has properly met all these criteria.

In recent years, microwave and laser technologies have been 
proved unreliable in the formation of transmural lesions and have 
been removed from the market. This discussion will focus on 
cryothermal and radiofrequency energy, the two most common 
ablation technologies currently in use, as well as high-intensity 
focused ultrasound (HIFU).

Cryoablation

Cryoablation devices work by delivering refrigerated fluid 
through a hollow shaft under high pressure to a distal, closed 
electrode tip. Rapid expansion induces cooling, and the resultant 
gas is aspirated via a vacuum tip and returned through a separate 
circuit.

Cryoablation is unique in that it destroys myocardial tissue by 
freezing rather than heating. Because this technology preserves 
the myocardial fibrous skeleton and collagen structure, it is con-
sidered safe for use around valvular tissue. Lesion size and depth 
depend on the probe temperature, probe size, the duration and 
number of freeze cycles, gas type, and the thermal conductivity 
and temperature of the tissue.6

There are currently two commercially available sources of 
cryothermal energy that are being used in cardiac surgery: nitrous 
oxide and argon. At one atmosphere of pressure, nitrous oxide is 
capable of achieving a temperature of −89.5° C, whereas argon 
has a minimum temperature of −185.7° C. The nitrous oxide 
technology has been extensively used and is generally safe and 
efficacious, except around the coronary arteries where studies 
have shown late intimal hyperplasia after cryoablation.11 Disad-
vantages of cryoablation include the relatively long time required 
to create lesions (1 to 3 minutes) and the difficulty encountered 
when attempting epicardial creation of transmural lesions on the 
beating heart.6 The latter shortfall is in part a result of dissipation 
of thermal energy through convective warming from the circulat-
ing endocardial blood, which is known as the heat-sink effect. 
Finally, there is a risk of thromboembolism if blood freezes and 
coagulates during epicardial ablation on the beating heart. This 
problem can be overcome by placing the probe endocardially and 
freezing outward; however, this requires cardiopulmonary bypass.

Radiofrequency Energy

Radiofrequency (RF) was among the earliest energy sources to 
be applied reliably in the operating room for the treatment of AF. 
RF devices emit electromagnetic energy through the delivery of 
high-density, unmodulated alternating current at a frequency  
of 350 to 1000 kHz.6 This frequency is high enough to 
prevent rapid myocardial depolarization and induction of ven-
tricular fibrillation yet low enough to prevent tissue vaporization 
and perforation. Approximately 1 mm of tissue adjacent to the 
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This would include patients with persistent AF and a CHADS2 
score of 2 or greater and who develop a contraindication to long-
term anticoagulation.21 The annual risk of stroke in patients with 
a CHA2DS2-VASc score greater than 2 is between 3% and 15%,22 
whereas the annual risk of stroke after a Cox-Maze procedure in 
433 patients followed for a mean of 6.6 ± 5 years was 0.2%. In 
the latter study, there was no association between postoperative 
neurologic events and either the CHADS2 score or warfarin use.21 
Although these benefits have not been demonstrated in prospec-
tive, randomized trials, they are thought to be a result of both 
successful restoration of sinus rhythm and exclusion of the left 
atrial appendage, which is considered a major source of throm-
boemboli in patients with AF.

Surgical treatment for AF with amputation of the left atrial 
appendage should also be considered in high-risk patients with 
both persistent AF and previous cerebrovascular events that 
occurred while receiving therapeutic anticoagulation, because 
these patients are at high risk for further embolic events. Cou-
madin is capable of reducing the risk of ischemic and hemor-
rhagic strokes by more than 60% in patients with AF, but it does 
not completely eliminate this serious complication.23 In the study, 
20% of patients who underwent the Cox-Maze III procedure had 
experienced at least one episode of significant cerebral thrombo-
embolism preoperatively.4 Furthermore, studies have shown that 
adding the Cox-Maze procedure in patients undergoing con-
comitant valve surgery can decrease the late risk of cardiac- and 
stroke-related deaths.24 A series from Japan demonstrated a 10% 
increase in incidence of stroke at 8-year follow-up for patients 
with chronic AF who underwent mitral valve replacement alone 
compared with similar patients who had mitral valve replacement 
with a concomitant Cox-Maze procedure.25

The Cox-Maze Procedure

Surgical Technique

The Cox-Maze III is rarely performed, because most centers have 
replaced the surgical incisions described in the original cut-and-
sew procedure with lines of ablation created by a variety of dif-
ferent energy sources. Bipolar RF energy and cryoablation have 
been used successfully to replace most of the surgical incisions of 
the Cox-Maze III procedure in an operation termed the Cox-
Maze IV (see Figure 128-2).

The Cox-Maze IV procedure is performed on cardiopulmo-
nary bypass using either a median sternotomy, often in combina-
tion with other cardiac surgery, or a less-invasive right 
minithoracotomy. All patients undergo intraoperative transesoph-
ageal echocardiography, and if a patient is in AF at the time of 
surgery, amiodarone is administered and the patient is electrically 
cardioverted after excluding the presence of a left atrial clot. Both 
the right and left pulmonary veins (PVs) are bluntly dissected. 
Pacing thresholds are measured from each PV. The PVs are then 
isolated using a bipolar RF ablation device, such that a linear line 
of ablation surrounds a cuff of atrial tissue encompassing the right 
and left PVs, respectively (Figure 128-3). The adequacy of electri-
cal isolation is demonstrated by confirming exit block by pacing 
from each PV in patients who have undergone a full sternotomy, 
and from the right PVs in patients requiring minithoracotomy.

The right atrial lesion set is typically performed on the beating 
heart on cardiopulmonary bypass through a small incision at the 
base of the right atrial appendage and a single vertical atriotomy 
(Figure 128-4). Recently, a three purse-string approach has been 
adapted to eliminate the atriotomy in some patients. All ablations 
are performed using a bipolar RF clamp except for the two endo-
cardial ablation lines to the tricuspid annulus, which are usually 
created using a linear cryoprobe.

transmural epicardial lesions through epicardial fat in less than 2 
seconds without affecting intervening and surrounding tissue.6 
There is a steep temperature gradient between the focused 
energy and collateral tissue with the targeted tissue rapidly raised 
to 80° C.

An advantage of HIFU technology is its mechanism of thermal 
ablation. Unlike other energy sources that heat or cool tissue by 
thermal conduction, which creates a graded response dependent 
on the distance from the energy source and is susceptible to 
cooling or heating near blood vessels, HIFU ablates tissue by 
heating it directly in the acoustic focal volume. It is therefore less 
susceptible to the heat sink effect near blood vessels.

A few clinical studies using HIFU have shown encouraging 
results16; however, more recent clinical experience has shown low 
efficacy and serious complications associated with minimally 
invasive use.17,18 Moreover, there has been no independent experi-
mental verification of the efficacy of HIFU devices to reliably 
create transmural lesions, and the fixed depth of penetration of 
these devices can be problematic because of the variability of 
atrial wall thickness in pathological states. These devices are also 
somewhat bulky and expensive to manufacture.

Because ultrasound is absorbed approximately thirtyfold more 
strongly in soft tissue than in low-viscosity liquid, the acoustic 
energy supplied by HIFU provides significantly more thermal 
damage to tissue than blood. The result is that the high blood 
flow through the coronary arteries provides a protective cooling 
of the endothelial lining, allowing the tissue surrounding the 
coronary arteries to be ablated without damaging the arteries 
themselves.16 This technology has not been widely used clinically, 
but several cases of serious complications, such as atrioesophageal 
fistula, phrenic nerve palsy, and esophageal perforation, have 
been documented.19

Each ablation technology has its own advantages and disad-
vantages. There are situations in which the use of each of these 
devices is appropriate, but it is necessary to understand the advan-
tages and disadvantages of each to ensure that the devices are 
applied correctly. Failure to do so will result in suboptimal clini-
cal outcomes.

Indications for Surgical Ablation  
of Atrial Fibrillation

The Cox-Maze procedure is indicated for patients with medically 
refractory, lone AF and for patients undergoing cardiac surgery 
who have concomitant AF that would benefit from treatment. 
The latter group is sizeable and represents the majority of patients 
in most surgical clinical experiences. In a review of cases at Wash-
ington University from 1996 to 2005, the incidence of preopera-
tive AF was 22% and 24% in patients referred for valvular or 
combined valvular/coronary surgery, respectively. The role of 
surgery for AF has been recently clarified and endorsed in a 
consensus statement released by The Heart Rhythm Society in 
partnership with the European Heart Rhythm Association, the 
European Cardiac Arrhythmia Society, the American College of 
Cardiology, the American Heart Association and the Society of 
Thoracic Surgeons.20 Surgical ablation for atrial fibrillation is 
indicated for: (1) all symptomatic AF patients undergoing other 
cardiac surgery; (2) selected asymptomatic AF patients undergo-
ing cardiac surgery in which the ablation can be performed with 
minimal additional risk; and (3) patients with symptomatic lone 
AF who prefer a surgical approach, have failed one or more 
attempts at catheter ablation, or are not candidates for catheter 
ablation. Thus, for lone AF, surgery is a complimentary approach 
to catheter ablation.

A relative indication for surgery exists for patients with AF 
who are at high risk for cerebrovascular thromboembolic events. 
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Figure 128-4.  The right atrial lesion set of the Cox-Maze IV consists of lines of abla-
tion along  the superior and  inferior vena cavae,  the  free wall of  the  right atrium 
and down to the tricuspid valve annulus. 

(From Weimar T, Bailey MS, Watanabe Y, et al: The Cox-Maze IV procedure for lone 
atrial fibrillation: a single center experience in 100 consecutive patients, J Interv Card 
Electrophysiol 31:47–54, 2011.)

Figure 128-3.  The left atrial lesion set of the Cox-Maze IV is composed of right and 
left pulmonary vein isolation, connecting lesions between the left and right supe-
rior and inferior pulmonary veins, a lesion from the left atrial appendage excision 
site to the pulmonary vein, and a lesion to the mitral valve annulus. 

(From Weimar T, Bailey MS, Watanabe Y, et al: The Cox-Maze IV procedure for lone 
atrial fibrillation: a single center experience in 100 consecutive patients, J Interv Card 
Electrophysiol 31:47–54, 2011.)

The heart is then arrested by cold cardioplegia. The left atrial 
appendage is amputated or oversewn, and bipolar RF ablation is 
performed through the appendage site toward either left PV. The 
remaining ablation lines are then created using the bipolar clamp 
through a standard left atriotomy (see Figure 128-3). Connecting 
lesions into the left superior and inferior PVs effectively isolate 
the entire posterior left atrium, and a linear line of ablation is 
created toward the mitral annulus. Cryoablation is then used to 
connect the lesion to the mitral annulus and to complete the left 
atrial isthmus line. In patients undergoing a right minithoracot-
omy, cryoablation is used more extensively to complete the pos-
terior left atrial isolation.

Surgical Results

Similar to the Cox-Maze III, the Cox-Maze IV has had excellent 
long-term results for patients undergoing both lone and con-
comitant operations. A recent prospective, single-center trial fol-
lowed 100 consecutive patients undergoing a standalone 
procedure between January 2002 and May 2010.26 More than 
60% of patients had long-standing persistent AF. This study 
demonstrated postoperative freedom from AF of 93%, 90%, and 
90% at 6, 12, and 24 months, respectively. Freedom from AF off 
antiarrhythmic drugs was 82%, 82%, and 84% at the same time 
points. In a group of 282 patients, the majority of whom had a 
Cox-Maze IV procedure with concomitant cardiac surgery, the 
results were similar with a freedom from AF of 89%, 93%,  
and 89% at 3, 6, and 12 months, respectively.27 The fact that 
more stringent endpoints were used in the recent studies makes 
these data difficult to compare with prior Cox-Maze III results. 
Instead of relying on symptomatic recurrences, electrocardio-
graphic and Holter monitor recordings were performed, and AF 
recurrence was defined as any episode lasting longer than 30 
seconds. Despite these variations in follow-up methodology, a 
separate propensity analysis has shown that there was no signifi-
cant difference in the freedom from AF between Cox-Maze III 
and IV patients.28 Another recent study has demonstrated that 
results are comparable after failed previous percutaneous catheter 
ablation.29

There has been some concern that electrical and mechanical 
exclusion of the entire posterior right atrium would compromise 
atrial function, but cardiac magnetic resonance imaging has dem-
onstrated that this is not the case.30 In fact, it has been shown 
that isolating the entire posterior left atrium by creating a “box” 
is preferable to isolating the left and right PVs separately, with 
or without a connecting lesion (see Figure 128-4). Patients with 
box lesions have been shown to have significantly higher freedom 
from AF (96% vs. 86%) and freedom from AF off antiarrhythmic 
drugs (79% vs. 47%) compared with patients who underwent a 
non–box-lesion set.26 For this reason, all patients should receive 
a box-lesion set.

Compared to the Cox-Maze III, the Cox-Maze IV procedure 
has more than halved the mean cross-clamp time for a lone pro-
cedure26 and has decreased the clamp time by 30 minutes for 
concomitant procedures.7

Risk factors for late recurrence of AF at 1-year include 
enlarged left atrial diameter, failure to isolate the entire posterior 
left atrium, and early atrial tachyarrhythmias.27 Increasing left 
atrial size has been related to operative failure in several studies, 
and it has been demonstrated that the probability of recurrence 
exceeds 50% once left atrial diameter is greater than 8 cm.27 
Early atrial tachyarrhythmias were also associated with recur-
rence, and it is thought that these might be a marker of more 
advanced atrial pathology in patients with AF of long duration. 
Surgeon-dependent factors, such as hasty or incorrect use of 
ablation technology or failure to perform certain lesions properly, 
can also affect outcomes.

Left Atrial Lesion Sets

Surgical Technique

There is a high degree of variability in how surgeons perform 
left-sided atrial lesion sets. Techniques have used all available 
ablation technologies and vary in whether the energy is applied 
from the endocardial or epicardial surface. From a procedural 
standpoint, all these procedures have incorporated at least some 
subset of the left atrial lesion set of the Cox-Maze IV. Typically, 
electrical isolation of the PVs is attempted and can be 
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from the remainder of the heart. PVI can be performed with 
lesions encircling the right and left PVs individually, with or 
without an intervening connecting lesion, or as a box lesion iso-
lating the entire posterior left atrium (Figure 128-5). Regardless 
of the lesion set used, PVI can be performed without the need 
for cardiopulmonary bypass, making it an attractive treatment 
option, especially for patients with lone AF in whom the proce-
dure can be performed via a minimally invasive approach. Various 
energy sources have been used with success in PVI; however, 
bipolar RF clamps are preferred for this procedure.

Before attempting a minimally invasive approach, an intraop-
erative transesophageal echocardiogram is performed to evaluate 
whether there is left atrial thrombus. If left atrial clot is identified, 
the procedure is either aborted or converted to an open proce-
dure in order to minimize the risk of systemic thromboembolism. 
If no clot is identified, external defibrillator pads are placed, and 
the patient is positioned in the left lateral decubitus position with 
the right arm extended over the head. A camera port is then 
placed in the fourth intercostal space, approximately 2 cm ante-
rior to the midaxillary line, and additional working ports are 
placed in the second and sixth intercostal spaces along the ante-
rior axillary line.

The pericardium is opened anterior and parallel to the phrenic 
nerve, and blunt dissection is used to identify the space between 
the right superior PV and the right pulmonary artery. A special-
ized thoracoscopic dissector and guide sheath are then intro-
duced via a second 10-mm port placed adjacent to the scope port. 
The device is advanced through the previously dissected space 
until the tip is between the right superior PV and the right pul-
monary artery, at which time the dissector is removed, leaving 
only the guide sheath in place.

The patient is cardioverted into sinus rhythm at this time, and 
pacing thresholds are obtained for each PV to evaluate for con-
duction block at the conclusion of the procedure. A bipolar RF 
clamp is introduced into the guide sheath and placed around the 
right PVs where two consecutive ablations are performed, the 
second after advancing the clamp slightly further onto the sur-
rounding left atrium. Additional ablations are performed until 
electrical isolation is confirmed.

The patient is then repositioned into a right lateral decubitus 
position, with the left arm extended over the head. The proce-
dure is duplicated on the left side, with minimal adjustments 
based on anatomy: the thoracoscopic port is placed slightly pos-
terior to the midaxillary line, and the pericardotomy is performed 
parallel and posterior to the phrenic nerve in order to expose the 
left PVs. Before closing the chest, the left atrial appendage is 
managed with either a stapler or an occluding device.37 Because 
of the significant risk of tears and bleeding posed by using an 
endoscopic stapler in this location, it is preferable to use clip 
devices to exclude the left atrial appendage.38

Surgical Results

Although PVI can be performed via a minimally invasive approach 
without the need for cardiopulmonary bypass, the success of this 
technique has been variable and highly dependent on patient 
selection. In one of the first case series on surgical PVI, Wolf 
et al.39 reported 91% freedom from AF, and 65% freedom from 
AF off of antiarrhythmic drugs, in patients primarily with parox-
ysmal AF (66%) who underwent video-assisted, bilateral PVI and 
left atrial appendage exclusion. However, this small group com-
prised only 27 patients with a limited follow-up of just 3 months. 
In addition, only 52% of patients received prolonged follow-up 
monitoring. In a similar more recent study of 22 patients with 
paroxysmal and persistent AF undergoing PVI, 91% of patients 
were free from AF by Holter monitor and were not taking antiar-
rhythmic medications and anticoagulation at 12 months.40 The 

accompanied by a lesion to the mitral annulus with or without 
removal of the left atrial appendage.

Surgical Results

The value of left atrial lesion sets in the surgical management of 
AF has been proved in the literature, but results have varied. In 
a randomized trial of patients with persistent atrial fibrillation 
undergoing mitral valve surgery and radiofrequency ablation of 
the left atrium versus mitral valve surgery alone, sinus rhythm 
was present in 44.4% of patients receiving RF ablation at 1 year 
of follow-up, compared with 4.5% in the mitral valve surgery 
only group.31 In this trial, the lines of ablation were created using 
a monopolar RF device applied from the endocardial surface, 
which could have had limited efficacy in creating transmural 
lesions. Although these results were inferior to those of the com-
plete biatrial Cox-Maze lesion set, it is important to note that a 
more limited lesion set was superior to no intervention for 
patients with AF in this study, as well as in several other random-
ized trials of patients undergoing concomitant cardiac surgery in 
which only a left atrial lesion set was used.20

The importance of the right atrial lesions included in the Cox-
Maze procedure is difficult to define, as biatrial versus left atrial 
surgical ablation has never been compared in a randomized clini-
cal trial. Although some evidence suggests that a left atrial lesion 
set is as effective as a biatrial lesion set in patients with chronic AF 
undergoing concomitant open heart procedures,32 other studies 
have not substantiated this finding. A metaanalysis of the pub-
lished literature revealed that a biatrial lesion set resulted in a 
significantly higher late freedom from AF when compared with a 
left atrial lesion set alone (87% vs. 73%; P = .05)33 These results 
are consistent with intraoperative mapping experience showing 
distinct regions of stable dominant frequencies in the left atrium, 
indicating stable left atrial origins for AF only 30% of the time. In 
12% of patients, the AF originated from the right atrium, but in 
almost half of the patients mapped, the origin was unstable and 
moved around the atria.34 It must also be kept in mind that recur-
rent right atrial flutter or tachycardia is a well-known complica-
tion of performing only the left atrial lesions.

Data are available on the importance of several of the lines 
that comprise the left atrial lesions of the Cox-Maze procedure. 
Retrospective work from Gillinov et al.35 has shown the signifi-
cance of the left atrial isthmus lesion in patients with permanent 
AF, and patients are at risk for late left atrial flutter if the isthmus 
line is either incomplete or omitted. In a randomized trial, Gaita 
et al.36 PVI alone versus two alternate lesion sets that both 
included ablation of the left atrial isthmus. In this study, normal 
sinus rhythm at 2-year follow-up was seen only in 20% in the 
PVI group versus 57% in the other groups (P < .006).36 More-
over, the importance of a box lesion around the PVs and entire 
posterior left atrium has been deomonstrated.27 Therefore, most 
of the left atrial Cox-Maze lesion set is likely needed to ensure a 
high success rate. With the advent of ablation technology, which 
has simplified the performance of the operation, it is believed that 
all patients undergoing AF ablation with concomitant cardiac 
surgery should have at least the full Cox-Maze left atrial lesion 
set, and there is little justification for more limited left atrial 
lesion sets at the present time.

Pulmonary Vein Isolation

Surgical Technique

The term PV isolation (PVI) is used to describe an amalgamation 
of techniques that result in the electrical isolation of the PVs 
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group and 66% for the PVI group (P = .0022). Therefore, 
although results with surgical PVI were not as good as with a 
biatrial Cox-Maze lesion set, they were superior to catheter-
based ablation in patients with unfavorable atrial substrates and 
perhaps more complex disease.

The success rate of PVI is even lower in patients undergoing 
concomitant operations. In the setting of mitral valve replace-
ment with or without other concomitant operations (including 
aortic and tricuspid valve procedures and atrial septal defect 
closure), one study showed 61% freedom from AF and only 17% 
freedom from antiarrhythmic medications at a follow-up of 31 ± 
16 months.45 These results highlight the need to fully understand 
the electrophysiological substrate of AF to perform the optimal 
operation for any given individual patient. Currently, surgical 
PVI can be recommended only for patients with lone paroxysmal 
AF and should be avoided in patients with large left atria (diam-
eter ≥ 4.5 cm).

Ganglionated Plexus Ablation

Some surgeons advocate taking advantage of the surgical expo-
sure afforded by PVI to perform autonomic denervation via abla-
tion of the ganglionated plexi (GP). The GP innervate both the 
PV myocardial sleeves and adjacent atrial muscle, and the auto-
nomic ganglia within these plexi have been found to play a role 
in the initiation and maintenance of AF.46 In theory, ablating the 
region of the epicardial fat pads in which the GP reside at the 

results of these studies are promising but limited because of small 
sample size.

A larger study that focused on 52 patients with paroxysmal AF 
undergoing bilateral PVI, autonomic denervation, and excision 
of the left atrial appendage demonstrated 81% freedom from AF 
at 12 months with prolonged monitoring. Eighty-nine percent 
of those without AF 1 year postoperatively were also free from 
antiarrhythmic medications.41 In a larger multicenter trial of 100 
patients undergoing minimally invasive bilateral PV isolation, 
autonomic denervation, and left atrial appendage resection, 87% 
were found to be in normal sinus rhythm by Holter monitoring 
at a mean follow-up of 13.6 ± 8.2 months.42 Although this study 
included a diverse group of patients, those with longstanding 
persistent AF only had a 71% incidence of normal sinus rhythm 
at the conclusion of the study period. Moreover, the strongest 
predictor of AF recurrence in this trial was found to be the pres-
ence of longstanding persistent AF (hazard ratio, 9.3; 95% con-
fidence interval, 2.2 to 38.5). Finally, a study by Edgerton et al.43 
showed even less success in patients with longstanding persistent 
AF, demonstrating only 56% freedom from AF, with only 35% 
of patients not taking antiarrhythmic drugs at 6 months. These 
results stress the necessity of appropriate patient selection.

Most recently, the Atrial Fibrillation Catheter Ablation Versus 
Surgical Ablation Treatment Trial—a two-center, randomized 
clinical trial—compared catheter-based ablation to thoracoscopic 
PVI in patients with antiarrhythmic drug-refractory AF with LA 
dilatation and hypertension or failed prior catheter ablation.44 
This study demonstrated that the 12-month freedom from AF 
and antiarrhythmic drugs was 37% for the catheter ablation 

Figure 128-5.  Schematic illustration of the methods used to isolate the pulmonary veins. Pulmonary vein isolation can be performed (A) separately, (B) with a single con-
necting lesion, (C) as a complete, encircling posterior left atrium isolation, or (D) as a box-lesion set. Both C and D  isolate the entire posterior left atrium, but the lesion 
pattern in C is typical of minimally invasive ablation devices that snake around the pulmonary veins. 
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be surmised from these data and, when combined with informa-
tion regarding the patient’s atrial geometry, can be used to cal-
culate the critical mass of tissue needed to sustain AF in an 
individual patient.53,54 In patients with stable and focal electro-
physiological mechanisms, ECGI can be used to guide a more 
targeted surgical procedure. In patients with multiple or poorly 
defined, nonfocal mechanisms of AF, ECGI can allow a more 
patient-tailored approach based on the critical mass 
calculations.

In theory, a surgeon would be able to use this information to 
identify certain patients who would benefit from either atrial 
reduction surgery or additional ablative lines that further subdi-
vide the atria to reduce the size of contiguous atrial tissue below 
the critical mass requisite for AF, making the patient’s atria 
“fibrillation-proof.”

The limitations of the current ablation devices have impeded 
the development of a truly minimally invasive procedure, because 
the creation of reliable transmural lines of ablation on the beating 
heart has been difficult. Future advances can offer devices that 
overcome this limitation or allow expanded use of hybrid proce-
dures in which surgeons and electrophysiologists work together 
to complete the lesions.

Conclusions

Although various strategies exist for the management of AF, the 
results of the Cox-Maze procedure have been excellent in all 
patient subgroups. In patients with AF undergoing mitral valve 
procedures, a concomitant Cox-Maze IV lesion set incurs minimal 
additional cross-clamp time and overall operative risk and has 
demonstrated superior freedom from AF compared with mitral 
valve surgery alone.55,56 The Cox-Maze lesion set has also been 
shown to have a high success rate in patients undergoing coro-
nary artery bypass grafting (CABG).57 It is recommended that a 
biatrial Cox-Maze procedure be performed in all patients under-
going aortic or mitral valve operations and all on-pump CABG 
patients. In patients with paroxysmal AF undergoing off-pump 
CABG, PVI is performed alone because of the reasonably good 
results demonstrated with this strategy in this patient subgroup. 
Nonetheless, in patients with long-standing persistent AF, the 
results for PVI alone have been largely suboptimal, indicating a 
need for a more extensive approach. Because of the excellent 
results obtained with the Cox-Maze lesion set in this patient 
population, it is recommended to either change plans from an 
off-pump to an on-pump CABG or simply exclude the left atrial 
appendage with a clip device. The development of ablation tech-
nology has dramatically changed the field of AF surgery by trans-
forming a technically demanding procedure into one that is 
accessible to the majority of surgeons and introducing the pos-
sibility of minimally invasive approaches. As more is learned 
about the mechanisms of AF and improved preoperative diagnos-
tic technologies capable of precisely locating the areas responsi-
ble for AF are developed, it will become possible to tailor specific 
lesion sets and ablation modalities to individual patients. This 
capability would make the surgical treatment of AF more effec-
tive and available to a larger population of patients.

Inappropriate Sinus Tachycardia

Background and Indications

Inappropriate sinus tachycardia (IST) is an uncommon clinical 
diagnosis characterized by a resting heart rate of 100 beats/min or 
greater and a rapid rise in heart rate with mild exertion in a struc-
turally normal heart. The tachycardia is deemed an inappropriate 

time of PVI should increase procedural efficacy by removing 
these proarrhythmic influences. However, the efficacy of surgical 
GP ablation is unknown. There have not been any direct com-
parisons between conventional PVI and PVI plus GP ablation as 
part of a randomized clinical trial.

There are additional concerns regarding the long-term effi-
cacy of routine GP ablation at the time of PVI. Experimental 
evidence from the authors’ laboratory and others has demon-
strated recovery of autonomic function in as few as 4 weeks after 
GP ablation. Furthermore, the effects of vagal denervation have 
not been defined clearly. It is worrisome that the reinnervation 
of tissues that occurs after GP ablation might not be homoge-
neous, thereby leading to an even more arrhythmogenic substrate 
than existed preoperatively.

Given the lack of data concerning the long-term efficacy of 
GP ablation, it preferable not to perform GP ablation at the time 
of AF correction surgery. GP ablation should be performed only 
in experienced centers participating in clinical trials.

Future Directions in Atrial Fibrillation Surgery

Although the advent of ablation technology has made the Cox-
Maze IV procedure technically easier and faster to perform than 
its initial iterations, it still requires cardiopulmonary bypass. The 
development of new ablation technologies has spurred the devel-
opment of novel surgical techniques that can be performed 
through small incisions without the need for cardiopulmonary 
bypass.

As mentioned previously, some studies have suggested that 
PVI performed epicardially using minimally invasive techniques 
could have a role in treating a subset of patients with paroxysmal 
AF. In addition, Edgerton et al.47 introduced a new linear lesion 
set, termed the Dallas lesion set, that can be performed epicardially 
on the beating heart using minimally invasive techniques. This 
lesion set, which combines PVI with connecting lesions formed 
on the dome of the left atrium, electrophysiologically mimics 
most of the left atrial lesions of the Cox-Maze lesion set and has 
shown promising results at 6 and 12 months.47 Two-stage hybrid 
procedures that combine PVI, left atrial appendage incisions, and 
other variable biatrial lesions via a minimally invasive approach 
with subsequent endocardial catheter-based ablations in the area 
of the biatrial isthmus lines are being investigated with promising 
early results.48 Similarly, procedures that combine either simul-
taneous or delayed epicardial and endocardial ablation using a 
suction-based unipolar RF device are showing encouraging 
results at some institutions, although questions regarding the 
reliability with which unipolar technology is able to create trans-
mural linear lesions on the beating heart remain.49,50

Novel advancements in diagnostic techniques are also address-
ing concerns with current ablation strategies. There are certain 
populations, such as those with enlarged atria, for which the Cox-
Maze procedure has unacceptably high postoperative failure 
rates. In addition, although most of the triggers for paroxysmal 
AF originate around the PVs, and are thus amenable to PVI, 
more than 30% of triggers originate elsewhere.51

Electrocardiographic imaging (ECGI)—a relatively new, non-
invasive, multipoint mapping modality—can facilitate a patient-
specific approach to AF correction surgery. By combining CT 
scanning with body surface potential mapping with 250 elec-
trodes representing more than 800 epicardial sites, ECGI is able 
to obtain patient-specific, heart-torso geometry and create maps 
of cardiac activation.52 This technique has been well-described in 
patients with a variety of AF types, and it allows activation times 
to be calculated and displayed as either static or dynamic activa-
tion maps on a three-dimensional surface model of given patient’s 
atria. Individual conduction velocities and refractory periods can 
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vena cava and right atrial body. Bipolar pacing is then used to 
confirm electrical isolation of the SA node and surrounding 
atrium from the remainder of the heart in each case.

Surgical Results

The results of superior right atrial isolation have been variable. 
Both the traditional and minimally invasive techniques have been 
hampered by symptomatic bradycardia requiring permanent 
pacemaker implantation, as well as recurrent supraventricular 
tachycardia from ectopic foci.61

In the authors’ series of 13 patients, sinus tachycardia was 
eliminated in all patients in the immediate postoperative period 
as noted on the electrocardiogram. Nine patients had an atrial 
escape rhythm, and only two patients had a junctional rhythm 
that required postoperative pacemaker implantation immediately 
after surgery. At late follow-up of 5.6 ± 5.7 years, four patients 
had new pacemakers and three patients developed atrial tachyar-
rhythmias (two requiring catheter ablations, and one requiring 
medical therapy for atrial fibrillation). Of the five patients who 
received the minimally invasive approach, only one required 
pacemaker implantation during the follow-up period, and all 
patients were free from cardiac symptoms at late follow-up.

Conclusions

Surgical isolation of the SA node should be reserved for highly 
symptomatic patients with IST that is refractory to medical man-
agement with both β-blockers and calcium channel blockers. Less 
invasive techniques offer a more attractive option for surgical 
management of refractory IST with acceptable long-term success 
in patients for whom medical therapy has failed.

chronotropic response because both the resting heart rate and the 
increase in heart rate seen with exercise are generally out of pro-
portion to the physiologic need.58 Although IST is a rare disorder, 
the prevalence of IST is likely higher than what presents clinically 
and can be as high as 1% of the population.59

Initial therapy consists of dietary modification and medical 
management with β-blockers or calcium channel blockers. 
Patients who experience symptoms refractory to these more con-
servative measures often undergo catheter ablation therapy. 
However, this treatment modality remains controversial, and 
small reported series demonstrate a high failure rate at long-term 
follow-up.60 This has led some centers to consider a surgical 
approach.

Surgical Technique: Superior Right Atrial Isolation

Although surgical isolation of the SA node has traditionally been 
performed through a median sternotomy with intraoperative 
mapping and cardiopulmonary bypass, there is a minimally inva-
sive approach that uses epicardial bipolar RF energy to obviate 
the need for cardiopulmonary bypass.61

After positioning the patient in a left lateral decubitus posi-
tion, a right minithoracotomy is made, and a bipolar radiofre-
quency clamp is used to isolate the sinus node along with the 
entire proximal right atrium (Figure 128-6). Intraoperative iso-
proterenol is administered to induce sinus tachycardia to a rate 
of 150 to 180 beats/min. Circumferential ablations are then per-
formed around the right atrium until an inversion of the p wave 
morphology is seen in the inferior leads, and blunting of the 
response to isoproterenol is achieved. In the authors’ experience 
with five patients, an average of 8.3 ± 1.5 ablations are needed to 
isolate the SA node completely, along with a generous cuff of 
right atrial tissue extending down to the junction of the superior 

Figure 128-6.  Surgical isolation of the sinoatrial node using a bipolar radiofrequency clamp. 

(From Kreisel D, Bailey M, Lindsay BD, Damiano RJ Jr: A minimally invasive surgical treatment for inappropriate sinus tachycardia, J Thorac Cardiovasc Surg 130:598–599, 2005.)
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an important precursor to the development of catheter-based 
procedures, they are currently most notable for their historical 
significance. Traditional surgical approaches will continue to 
have a role in patients with atrial arrhythmias refractory  
to catheter-based procedures, as well as in patients with  
other cardiac or vascular disease that prohibits a percutaneous 
approach.

Other Supraventricular Tachycardia Surgeries 
and Conclusions

Although surgeries developed for the treatment of other supra-
ventricular arrhythmias, such as Wolff-Parkinson-White syn-
drome, atrial flutter, and atrioventricular nodal reentry, were  
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catheter mapping and ablation techniques. The latter allowed 
electrophysiologists to replicate the surgical VT experience by 
using a significantly less invasive approach.8 These developments 
have resulted in the decline of surgical VT ablation, which nowa-
days is used only rarely. Nevertheless, in a select group of patients, 
surgical ablation is still an important option for treating refrac-
tory ventricular arrhythmias.

Indications: Current and Emerging

Currently, surgical VT ablation is generally the treatment of last 
resort reserved primarily for patients who have failed a combina-
tion of antiarrhythmic drugs and percutaneous catheter ablation 
attempts.8,9 The experience at the Hospital of The University of 
Pennsylvania is consistent with this. Over a 3-year period (2007 
to 2009), 527 patients underwent 644 VT ablation procedures; 
structural heart disease was present in 295 (56%). Of these 295, 
144 patients (49%) had heart disease categorized as nonischemic 
based on the lack of a prior infarct and absence of coronary 
disease. In 8 of these patients (1.5%; 7 men), all with a nonis-
chemic substrate (median left ventricular ejection fraction of 
35%), the arrhythmia remained refractory to medications and 
endocardial/epicardial percutaneous radiofrequency (RF) abla-
tion attempts. These patients eventually underwent surgical VT 
ablation for arrhythmia control. Six had dilated cardiomyopathy 
and 2 had longstanding hypertrophic cardiomyopathy.10 In the 
latter group, arrhythmia was found to originate from the mid-
myocardium (identified by magnetic resonance imaging [MRI]) 
of the basal left ventricle (LV), which was markedly thickened 
(>20 mm). This was impossible to target effectively by percutane-
ous catheter ablation from the endocardium or epicardium. Con-
sistent with those observations, case reports from other 
investigators also suggest that ventricular arrhythmias arising 
from the basal interventricular septum (IVS) are challenging to 
ablate percutaneously.11 Thus, in patients with VT features mani-
festing on an electrocardiogram (ECG) that suggest origin from 
the IVS region, attempts should be made a priori to identify 
septal scar using MRI, positron emission tomography scan, and 
transthoracic and/or intracardiac echocardiography, among 
others (Figure 129-1). Typical ECG features suggesting VT 
origin from the IVS region include (1) left bundle branch block 
morphology with superior or inferior axis and early precordial 
transition (before lead V3) or (2) right bundle branch block mor-
phology with inferior or superior axis and an unusual precordial 
transition pattern with lead V2 manifesting predominantly nega-
tive complexes (rS or QS) compared with leads V1 and V2 (Figure 
129-2).12,13 In these cases, especially if a scar is identified in the 
IVS, it is prudent to make the patient aware of the possibility that 
percutaneous catheter ablation may not be successful. Similarly, 
in patients with hypertrophied LV who have ventricular arrhyth-
mias in the setting of midmyocardial scar, consideration should 
be given to a surgical option if an attempt at percutaneous cath-
eter ablation fails.10 In addition to this, surgical ablation of 
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Historical Perspective

In the past, open-heart surgery was not uncommonly used to 
treat refractory ventricular arrhythmias.1 The predominant pop-
ulation subjected to this management strategy was comprised of 
patients with healed myocardial infarcts who experienced sus-
tained ventricular tachycardia (VT). The original technique used 
resection of the dyskinetic/akinetic scarred myocardial tissue 
(aneurysmectomy) with only modest success (~40%) for long-
term arrhythmia control.2 Subsequent mapping studies revealed 
that critical components of the VT reentrant circuit used the 
border zone between the dense scar and healthy myocardium. 
This resulted in the development of subendocardial resection 
(removing tissue up to a depth of 2-4 mm in the area surrounding 
the dense aneurysm).3 By using this approach with or without 
aneurysmectomy, the overall success rate for long-term arrhyth-
mia control improved to 90%.4 Subsequent innovations in 
mapping tools (multielectrode epicardial shock and endocardial 
basket) allowed operators to better characterize VT circuits for 
more effective surgical ablation.5 Nevertheless, a major limitation 
of the technique remained its highly invasive nature (median 
sternotomy with cardiopulmonary bypass and ventriculotomy).6 
Furthermore, because it was typically performed on sick patients 
with impaired cardiac function (who experienced recurrent ven-
tricular arrhythmias refractory to multiple antiarrhythmic drugs), 
there was high periprocedure mortality rate.1,4,5,7 For these 
reasons, the technique was never widely adopted and it remained 
confined to a few centers/operators specializing in VT surgery. 
With the invention of implantable cardioverter defibrillators 
(ICDs), there was a shift away from surgical VT ablation. Fur-
thermore, because ICDs could be implanted outside the operat-
ing room (OR), this technique was widely adopted. At the same 
time that ICD platforms were becoming smaller and more 
sophisticated, there were major advances in percutaneous 
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of Valsalva and the LV outflow tract is exposed (see Figure 129-3). 
The IVS is seen immediately under the right coronary aortic 
valve (AV) cusp. The basal anterior and lateral LV endocardium 
is visualized under the junction of right-left commissures and the 
left coronary cusp, respectively (see Figure 129-3). A transatrial, 
trans–mitral valve (MV) approach offers the best visualization of 
both papillary muscles, the posterior LV endocardium, and the 
LV apex.14,16,17 These structures are frequently involved in VT 
circuits in patients with healed inferior infarcts and can also be 
the source of VT in patients with nonischemic cardiomyopathy. 
In patients with mechanical AV and MV, apical ventriculotomy 
has been used to access the LV endocardium.18 In patients under-
going surgical ventricular aneurysm repair, the site of aneurys-
mectomy can also be used to access the LV endocardium before 
aneurysm resection and closure. The RV too can be accessed 
either via a transatrial, trans-tricuspid valve (TV) approach or 
directly through the RV free wall.14,18 An important difference 
between epicardial alone versus additional endocardial cardiac 
access pertains to cardiopulmonary bypass use.19 When the 
arrhythmia originates from the RV free wall or the inferior  
IVS region, access to these locations can be obtained by partial 
sternotomy, sparing the upper half of the sternum (see Figure 
129-3).20 The purported advantages of this approach are shorter 
postprocedure recovery and more stable sternal healing. The 
authors have used this approach successfully in a patient undergo-
ing ablation for refractory VT originating from the inferior IVS 
region and the anterior epicardial LV surface. There are also case 
series describing access to the epicardium using a surgical window 
via an epigastric incision after removal of the xyphoid process, or 
a left anterior thoracotomy using a limited left anterior incision 

ventricular arrhythmias should be considered in patients who are 
undergoing open-heart surgery for other cardiac conditions, such 
as valve surgery or coronary artery bypass grafting, and have 
manifested recurrent VT despite antiarrhythmic drug (AAD) 
therapy and/or percutaneous catheter ablation attempts.

Accessing the Ventricle: Approaches

Adequate access to all cardiac surfaces is critical to the success of 
surgical VT ablation. Median sternotomy typically provides the 
best visualization of the entire heart.1,4,10 The epicardial aspect of 
the right ventricle (RV), superior IVS, and anterior LV wall are 
well-visualized through median sternotomy without additional 
cardiac manipulation (Figure 129-3). However, to adequately 
inspect the posterolateral LV wall, the heart has to be physically 
lifted. Although this can cause a drop in cardiac output and blood 
pressure, proper pericardial and cardiac manipulation as con-
ducted during off-pump coronary artery bypass grafting can 
facilitate good exposure of the posterolateral LV for inspection 
and mapping if necessary.14 Actual ablation, particularly cryoabla-
tion, is typically performed with cardiopulmonary bypass on an 
arrested heart to avoid the energy sink of warm blood within the 
heart. To access the LV endocardium, there are several options. 
The transaortic approach offers the best visualization of the basal 
LV, including the IVS region as well as the anterior and lateral 
LV walls.14,15 To achieve this, a standard aortotomy for aortic 
valve replacement is performed above the sinotubular junction.10 
The aortic valve leaflets are carefully retracted against the sinus 

Figure 129-1.  Septal scar identified by MRI and echocardiographic imaging . A, Proximal interventricular scar (red arrows). B, Scar in the distal interventricular distribution 
extending to the apex (blue arrows)  identified by MRI. C, Apical 4-chamber transthoracic echocardiographic view showing thickened septum with marked echogenicity 
representing infiltrative disease process. D, Thickened proximal interventricular septum (star) identified using intracardiac echocardiography in a patient with hypertrophic 
cardiomyopathy. In all these patients, refractory ventricular arrhythmias originated from the septal substrate, which was targeted during surgical ablation. LA,  left atrium; 
RA, right atrium; RV, right ventricle; LV, left ventricle. 
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meshes and basket catheters were developed, which had the ability 
to record electrical activity at a higher resolution than the finger-
mounted bipolar electrode(s) and thus could provide more com-
prehensive understanding of the activation sequence during 
ventricular arrhythmias.22,23 However, interpretation of data 
required special signal processing, which made these tools cum-
bersome to use in the OR. With the development of electroana-
tomic mapping (EAM) techniques, electrophysiologists are now 
able to create a three dimensional shell of the chamber of interest 
during ongoing arrhythmia.24 This tool provides more intuitive 
visualization of the tachycardia circuit vis-à-vis the underlying 
anatomy and substrate. EAM requires a low-intensity magnetic 
field around the patient, which requires a special setup. In hybrid 
ORs that are specifically designed for both percutaneous catheter 
and open-heart surgical interventions, use of advanced cardiac EP 

extending from the third to fifth intercostal spaces. Both these 
techniques have been successfully accomplished in the cardiac 
electrophysiology (EP) laboratory. However, using this approach 
in the EP laboratory, only the epicardial aspect of the inferior, 
anterior, and parts of the lateral cardiac surfaces were accessed.21

Mapping: Tools and Techniques

Early attempts at mapping ventricular arrhythmias in the OR used 
finger-mounted bipolar electrodes that were manipulated to 
various locations in the chamber of interest. This method was 
adequate for identifying critical components of the reentrant 
circuit in patients with healed infarcts.3,4 Subsequently, multipolar 

Figure 129-2.  A, 12-lead ECG of VT manifesting a left bundle branch block morphology and inferior axis with early transition (≤V3). B, 12-lead ECG of VT manifesting a right 
bundle branch block morphology, inferior axis, and unusual transition pattern (predominantly positive forces in leads V1, V3-V6 but negative forces in lead V2). These features 
are characteristic of VT originating from the interventricular septal region. 
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of the reentrant circuit and/or the site of origin of VT (vis-à-vis 
the underlying substrate) were characterized. These locations 
were then targeted by conventional RF energy. Although percu-
taneous RF ablation in these cases was not effective in suppressing 
the arrhythmias, in the OR the RF lesions were identifiable and 
served as targets for cryothermy application (Figure 129-4). This 
precluded the need for additional arrhythmia induction or 
mapping during open-heart surgical ablation. In the OR (under 
cold cardioplegia), the cryoprobe was positioned over the RF 
lesion site and full duration (3 minutes) cryothermy application 
was made. This procedure typically resulted in a large lesion the 
induration from which could be palpated on the opposing surface 
(see Figure 129-4). Thus, cryolesions delivered on the endocardial 
surface could be palpated from the epicardial aspect and vice 
versa. As a result, it is possible to make an additional cryothermy 
application on the opposing cardiac surface to ensure a transmural 
lesion that would extend through the entire thickness of the tar-
geted LV myocardium.

Lesion Creation: Energy Sources

Several energy sources have been used to create effective lesions 
during surgical ablation of ventricular arrhythmias. These include 
RF energy, cryothermy, microwave, laser energy, etc. Among 
these, the largest experience has been with cryothermy. The 
cryoablation technology used earlier during surgical VT ablation 

mapping tools including EAM is possible.25 There are case reports 
describing the use of EAM in hybrid ORs during surgical  
VT ablation.11,18 To accomplish this, the magnet is set up under 
the operating table, reference electrodes are sutured to the  
epicardial surface of either ventricle (exposed via sternotomy),  
and the mapping catheter is manipulated on or within the chamber 
of interest. However, to sustain and map ventricular arrhythmias 
in the OR, the heart usually has to be actively “beating.” In  
some cases, ventricular arrhythmias can be induced and sustained 
with the heart connected to cardiopulmonary bypass, but  
without aortic cross-clamping. However, in these instances, the 
cardiac temperatures on bypass need to be maintained in the nor-
mothermic range. Furthermore, if cryothermy is used for abla-
tion, then the most effective lesions are created on a cooled, 
cardioplegia-arrested heart. However, it is impossible to sustain 
ventricular arrhythmias during cold cardioplegia.10,11,22 Even 
without using cold cardioplegia, reproducible induction and 
maintenance of the clinical arrhythmia(s) during open heart 
surgery (in patients under deep anesthesia) can be challenging. 
The loss of autonomic tone as well as the effects of various anes-
thetic agents coupled with under-filled hearts can make this hard. 
An alternative to mapping ventricular arrhythmias in the OR is to 
perform detailed mapping of these a priori in the cardiac EP labo-
ratory. This is the strategy used for all patients who have under-
gone surgical VT ablation recently at the authors’ institution.10 In 
each case, detailed endocardial and, when indicated, epicardial 
mapping of the arrhythmia was performed in the EP laboratory. 
Using activation, entrainment, and EAM, the critical components 

Figure 129-3.  Examples of different techniques to expose various cardiac surfaces during surgical VT ablation. A, Cardiac exposure via median sternotomy. B, Transaortic 
access to LV endocardium. C, Cardiac exposure via partial (inferior) sternotomy. In (A) and (C), the cryoprobe can be seen deployed at the LV apex and the inferior inter-
ventricular septal  region,  respectively. RV,  right ventricle; LV,  left ventricle; LCC,  left coronary cusp; RCC,  right coronary cusp; NCC, noncoronary cusp; AML, anterior mitral 
leaflet. 
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structures (e.g., valve leaflets, conduction system), which can 
sometimes be frozen inadvertently. This is particularly important 
when the probe is deployed across the aortic or mitral valves (see 
Figure 129-4).

Conventional RF energy has been infrequently used to create 
lesions during surgical VT ablation. Typically, RF ablation 
requires a generator, delivery platform, and impedance pads. 
These may be cumbersome to deploy in the OR setting. Further-
more, creating lesions using resistive heating may not be as effec-
tive in cooled hearts. For these reasons, RF energy is nowadays 
the preferred modality for surgical ablation of ventricular arrhyth-
mias. In the recent literature, there is only one case series describ-
ing successful targeting of VT originating from the posteromedial 
papillary muscle in two patients with healed infarcts using mono-
polar RF energy delivered through a cool-tip ablation catheter.17 
Laser energy (Nd-YAG, pulsed Argon) has been used for surgical 
VT ablation in patients with healed infarcts.26,27 In a single-center 
experience that used pulsed Argon laser energy source, this tech-
nique was found to be helpful in targeting VT originating from 
all LV locations, with excellent long-term arrhythmia-free sur-
vival (90% freedom from VT or death at 1 year).27 However, it 
remains unclear why this technology is no longer used for surgical 
VT ablation. Microwave has also been used to create cardiac 
lesions.28 This technology has been used for isolating pulmonary 
veins and creating linear lesions in patients undergoing surgical 
AF ablation. A recent case report has also described the efficacy of 
this technology during surgical VT ablation.29

Although cryothermy seems to be the most popular energy 
source in patients undergoing surgical ablation of ventricular 
arrhythmias, there are no studies that have compared the efficacy 

used a stiff handheld probe that was able to achieve tissue tem-
peratures of −60° C.22 Although this was found to be adequate 
for targeting VT circuits around the aneurysm of healed infarcts, 
it likely created lesions no larger than 5 mm. Thus, for deeper 
intramural VT circuits/sources, this may not be an effective 
energy source.11 In comparison, the newer-generation cryoabla-
tion platform can cool to much lower temperatures (−150° C) 
and is capable of creating larger and deeper lesions (up to 60 mm). 
In our recent surgical VT ablation experience, the Surgifrost 
Surgical Cryoablation System (Medtronic CryoCath LP, Quebec, 
Canada) was used.10 This system uses a flexible metal probe with 
an adjustable insulation sheath and can be molded to conform to 
cardiac contours. The system uses Argon gas to achieve rapid 
cooling to a temperature of −150° C. The standard duration of 
cryoapplication with this unit is for a maximum of 3 minutes and 
comprises both the cooling and thawing phases. The best results 
are achieved under cold cardioplegia, which allows the probe to 
achieve the lowest tissue temperatures. The malleable probe can 
be configured into various shapes, which is helpful for ablating 
at different cardiac locations and surfaces. The entire length of 
the probe is positioned to create linear lesions when targeting 
large epicardial scars in the IVS region (Figure 129-5). In 
instances when the epicardial source of VT is more focal, the 
probe can be coiled to create large circular lesions (see Figure 
129-5). For targeting VT circuits and sources endocardially, just 
the tip of the probe (without any modifications) can be deployed 
at the ablation site to create smaller, more precise lesions (see 
Figure 129-4). Because the entire length of the probe cools 
during energy application, care has to be taken to avoid making 
contact of the proximal end of probe with critical cardiac 

Figure 129-4.  The authors’ approach to surgical VT ablation by cryothermy. A, Example in which RF lesions delivered during percutaneous mapping and ablation in the 
cardiac electrophysiology laboratory on the posterolateral LV endocardial surface were identifiable at the time of surgical ablation (7 days later; white arrowhead). B, This 
location being targeted by cryothermy (transaortic deployment of cryoprobe tip). The induration created by cryothermal application (3-minute lesion) at this endocardial 
location was easily palpable on the corresponding epicardial surface (C, dotted enclosed area). 
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end point for effective lesion creation. In some situations in 
which lesions are delivered across reentrant channels, one can 
test for the presence of postablation conduction block across the 
targeted channel.22 Although whenever possible, arrhythmia 
induction in the OR should be attempted, the authors also found 
PES beyond the acute phase to be useful for predicting long-term 
success. In patients with ICDs who underwent VT ablation at 
their center, despite acute procedural success (inability to induce 
VT at the end of the procedure), they performed noninvasive 
programmed stimulation (NIPS; through the ICD) 48 to 72 
hours after surgery. They found that lack of VT induction 48 to 
72 hours after the ablation procedure is a strong predictor of 
long-term VT-free survival.30

Although surgical ablation is successful for treating refractory 
clinical VT, patients may experience other arrhythmias (e.g., AF, 
premature ventricular complexes, nonsustained VT) early after 
the procedure.31 Thus it is not uncommon for these patients to 
be maintained on AAD therapy immediately after surgery. In the 
authors’ surgical VT ablation series (eight patients), only one 
patient who had idiopathic VT originating from the superior 
basal IVS region was discharged without AADs after successful 
ablation. The remaining subjects were all prescribed at least one 
AAD initially, which were subsequently tapered and discontin-
ued.10 Attempts should be made to modify AAD regimen acutely 
after the procedure, either by changing patients who are on 
multiple agents to a single drug or reducing the dose if the 
patients are only taking one AAD. For patients who have been 
on extended amiodarone therapy, the authors’ practice after suc-
cessful surgical VT ablation is to switch to another AAD. In 
patients who have sustained refractory ventricular arrhythmias 
(not the original clinical VT) early after the surgical ablation, 
consideration should be given to catheter mapping and ablation. 
In some instances after surgical ablation, a different VT (previ-
ously not seen) can become manifest and this may be amenable 
to conventional percutaneous ablation. In the authors’ experi-
ence, early after the surgical VT ablation (≤1 month), the peri-
cardial space is accessible, and so if indicated, percutaneous 
epicardial mapping and ablation are feasible. However, beyond 
this period, pericardial adhesions may form and then epicardial 
access can be challenging.

Complications

Surgical VT ablation is a highly invasive procedure. Further-
more, it is usually performed on subjects who are experiencing 

of this source with other ablation platforms in this patient popu-
lation. On the basis of the surgical VT ablation experience at the 
authors’ center, cryothermy is certainly capable of creating effec-
tive lesions.10 However, to create large lesions, the probe needs 
to be able to cool to a temperature of −150° C. This is best 
achieved in cold and immobile hearts. Thus, cold cardioplegia is 
essential for effective cryothermy during surgical ablation of ven-
tricular arrhythmias.

Acute End Points of Ablation and Postsurgical 
Arrhythmia Management

The acute end points of surgical VT ablation are determined to 
a large extent by the mapping strategy used. In cases where the 
arrhythmia is sustained and mapped during surgical ablation, VT 
termination and noninducibility should be the end point(s) for 
procedural success. However, as was pointed out earlier, this 
usually requires a beating heart setup or euthermic cardiac tem-
peratures. In situations where cryothermy is used to create lesions 
under cold cardioplegia, VT may be impossible to induce or 
maintain. In these instances, after the lesion set has been com-
pleted, the heart is allowed to rewarm and VT induction can then 
be attempted by programmed electrical stimulation (PES). 
Whenever possible, the authors have used this strategy in their 
surgical VT experience.10 In patients with ICDs, PES can be 
easily performed in the OR through the device. In subjects 
without ICDs, this can be accomplished by temporarily suturing 
an electrode to the cardiac surface. However, PES in the OR can 
be challenging for several reasons: (1) In patients undergoing 
additional cardiac procedures (valve or bypass surgery) this may 
not be possible to do immediately after the surgical VT ablation; 
(2) in situations where there is acute decompensation during the 
surgical procedure, VT induction may not be clinically advisable; 
(3) other variables (e.g., anesthetic agents, autonomic tone, 
cardiac filling) can effect arrhythmia induction; (4) lack of stan-
dard 12-lead ECG recording may make it difficult to compare 
arrhythmia induced in the OR with the clinical arrhythmia; and 
(5) arrhythmias induced in the OR may be nonspecific. An alter-
native method to assess ablation efficacy may be to evaluate 
physical properties of the targeted tissue. As previously discussed, 
lesions created in the OR by cryothermy are transmural and cause 
marked induration, which is palpable from both the endocardial 
and epicardial surfaces. Effective lesions should also result in 
alteration in the electrical properties of the tissue. Thus, inability 
to capture the ablated site at high pacing outputs can serve as an 

Figure 129-5.  Two examples of cryothermy application using the Surgifrost Surgical Cryoablation System (Medtronic CryoCath LP, Quebec, Canada). A, The entire length 
of the probe (white interrupted arrow) is positioned over the anterior interventricular septum to create a linear lesion. In (B), the probe has been coiled to create a circular 
lesion over the posterolateral LV surface. During cryothermy application, the entire length of the probe, including the insulation sheath, becomes excessively cold and care 
has to be taken to avoid contact of the latter with critical cardiac structures. LV, left ventricle; RV, right ventricle; LAA, left atrial appendage. 
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VT resulting in one ICD shock, and one patient had three epi-
sodes of VT, all occurring during the first 3 postoperative months, 
but none over the remaining 12 months of follow-up (without 
modification of medical therapy).10 Overall, there was a signifi-
cant reduction in the burden of VT and ICD therapies. The 
number of ICD shocks per patient declined from 6.6 shocks in 
the preceding 3 months before surgery to 0.6 shocks during the 
first 3 postsurgical months (P < .01). In another series, 1-year 
survival after surgical VT ablation was 80%. However, over a 
5-year period, there was a steady decline in survival so that at the 
fifth year, 25% of the subjects had died.35 Although these survival 
data are sobering, they are comparable with 5-year survival data 
in patients with impaired LV function and heart failure who have 
undergone open-heart surgery for other indications. Thus, if it 
is successful, surgical VT ablation can improve long-term mortal-
ity in an otherwise sick group of patients who may not have 
survived acutely without this intervention.7,35

Future Developments

Despite the overall success of surgical ablation in treating refrac-
tory ventricular arrhythmias, the procedure can be challenging. 
A major limitation of surgical VT ablation remains the ability to 
induce and map clinical arrhythmias during the procedure. Thus 
any development that can facilitate ventricular arrhythmia 
mapping in the OR is highly desirable. It is possible that hybrid 
rooms, which are capable of supporting percutaneous interven-
tions and open-heart surgical procedures, may help accomplish 
this. In such a setup, it is conceivable to induce and map the 
arrhythmia using the same tools as in the EP laboratory (intra-
cardiac multipolar electrode recordings and EAM), albeit with an 
open heart.36 Using this approach, the critical parts of the VT 
circuit and/or site of origin may be better identified. However, 
targeting these critical locations in the OR effectively would still 
require cold cardioplegia, particularly when using cryothermy. 
Development of energy sources and platforms that can create 
effective lesions without the need for cold cardioplegia is also 
highly desirable because it will enhance the ability to ablate 
during an ongoing arrhythmia. This can provide a more rigorous 
and easily reproducibly end point of arrhythmia termination 
during lesion creation and inability to induce the targeted 
arrhythmia afterward. Another improvement in the surgical abla-
tion technique would be the ability to map and ablate ventricular 
arrhythmias using a less invasive approach (without median ster-
notomy). This has been accomplished for AF ablation, which can 
now be performed by minimally invasive surgery. However, the 
challenge during ablation of refractory VA remains the need to 
target areas of the heart that typically require full sternotomy for 
the best visualization. However, certain areas of the heart (infe-
rior IVS regions, anterior LV wall, RV) can be accessed by partial 
sternotomy. Additional innovations that can allow us to map and 
successfully ablate VA arising from other cardiac locations using 
minimally invasive surgical techniques are also desirable because 
they may help reduce procedure-related morbidity.

Conclusions

Surgical ablation is used to treat ventricular arrhythmias that 
remain refractory to drugs and percutaneous catheter ablation 
attempts. The reason for failure of conventional catheter ablation 
in these instances is because the arrhythmia source or circuits are 
intramural and cannot be targeted by catheter-based RF energy. 
In the OR, this is overcome by creating much larger lesions 
(~60 mm) via median sternotomy under cold cardioplegia using 

VT that is refractory to multiple AADs and percutaneous cath-
eter ablation attempts. Not infrequently, these patients require 
additional cardiac interventions (e.g., valve replacement or repair, 
coronary artery bypass grafting) at the time of the surgical abla-
tion. These patients also have concomitant heart failure. For all 
of these reasons, procedure-related complications are not uncom-
mon in this group of patients. The majority of adverse events 
seen in patients undergoing surgical VT ablation are similar to 
those observed in patients undergoing open-heart surgery for 
other indications. These include infection, altered mentation, 
worsening heart failure, prolonged inotropic support, persistent 
hypoxemia, and arrhythmias.31 Complications that are specific to 
the surgical ablation itself are few and include:
• Ventricular arrhythmias—as previously discussed, surgical VT 

ablation can sometimes be proarrhythmic and, in rare instances, 
patients may have worsening ventricular arrhythmias immedi-
ately after.10,32 If these are nonsustained and do not cause 
hemodynamic compromise, then a combination of AADs is 
sufficient to control them. However, if these arrhythmias 
become sustained then patients may need extra corporeal 
membrane oxygenation support or a ventricular assist device 
to maintain end-organ perfusion. In these instances, consider-
ation should also be given to percutaneous catheter ablation. 
For sustained ventricular arrhythmias that remain refractory 
to all of these interventions, cardiac transplantation may be the 
only remaining option. Patients with acute sustained ventricu-
lar arrhythmias after surgical VT ablation have the worst prog-
nosis, and early mortality in this group can be as high as 
approximately 50%.2,5,10

• Worsening heart failure—this is not uncommon after surgical 
VT ablation for several reasons: A majority of patients under-
going the procedure have baseline LV dysfunction, surgical 
ablation lesions can worsen LV function, myocardial contractil-
ity may be suppressed after cold cardioplegia, etc. In this 
context, precise lesion creation is critical to minimizing 
ablation-related worsening of LV function. This is best achieved 
by targeting critical components of the VT circuit identified by 
either mapping in the OR or mapping a priori in the EP labora-
tory. The latter is an effective strategy in patients with nonisch-
emic cardiomyopathy in whom the scar is patchy and not easily 
identifiable visually during open heart surgery.10,13,33 The overall 
occurrence of complications in our recent surgical VT ablation 
experience is 25%.10 Two patients died during the index hospi-
talization (at 6 and 10 weeks after the surgical ablation): one 
from progressive heart failure and second from sepsis. In the 
remaining six patients, the median time from surgery to dis-
charge was 7 days (range, 5 to 11 days).

Long-Term Expectations

The most extensive long-term outcome experience of surgical 
VT ablation is in patients who underwent the procedure 20 to 
30 years earlier for refractory VT in the setting of healed myo-
cardial infarcts.2,3,7,34,35 The ablation strategy in the majority of 
these cases comprised aneurysmectomy and subendocardial 
resection. More recently, surgical ablation has been used to suc-
cessfully treat refractory VT in patients with nonischemic car-
diomyopathy.10 However, this constitutes a relatively small group 
of patients with an average postprocedure follow-up duration of 
approximately 24 months. Despite this limitation, the outcome 
data in these patients are encouraging. Of the six patients from 
a cohort of eight subjects, all of whom had nonischemic cardio-
myopathy and underwent surgical VT ablation (two patients died 
during the index hospitalization after the ablation) over a mean 
follow-up of 23 ± 6 months (range, 15 to 34 months), four 
patients remained free of VT, one patient had a single episode of 
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RF lesions, although ineffective, can serve as targets for precise 
cryoenergy application during the surgical ablation without the 
need for additional mapping in the OR. Future improvements in 
the surgical ablation of ventricular arrhythmias include the ability 
to map the clinical arrhythmia in the OR and to target it effec-
tively using a less invasive approach. Until this is accomplished, 
surgical ablation will remain the treatment of last resort in the 
management of ventricular arrhythmias.

cryothermy. Although this approach is successful for treating 
refractory ventricular arrhythmias in patients with both ischemic 
and nonischemic cardiomyopathies, it is highly invasive. A major 
challenge during surgical ablation is the ability to reproducibly 
induce and map the clinical arrhythmia. To overcome this, patients 
can undergo detailed percutaneous arrhythmia mapping a priori 
in the EP laboratory, during which critical components of the VT 
circuit and sites of origin can be targeted by RF ablation. These 
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Video 129-1 Example of cryolesion creation by deploying the entire  length of 
the cryoprobe over the epicardial surface. The white discoloration surrounding the 
probe reflects the zone of cooling. 

Video 129-2 Example of visualizing the lateral endocardial LV surface via partial 
aortic transection; prior radiofrequency lesions can be visualized as red ulceration 
(acute) or white discoloration (healed). 

Video 129-3 Example showing visualization of epicardial surface through partial 
(inferior) sternotomy. 
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Effects of Vagus Nerve Stimulation on Left 
Ventricular Function and Chamber 
Remodeling in Experimental Heart Failure

The theoretical and experimental foundations of VNS as a poten-
tial therapy for HF existed for decades, but only recently have 
advances in technology and instrumentation allowed for the 
development of implantable devices that can test the full range 
of safety and efficacy of this therapeutic approach in animal 
models of HF.11,12 One such device is the CardioFit VNS System 
(BioControl Medical, Yehud, Israel; Figure 130-1). The  
CardioFit VNS system delivers electrical stimulation via a lead 
placed surgically around the right cervical vagus nerve and 
attached to an implantable pulse generator.11 A second lead is 
placed in the right ventricle for electrocardiograph sensing and 
heart rate detection. Detection of heart rate is used to silence the 
VNS stimulator when heart rate drops below a preset level to 
avoid the adverse effects of bradycardia. Maximal stimulation 
current, pulse width, and operation algorithm of the CardioFit 
System are controlled by wireless communication and are used 
noninvasively to adjust the stimulation algorithm and settings for 
optimal outcome of therapy in each individual case.

In dogs with coronary microembolization-induced HF (LV 
ejection fraction of ~35%), long-term (3 months) VNS mono-
therapy was shown to improve LV ejection fraction, significantly 
reduce LV end-systolic and end-diastolic volumes, and increase 
stroke volume compared with untreated controls (Figure  
130-2).11,13 The improvement of LV systolic function and preven-
tion of progressive LV dilation was associated with a significant 
reduction of plasma levels of n-terminal-pro brain natriuretic 
peptide compared with controls (see Figure 130-2). Furthermore, 
ambulatory electrocardiograph Holter monitoring showed a 
reduction of minimum, average, and maximum heart rate by 1, 
10, and 28 beats/min, respectively, in VNS-treated dogs com-
pared to changes of heart rate in control dogs of only 2, 1, and 
0.5 beats/min, respectively.11,13 Long-term VNS in dogs with HF 
also elicited improvements in indices of LV diastolic function 
evidenced by a decrease of LV end-diastolic pressure, increased 
deceleration time of rapid mitral inflow velocity, reduced LV 
end-diastolic circumferential wall stress, and increased the ratio 
of peak mitral inflow velocity in early diastole (PE) to peak mitral 
inflow velocity during left atrial contraction (PA) (see Figure 
130-2).11,13 Because heart rate and LV wall stress decreased and 
because both are primary determinants of myocardial oxygen 
consumption (MVO2), it is reasonable to conclude that VNS can 
improve LV function without increasing MVO2, the latter being 
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Autonomic abnormalities evidenced by sustained sympathetic 
overdrive and parasympathetic withdrawal are characteristic fea-
tures of the heart failure (HF) state.1 This imbalance of auto-
nomic activity has long been recognized as a cause of increased 
mortality and morbidity in patients with HF.2,3 In HF, sympa-
thovagal imbalance leads to increased heart rate, excess release of 
proinflammatory cytokines, dysregulation of nitric oxide path-
ways, and arrhythmogenesis, all of which are adverse features that 
contribute directly or indirectly to worsening of HF and death. 
The increase of heart rate in patients with HF, for example, is a 
recognized predictor of mortality and morbidity,4 whereas the 
sustained increase of sympathetic activity contributes to progres-
sive left ventricular (LV) dysfunction and LV remodeling.5 Phar-
macologic interventions that reduce heart rate or limit sympathetic 
drive in patients with HF, such as β-blockers and ivabradine, a 
specific and selective inhibitor of the cardiac pacemaker current 
If, have been shown to improve survival, reduce hospitalization, 
and attenuate progressive LV remodeling.6,7

The past two decades have seen considerable emphasis placed 
on treating chronic HF through suppression of neurohumoral 
activation. This focus gave rise to beneficial drugs such as 
angiotensin-converting enzyme inhibitors, β-adrenergic receptor 
blockers, and aldosterone antagonists. More recently, renewed 
interest has emerged in modulating parasympathetic activity as a 
therapeutic target for treating chronic HF. Recognition that alter-
ation in cardiac vagal efferent activity through peripheral cardiac 
nerve stimulation can produce bradycardia and can modify ven-
tricular contractile function provided added support to this 
approach.8 Further support came from other investigations that 
uncovered the potential merits of electrical vagus nerve stimula-
tion (VNS) in preventing sudden cardiac death, improving long-
term survival, and suppressing ventricular arrhythmias.9,10
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Figure 130-1.  Right, Depiction of an implanted CardioFit Vagus Nerve Stimulation (VNS) device showing the position of the VNS lead on the right vagus nerve, the intra-
cardiac pacing lead in the right ventricular apex, and the implantable CardioFit neurostimulator in the right subclavicular region. Left top, Depiction of the positioning of 
the CardioFit stimulation lead around the right vagus nerve. Left bottom, Photograph of the Cardiofit VNS implantable neurostimulator, sensing lead, and VNS lead. 

Courtesy BioControl Medical, Ltd., Yehud, Israel.

CARDIOFIT VNS SYSTEM

Sensing Lead
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Figure 130-2.  Left Top, Change Δ (treatment effect) between pretreatment and posttreatment of left ventricular (LV) end-diastolic volume (EDV), end-systolic volume (ESV), 
ejection fraction (EF), and stroke volume (SV) in untreated control dogs (blue bars) and dogs treated for 3 months with vagus nerve stimulation (VNS). *P < .05 versus control. 
Bottom left, Treatment effect, Δ, LV end-diastolic pressure (EDP), deceleration time (DT), end-diastolic wall stress (EDWS), and peak mitral valve inflow velocity ratio (PE/PA) 
in control dogs  (blue bars) and dogs treated for 3 months with VNS. *P <  .05 versus control. Right, Plasma levels of n-terminal pro-brain natriuretic peptide (nt-pro BNP) 
measured before initiating therapy (pretreatment) and 3 months after initiating therapy (posttreatment) in untreated control dogs and dogs treated for 3 months with VNS. 
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In addition to preventing progressive global LV remodeling, 

long-term VNS was also shown to have an important beneficial 
effect on LV structural remodeling at the cellular level. In dogs 
with coronary microembolization-induced HF, VNS decreased 
the volume fraction of replacement fibrosis and the volume frac-
tion of interstitial fibrosis.17 This finding suggests that VNS in 
HF can limit ongoing loss of functional cardiac units and can 
limit the accumulation of collagen in the cardiac interstitium and 
the expansion of the extracellular space, both of which  
favor improved LV systolic and diastolic function.17 In addition, 
VNS was shown to decrease oxygen diffusion distance and 
decrease cardiomyocyte hypertrophy.17 These alterations at the 
structural-cellular level can help to minimize the adverse effects 
of hypoxia and the burden of pathologic hypertrophy on the 
failing myocardium. Amelioration of these structural measures by 
VNS suggests that this form of therapy can also help preserve 
myocardial structural integrity.

Mechanisms That Underlie the Benefits of 
Vagus Nerve Stimulation in Heart Failure

Vagal stimulation can activate multiple signaling pathways that 
act in concert to improve LV function in HF and suppress malig-
nant ventricular arrhythmias. These include activation of musca-
rinic M2 and M3 receptors, inhibition of proinflammatory 
cytokines and normalization of nitric oxide signaling pathways 
(Figure 130-3).

a desirable feature of therapies that target the HF state. Because 
VNS and β-blockade both reduce heart rate, VNS stimulation in 
dogs with HF was also examined on top of background therapy 
with β-blockade.14 In dogs with HF receiving background therapy 
with metoprolol succinate, the addition of VNS increased LV 
ejection fraction and decreased LV end-systolic volume com-
pared to dogs treated with metoprolol alone.14

VNS as a therapy for chronic HF was also examined in dogs 
with HF produced by high-rate ventricular pacing using the 
Cyberonics VNS system (Cyberonics, Houston, Texas).12 Dogs 
were randomized to control (n = 7) or to monotherapy with VNS 
(n = 8) and followed for 8 weeks with measurements made 
approximately 15 min after temporarily turning off the ventricu-
lar pacemaker. In these studies, VNS also resulted in a significant 
reduction of LV end-diastolic and end-systolic volumes and an 
increase of LV ejection fraction compared with controls.12 The 
improvement was accompanied by reduced plasma levels of nor-
epinephrine, angiotensin-II, and C-reactive protein and increased 
baroreflex sensitivity. Because rapid pacing was maintained 
throughout the study except for short periods of time when 
measurements were made, one can argue that the benefits of 
VNS therapy, in this model of HF, are independent of heart 
rate.12 Several studies in dogs with microembolization-induced 
HF in which VNS was delivered long-term at stimulation levels 
that did not acutely decrease heart rate also showed significant 
improvements of LV ejection fraction along with reduction of LV 
size.15 These studies also showed that improvement of LV func-
tion with VNS was also associated with increased protein expres-
sion of SECA-2a and reduced expression of the proapoptotic 
protein caspase-3 in LV myocardium.16

Figure 130-3.  Diagram depicting potential mechanisms by which vagus nerve stimulation (VNS) elicits improvements of LV function and prevents development of malig-
nant ventricular arrhythmias. Ach, Acetylcholine; M2, muscarinic M2 receptors; M3, muscarinic M3 receptors; HR, heart rate; MVO2, myocardial oxygen consumption; α-7nAch, 
alpha-7 nicotinic acetylcholine receptor; HMGB1, high mobility group box 1; NOS, nitric oxide synthase; e, endothelial;  i,  inducible; n, neuronal; Cx43, connexin43; LV,  left 
ventricular; SCD, sudden cardiac death. 
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plasma circulating levels as well as LV tissue protein levels of 
TNF-α and IL-6 (see Figure 130-4).13,16

Nitric Oxide Signaling

Nitric oxide (NO) is formed by a family of nitric oxide synthases 
(NOSs) and is involved in parasympathetic regulation of myocar-
dial contractility. In normal dogs, Hare et al.24 showed that the 
inotropic response to dobutamine on cardiac contractility could 
be attenuated by VNS and that infusion of the nitric oxide syn-
thase (NOS) inhibitor L-NMMA reduced the effectiveness of 
vagus nerve inhibition, whereas infusion of the NOS substrate 
arginine had the opposite effect. The three known isoforms of 
NOS are endothelin NOS (eNOS), inducible NOS (iNOS), and 
neuronal NOS (nNOS). Nitric oxide produced by eNOS has an 
important role in the regulation of cell growth and apoptosis and 
can enhance myocardial relaxation and regulate contractility.25,26 
Normal levels of eNOS are also important in maintaining normal 
mitochondrial biogenesis,27 a process that is essential for physio-
logical turnover of these energy-producing organelles. In dogs 
with coronary microembolization-induced HF, messenger RNA 
(mRNA) and protein expression of eNOS in LV myocardium is 
significantly downregulated compared with normal dogs, and 
therapy with VNS significantly improves the expression of eNOS 
(see Figure 130-4).13,16 Inducible NOS is upregulated in HF. 
Overexpression of iNOS in cardiomyocytes of mice has been 
shown to result in peroxynitrite generation associated with fibro-
sis, LV hypertrophy, chamber dilatation, cardiomyopathic pheno-
type, heart block, and sudden cardiac death.28 An increase in 
iNOS can also contribute to myocardial dysfunction through sup-
pression of mitochondrial respiration resulting in reduced steady 
state adenosine triphosphate levels.27 Abnormal mitochondrial 
respiration is a key maladaptation of the failing myocardium. 
Nitric oxide produced from iNOS can also inhibit the activity of 
cytochrome c oxidase (complex-IV) by competing with binding 
sites for oxygen. In dogs with HF, mRNA and protein expression 
of iNOS in LV myocardium is significantly upregulated compared 
with normal dogs, and long-term therapy with VNS tends to 
normalize the expression (see Figure 130-4).13,16 Neuronal NOS 
has been shown to be upregulated in rats following myocardial 
infarctions and in the human failing heart.29 In rats with HF, inhi-
bition of nNOS leads to increased sensitivity of the myocardium 
to β-adrenergic stimulation and observation consistent with a role 

Heart Rate Reduction

Stimulation of the vagus nerve results in the release of the ace-
tylcholine, an organic polyatomic ion that acts as a neurotrans-
mitter in both the central and peripheral nervous system of 
humans and other mammals. Acetylcholine neurotransmission 
activates M2 muscarinic receptors located in the heart, where they 
act to slow the heart rate down to normal sinus rhythm after 
stimulatory actions of the sympathetic nervous system by slowing 
the speed of depolarization. M2 muscarinic receptors act via a 
Gi-type receptor, which also causes a decrease in cyclic adenosine 
monophosphate in the cell and inhibition of voltage-gated Ca2+ 
channels. In the setting of HF, the reduction of heart rate elicited 
by activation of M2 receptors mediates an improvement in LV 
function by reducing cardiac workload through a reduction of 
MVO2. The latter restores a better physiological balance between 
the energy demands and needs of the failing myocardium. Thera-
peutic modalities that reduce heart rate have been shown to 
improve LV ejection fraction in heart failure.4-6,18

Proinflammatory Cytokines

Cytokine production by the immune system contributes impor-
tantly to both health and disease. The nervous system, via an 
inflammatory reflex of the vagus nerve, can inhibit cytokine 
release and thereby prevent tissue injury and cell death.19,20 The 
antiinflammatory effects of VNS are likely mediated through 
activation of the α7 nicotinic acetylcholine receptor.21 Activation 
of this receptor by acetylcholine inhibits the release of high 
mobility group box 1 (HMGB1), a mediator of inflammation, 
from macrophages.21 Injection of lipopolysaccharides in animals 
undergoing VNS resulted in reduced macrophage release of pro-
inflammatory cytokines, including tumor necrosis factor (TNF) 
α, interleukin (IL) 6 and IL-18 without affecting release of IL-10, 
an antiinflammatory cytokine.22,23 Vagus nerve transection 
removed this protection. In human macrophage cell cultures, 
acetylcholine inhibited TNF-α when the cultures were exposed 
to lipopolysaccharide.23 Proinflammatory cytokines are signifi-
cantly elevated in HF and are associated with increased mortality 
and morbidity. In dogs with microembolization-induced HF, LV 
tissue levels of TNF-α and IL-6 are elevated compared to LV 
tissue from normal dogs (Figure 130-4). Long-term monother-
apy with VNS in dogs with HF was shown to significantly reduce 

Figure 130-4.  Bar graphs (mean ± standard error) illustrating the changes various cytokines, connexins, and nitric oxide synthases in left ventricular myocardium of normal 
(NL) dogs, dog with heart failure (HF) that were not treated (controls), and dogs with HF treated for 3 months with Vagus nerve stimulation (VNS). TNF-α, tumor necrosis 
factor alpha; IL-6, interlukin 6; Cx43, connexin43; NOS, nitric oxide synthase; e, endothelial; i, inducible; n, neuronal. *p < 0.05 versus NL. †p < 0.05 versus HF. 
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sion of Cx43 in the LV myocardium of dogs with HF (see Figure 
130-4).13,16

First-in-Man Vagus Nerve Stimulation 
Experience

In patients with HF, reduced vagal activity is associated with 
increased mortality. Further vagal withdrawal has also been 
shown to precede episodes of acute decompensation. De Ferrari 
et al.41 examined the safety and tolerability of chronic VNS in 32 
patients with symptomatic HF and severe LV dysfunction using 
the CardioFit system. The results of this multicenter, open-label 
phase II clinical trial with a 3- to 6-month follow-up with an 
optional 1-year follow-up suggested that VNS in HF patients 
with severe LV dysfunction is safe and well tolerated. Trends for 
efficacy were also favorable, bearing in mind the nonrandomized 
and uncontrolled nature of the study design. Nevertheless, the 
study showed significant improvements in New York Heart Asso-
ciation class, 6-minute walk test, LV ejection fraction, and LV 
systolic volume.41 The positive trends from this first-in-man 
clinical experience provided the needed impetus to initiate ran-
domized placebo-controlled clinical trials in patients with HF. 
Two such trials are currently in progress. The Increase of  
Vagal Tone in Heart Failure (INOVATE-HF) trial is a pivotal 
randomized, placebo-controlled study in the United States that 
investigates the safety and efficacy of the CardioFit System for 
the treatment of subjects with HF and left ventricular dysfunc-
tion. The trial will enroll 650 patients with HF. The Neural 
Cardiac Therapy for Heart Failure (NECTAR-HF) is a prospec-
tive, randomized, clinical feasibility study designed to assess pre-
liminary safety and efficacy of chronic vagal nerve stimulation in 
patients with HF. The trial will enroll 96 patients with HF in 
Europe. The enthusiasm for neuromodulation as a therapeutic 
target for HF has also given rise to other non-VNS neurostimu-
lation approaches that are being explored for the treatment of 
HF, such as baroreflex activation therapy42 and spinal cord 
stimulation.43

Conclusions

Preclinical studies conducted to date support of the concept that 
electrical VNS can favorably modify the underlying pathophysi-
ology of HF. Animal studies have shown that VNS can improve 
LV function and prevent progressive LV remodeling. VNS can 
also prevent the development of malignant ventricular arrhyth-
mias responsible for sudden cardiac death. These benefits of VNS 
arise from multiple mechanisms of action that include reduced 
heart rate, normalization of sympathetic overdrive, suppression 
of proinflammatory cytokines and normalization of nitric oxide 
signaling pathways. First-in-man studies have shown that VNS 
is safe, feasible, and well tolerated. Full appreciation for the 
efficacy of VNS as a therapy for chronic systolic HF, however, 
must await completion of pivotal randomized, placebo-controlled 
clinical trials.
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for nNOS in the autocrine regulation of myocardial contractil-
ity.29 In dogs with coronary microembolization-induced HF, 
mRNA and protein expression of nNOS in LV myocardium was 
shown to be significantly upregulated compared with normal 
dogs, and long-term therapy with VNS tends to normalize the 
expression of nNOS in the failing dog LV myocardium.13,16

Vagus Nerve Stimulation and  
Ventricular Arrhythmias

Sudden cardiac death (SCD) caused by malignant ventricular 
arrhythmias including ventricular tachycardia (VT) and ventricu-
lar fibrillation (VF) is a major unresolved clinical problem.  
The search for a prophylactic treatment for SCD remains  
important particularly in patients with HF who are at high  
risk of arrhythmic death. There is a significant body of evidence 
from experimental and clinical studies demonstrating that VNS 
has an antiarrhythmic action, protecting against induced and 
spontaneously occurring ventricular arrhythmias.30-32 Vagal stim-
ulation modulates ventricular arrhythmias by a number of direct 
and indirect actions, including activation of muscarinic receptors, 
antagonism of sympathetic actions, heart rate reduction, pro-
longed action potential duration (APD), reduced APD disper-
sion, and effects on restitution or refractoriness, possibly via 
nitric oxide. Infusion of atropine, a nonselective muscarinic 
receptor antagonist, has been shown to increase the occurrence 
of induced VF in several studies.33,34 An obvious consideration 
when stimulating the vagus nerve is the resulting bradycardia. 
Some studies suggest that the antiarrhythmic influence of the 
vagus nerve is reduced when heart rate is controlled.35 The mech-
anisms by which a reduction in heart rate could protect from 
ventricular arrhythmias are not understood, but they can include 
rate-dependent alterations in ventricular APD, refractoriness, 
and dispersion of both factors. Another important concept in the 
generation of ventricular arrhythmias is that of APD dispersion. 
Dispersion of APD is a known mechanism underlying circus 
movement reentry around refractory regions. VNS can prevent 
arrhythmias by antagonizing sympathetic mediated changes in 
spatial depolarization; this is particularly relevant in HF when 
there is an increased activation and influence of the sympathetic 
nervous system. Other studies have suggested that VNS exerts a 
direct antiarrhythmic action at the level of the ventricles through 
the release of nitric oxide.36 In innervated perfused rabbit heart 
preparation, the beneficial effects of VNS on VT threshold were 
eliminated with administration of the nonspecific NOS inhibitor 
N-nitro-L-arginine (L-NA). In this study, the antiarrhythmic 
response to VNS was restored by supplementation with 
L-arginine, the NO substrate which competes with L-NA for 
binding to NOS.37 The role of inflammation in the generation 
of arrhythmias in HF is not clear; however, it is recognized that 
malignant arrhythmias are more likely in patients with acute and 
chronic myocarditis.38 Mice with HF induced by overexpression 
of TNF-α exhibited a large number of ion channel conductance 
abnormalities and increased susceptibility to ventricular arrhyth-
mias compared to wild type controls.39

Activation of acetylcholine muscarinic M3 receptors has been 
shown to regulate the expression of phosphorylated connexin43 
(Cx43), a gap junction protein highly expressed in LV tissue and 
significantly down-regulated in HF. Vagus nerve stimulation can 
protect the heart form ischemia-induced arrhythmias by prevent-
ing a reduction of phosphorylated Cx43.40 In dogs with coronary 
microembolization–induced HF, mRNA and protein expression 
of Cx43 in LV myocardium was shown to be markedly down-
regulated compared with normal dogs, and long-term therapy 
with VNS was associated with a significant increase in the expres-
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complications seen in implanted cardiac devices are seen in these 
systems (e.g., device or lead failure, lead migration, infection).

Treatment of Chronic Pain Syndromes

Spinal cord stimulation was first used clinically to treat complex 
pain syndromes refractory to medical therapy. It is approved by 
the U.S. Food and Drug Administration and is used widely for 
the treatment of complex regional pain syndromes in the cervical 
and lumbar distributions and the extremities. A recent metaanaly-
sis found that SCS is a cost-effective and acceptable therapy in 
patients who have persistent neuropathic pain despite adequate 
conventional medical therapy.1 Randomized studies have found 
that SCS provides additional benefits over conventional medical 
therapy for treatment of chronic pain.2 The mechanism by which 
it treats chronic pain is widely thought to be due to interruption 
of the ascending pain signals within the spinal cord, although 
efficacy is also linked to placement of the electrodes in a position 
that produces mild paresthesia in the dermatomal location of the 
chronic pain. This finding suggests that the mechanism of pain 
suppression is highly complex and involves efferent and afferent 
limbs of the nervous system.

Treatment of Cardiac Angina

Spinal cord stimulation was first used in the late 1980s for the 
treatment of chronic angina refractory to medical or revascular-
ization therapy. It is an approved therapy for this condition in 
many European countries. Many case reports and two random-
ized studies have reported that SCS is more efficacious than 
medical therapy alone in this population that is difficult to treat.3 
The placement of the SCS electrode is usually at spinal segments 
C8 to T1 and slightly left of midline. In this location, SCS output 
settings are generally set to produce a slight paresthesia over the 
left precordium, which somehow blunts the chronic angina 
symptoms.4 The mechanism by which SCS produces analgesia 
and antiischemia effects is not clear, but some evidence suggests 
it is a vagal-dependent process.5 Others have theorized that it 
produces direct effects on the coronary vasculature by promoting 
vasodilatation.3,6

Treatment of Peripheral Vascular Disease

Spinal cord stimulation is also approved by the U.S. Food and 
Drug Administration for the treatment of limb pain resulting 
from peripheral vascular disease refractory to standard therapies. 
Many patients experience significant relief with SCS, showing 
improvement in symptoms and decreased claudication.6 The 
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Device, Leads, and Implantation Methodologies

Spinal cord stimulation (SCS) has been used worldwide in human 
populations for various conditions since the 1980s. Most modern 
systems are fully implantable and consist of a pulse generator 
(implanted in the abdominal, gluteal, or paraspinous region) con-
nected to one or more spinal stimulating leads. The leads are 
implanted surgically or placed via percutaneous techniques into 
the dorsal epidural space, with the electrodes located at the spinal 
level appropriate for treatment of the indicated condition. A 
neurosurgeon or specially trained anesthesia or pain specialist 
will usually implant these systems. The initial implantable pulse 
generators had fixed-life, non-rechargeable batteries that lasted 
1 to 4 years, thus requiring a generator change when the battery 
was depleted. Some newer generators have rechargeable battery 
systems that greatly extend the lifespan of the systems and allevi-
ate the need for frequent generator changes. The spinal leads 
have four to eight electrodes spaced at regular intervals to allow 
for stimulation of narrow versus wide local fields. For most appli-
cations, the lead electrode location is a critical determinant of 
long-term clinical efficacy. The stimulus parameters are most 
often tailored to the specific treatment condition, but generally 
have outputs in the range of 0.5 to 5 V stimulus amplitude and 
0.1 to 0.3 ms pulse duration, delivered at 30 to 100 Hz. At the 
higher range of stimulus parameters, skeletal muscle capture can 
become an issue, whereas the lower range of outputs might not 
have the intended neuromodulatory effect. Stimulation is gener-
ally applied intermittently (i.e., for discrete on-off periods) to 
avoid nerve tachyphylaxis. However, it is not uncommon for  
SCS to be delivered continuously with modern systems, depend-
ing on the clinical application. Most systems allow for limited 
patient titration of SCS settings via an external controller. SCS 
is generally well tolerated with few complications, but rarely, 
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cord stimulation systems. Studies were performed with SCS off 
for 24 hours, SCS on for 2 hours, and SCS on for 24 hours. SCS 
was applied at standard clinical settings. No electrical interactions 
were noted between the two systems. T wave alternans testing 
results were positive under the conditions of SCS off for 24 hours 
and SCS on 2 hours, but became negative when SCS was on or 
24 hours, leading the authors to suggest that SCS has an acute, 
time-dependent effect on the ventricular arrhythmic substrate.12

Effects on Atrial and Ventricular Arrhythmias and 
Left Ventricle Systolic Function

Additional experimental studies have specifically examined the 
effects of SCS on cardiac arrhythmias. In a canine atrial tachypac-
ing model, Morley et al.13 examined the effect of chronic SCS at 
reducing atrial fibrillation (AF) episodes. Before atrial tachypac-
ing, SCS significantly increased atrial effective refractory periods. 
SCS that was started at time of tachypacing initiation (early SCS) 
significantly decreased AF episodes and total AF burden, com-
pared with the control group (no SCS). A group in which SCS 
was turned on 8 weeks after tachypacing initiation produced no 
significant change in AF episodes or burden compared with the 
control group. Interestingly, there were no changes noted in 
myocardial fibrosis in any group; however, there were significant 
SCS-induced changes in right atrial nerve sprouting and sympa-
thetic and parasympathetic innervation in this study.13

Chronic SCS has been shown to suppress ventricular arrhyth-
mias in a chronic canine postinfarction HF model.14 In this study, 
canines underwent LAD foam embolization to induce myocardial 
infarction followed by ventricular high-rate pacing for 3 weeks 
to induce HF. Animals were randomized to control (no SCS), 
chronic SCS at spinal segment T4 (delivered at 90% motor 
threshold, 50 Hz, 0.2-ms pulse duration, for 2 hours tid), stan-
dard medical therapy (carvedilol plus ramipril), or SCS plus 
medical therapy. After 10 weeks, significant decreases in sponta-
neous and ischemic ventricular arrhythmias, compared with the 
control group, were noted in animals assigned to the SCS, 
medical therapy, and SCS plus medical therapy groups, with the 
SCS group showing the greatest decrease in ventricular tachyar-
rhythmias.14 Interestingly, there were significant improvements 
in clinical HF parameters (resting heart rate, systolic blood pres-
sure, oxygen saturation) in the SCS and SCS plus medical therapy 
groups compared with the medical therapy and control groups.14 
This clinical improvement was associated with recovery of left 
ventricular ejection fraction (Figure 131-1). In addition, signifi-
cant reversal of left ventricle (LV) dilatation was noted in these 
SCS-treated groups, but not in the control or medical therapy 
groups. Furthermore, serum norepinephrine and B-type natri-
uretic peptide levels were reduced after completion of the treat-
ment interval in both SCS-treated groups compared with the 
standard medical therapy group, which showed no significant 
changes in serum neurohormone levels compared to animals with 
untreated HF (Figure 131-2). This finding suggests that SCS 
must be acting via a unique or discrete mechanism, and not by 
just providing additive effects on the same molecular targets as 
standard HF medical therapy. It was hypothesized that normal-
ization of autonomic tone by SCS therapy led to the improve-
ment in LV contractile function and suppression of ventricular 
tachyarrhythmias.14

A follow-up study using the same canine HF model deter-
mined the optimal site and intensity of SCS that produced 
maximal VT-suppressing and LV-remodeling effects.15 After HF 
induction, SCS leads were placed in one of three spinal locations 
(T1, T4, or T8); all locations received SCS at 90% motor thresh-
old. Two additional T4 groups received SCS at 60% or 30% 
motor threshold (the other stimulation parameters of stimulation 
frequency, pulse width, and delivery intervals were unchanged 

epidural stimulation site is often in the lumbar region for the 
more common lower extremity symptoms. The beneficial effect 
is thought to be manifest via improved peripheral blood flow.

Spinal Cord Stimulation: Cardiac Effects from 
Preclinical Studies in Animal Models

Heart failure (HF) is associated with excessive mortality, often 
via associated ventricular tachyarrhythmias (VTs). Derangements 
in autonomic nervous system (ANS) signaling are noted in HF, 
and many modern HF and VT therapies target the ANS. Neu-
romodulatory therapy with SCS targeting the ANS has been 
shown to provide clinical benefits in experimental heart failure 
models.

Modulation of Cardiac Autonomic Nerve Activity

In anesthetized canines, Foreman et al.7 demonstrated that pro-
vocative coronary artery occlusion was associated with increased 
intracardiac nerve firing. Interestingly, this nerve activity was 
suppressed by active SCS at spinal segment T1, with no change 
in other cardiac parameters such as heart rate or blood pressure.7 
They concluded that this finding could provide insight into the 
beneficial effect of SCS in patients with chronic angina pectoris. 
In another study in a rabbit cardiac ischemia model, preemptive 
SCS delivered at spinal segment C8-T2 (delivered before and 
during coronary artery occlusion) reduced subsequent cardiac 
infarct size. In this study, SCS initiated after the onset of coronary 
artery occlusion had no effect on subsequent infarct size. The 
reduction in infarct size by preemptive SCS was blocked by treat-
ment with α- or β-adrenergic receptor blockers, leading the 
authors to conclude that this cardioprotective effect was mediated 
by adrenergic neurons of the ANS.8

Effects on Cardiac Electrophysiology and  
Electrical Conduction

Olgin et al.9 examined the effects of SCS on cardiac electrophysi-
ology in anesthetized normal canines. In this work, acute epidural 
spinal cord stimulation at segment T1 significantly increased 
spontaneous sinus cycle length and the AH interval. Vagal nerve 
transection, but not ansae subclaviae transection, eliminated the 
effects of SCS on sinus rate and AH interval. The authors con-
cluded that SCS enhanced parasympathetic activity via a vagus 
nerve–dependent mechanism.9 In a canine model of established 
postinfarction heart failure, subsequent coronary artery balloon 
occlusion produced ventricular arrhythmias.10 Acute SCS at T1 
before balloon inflation greatly suppressed the number of ven-
tricular arrhythmias during acute coronary occlusion. In these 
experiments, acute SCS also significantly decreased sinus rate, 
increased the PR interval, and reduced systolic blood pressure.10 
In a similar manner, significant effects of SCS on ischemic ven-
tricular tachyarrhythmia reduction were seen in porcine ischemia 
studies.11 Interestingly, electrocardiographic vectorcardiography 
demonstrated a reduction in ST changes and T wave repolariza-
tion alterations by SCS in this porcine study, suggesting a poten-
tial myocardial mechanism for arrhythmia suppression. In 
contrast to the rabbit studies cited above, SCS had no effect on 
subsequent infarct size in this porcine study.8,11 A small study 
in humans was performed in three patients with ischemic  
cardiomyopathy and unrevascularizable refractory angina to 
determine the effect of SCS on microvolt T wave alternans, 
which is thought to be a potential marker of arrhythmic ventricu-
lar substrate.12 All patients had both implanted ICDs and spinal 
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phase II clinical trial to determine the safety and efficacy of SCS 
in advanced heart failure patients.20,21 Inclusion criteria are 
patients with NHYA class III-IV symptoms, an LVEF ≤ 35% and 
LV end-diastolic diameter between 55 and 80 mm, no implanted 
cardiac resynchronization device, and currently receiving stable 
medical HF therapy. All enrolled patients receive an implanted 
SCS device with randomization to active treatment with SCS or 
no therapy, in a 2 : 1 scheme favoring active SCS therapy. The 
no-therapy group will cross over to active SCS treatment at 6 
months. The primary endpoint is change in LV volumes as mea-
sured by cardiac echocardiography at 6 and 12 months with 
secondary outcomes of changes in blood chemistry (pro–B-type 
natriuretic peptide) and exercise capacity (peak oxygen uptake). 
This trial started in 2010, with actively enrolled patients in the 

from the prior study). Significant beneficial effects on VT sup-
pression and LV ejection fraction improvement were noted with 
90% stimulation at T1 or T4 and 60% stimulation at T4, with 
the most profound effects on both parameters noted in the 90% 
T4 group. The other groups showed no change in these param-
eters relative to HF control (untreated) animals.15 Interestingly, 
in HF models in other species, SCS has also been shown to have 
a beneficial therapeutic effect. In a porcine ischemic HF model, 
SCS treatment improved echocardiographic regional myocardial 
strain and LV function. SCS also decreased myocardial oxygen 
consumption with no change in serum NE levels in this porcine 
model.16 Another recent study in pigs with ischemic heart failure 
suggested that continuous spinal cord stimulation was more 
effective than intermittent stimulation.17 In human patients with 
HF, a recent study showed that SCS reduced life-threatening 
ventricular tachyarrhythmias in two patients with frequent ven-
tricular arrhythmias.18

Spinal Cord Stimulation in Heart Failure: 
Ongoing Human Clinical Trials

The studies discussed in this chapter suggest that SCS can ame-
liorate excessive autonomic nervous system activation, decrease 
atrial and ventricular arrhythmias, and improve HF parameters 
in animal models. Because of apparent vagal effects,19 SCS could 
also have an antiinflammatory action. These studies provide com-
pelling support for human trials of SCS in the HF population. 
In fact, human trials are currently underway to evaluate the safety 
and efficacy of these device-based neuromodulatory modalities in 
the heart failure population.

Studies Evaluating Effects in Human Heart Failure

Determining the Feasibility of Spinal Cord Neuromodulation for 
the Treatment of Chronic Heart Failure (DEFEAT-HF) is a 
multisite (Europe and North America), industry-sponsored, 

Figure 131-2.  Spinal cord stimulation improves neurohumoral function in experi-
mental heart  failure. BNP, B-type natriuretic peptide; BSLN, baseline; After HF, after 
HF induction; 2 wk, after 2 weeks of neuromodulation stage; 5 wk, after 5 weeks of 
neuromodulation  stage;  10 wk,  after  10  weeks  (completion)  of  neuromodulation 
stage. *P < .05 versus group baseline; †P < .05 versus group after heart failure induc-
tion; ‡P < .05 versus control group at the same time point. 

(Used with permission from lopshire JC, Zhou X, dusa C, et al: Spinal cord stimulation 
improves ventricular function and reduces ventricular arrhythmias in a canine postin-
farction heart failure model. Circulation 120:286–294, 2009.)
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(Used with permission from lopshire JC, Zhou X, dusa C, et al: Spinal cord stimulation 
improves ventricular function and reduces ventricular arrhythmias in a canine postin-
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difficult to treat, with high levels of morbidity and mortality. 
Many patients with HF suffer from sudden cardiac arrest because 
of ventricular tachyarrhythmias, and there is a critical need for 
new lines of therapy for this condition. It is clear from the pre-
clinical and clinical studies highlighted in this chapter that long-
term neuromodulation with SCS could be a potential new 
treatment for heart failure and ventricular tachyarrhythmias. The 
active human trials examining SCS in the HF population should 
yield results soon and possibly usher a new age of neuromodula-
tory therapy for heart failure.

United States and Europe, and has a targeted completion date in 
2014.20 Smaller human trials are also investigating the utility of 
SCS in patients with patients. A study in Hong Kong and Aus-
tralia (SCS-Heart)22 will enroll 20 patients with NYHA class III 
HF. In addition a phase I safety and efficacy trial is underway in 
Texas.23

Summary

Despite great advances in pharmacologic and device-based treat-
ments, arrhythmias and heart failure remain prevalent and 
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other scoring systems have been developed,13 none of them have 
been widely used because of only having modest predictive value.

There has been controversy regarding the specific risk score 
that identifies a positive benefit or risk for anticoagulation; 
however, in general a CHADS2 score of 2 or greater is an indica-
tion,10,11 and in some documents 1 or greater is also strongly 
considered.12 It is important to remember that undertreatment 
with the occurrence of stroke is generally considered more 
harmful than overtreatment with potential bleeds.

Conventional therapy has centered on warfarin,10,11 with 
which there were many problems, including absolute or relative 
contraindications, potential for bleeding, medication interac-
tions, variability in dosing and effect, and the need for chronic 
intermittent monitoring. These issues resulted in the finding that 
warfarin was used in approximately 50% of patients in whom it 
was indicated; newer agents have been tested in large randomized 
trials involving in aggregate greater than 50,000 patients.19-29 In 
general, these new agents have been found to be more effective 
than warfarin with either somewhat less or similar bleeding risk, 
without the need for long-term monitoring of international nor-
malized ratio (INR); adoption of these new agents remains highly 
variable. AF ablation, when successful, can allow the discontinu-
ation of anticoagulation in low-risk patients. Nevertheless, con-
vincing scientific data supporting its discontinuation in patients 
at moderate and high risk are not available. Current guidelines 
continue to mandate ongoing anticoagulation based on baseline 
stroke risk, regardless of the success of the ablation.

The role of LAA occlusion must be considered within this 
context. There are several considerations in this regard:
1. Some patients might have absolute or relative 

contraindications to both warfarin and the new 
anticoagulant agents.

2. The new agents might be associated with somewhat less 
bleeding, but the slope of the curve is only decreased and 
bleeding potential still increases over time.

3. The occurrence of gastrointestinal, pulmonary, and other 
side effects of new agents is not trivial.

4. In patients with higher CHADS2 or CHADS2 VASc scores, 
even after ablation, anticoagulation is recommended.

5. The life-long need for anticoagulants with the potential for 
side effects or drug-drug interactions and costs is substantial.

6. A substantial number of patients might develop coronary 
artery disease over time, requiring additional antiplatelet 
therapy and thus increasing the risk of bleeding known to 
accompany triple drug therapy.

For these reasons, there has been substantial interest in LAA 
occlusion. For this approach to be accepted and more widely 
used, it has to meet several conditions:
1. It must be equally or more effective than alternative 

anticoagulation in clinical practice for stroke prevention, as 
demonstrated by large randomized clinical trials. The 
availability of data from well-executed, adequately powered 
randomized controlled trials is extremely important in this 
regard, although only one such trial has been published.

2. The risk-to-benefit ratio must be favorable. This issue is 
complex because, as with any invasive procedure, there will 
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Occlusion of the left atrial appendage (LAA) has the potential for 
significant change in the strategies for stroke prevention in 
patients with nonvalvular atrial fibrillation (AF).1-4 These strate-
gies are predicated on the putative mechanism of stroke in these 
patients.5 Multiple anecdotal cases6 (Figure 132-1) and a series of 
pathologic and echocardiographic studies have documented that 
the LAA is the nidus for thrombus, resulting in stroke in up to 
90% of cases in this setting.5 The hypothesis of the link between 
thrombus in the LAA and subsequent stroke has been substanti-
ated in the randomized PROTECT-AF trial,1,2 in which LAA 
occlusion alone was found to be noninferior to anticoagulation 
for stroke prevention. It must be remembered in this regard that 
other sources of thromboembolic stroke exist; for example, the 
left atrium (LA) itself in the setting of significant mitral valve and 
other structural heart disease, complicated patent foramen ovale, 
left ventricular thrombus, mobile aortic atheroma, and carotid 
arterial disease. In these later situations, chronic anticoagulant 
therapy can be effective in preventing stroke or systemic throm-
boembolism, but LAA occlusion by itself would have no benefi-
cial effect.

Given the well-known relationship between an increasing 
incidence of atrial fibrillation with advancing age, as well as the 
increase in incidence of stroke with advancing age, the numbers 
of patients at risk is estimated to increase dramatically.7-12 Between 
10% and 30% of strokes occur in the setting of diagnosed or 
undiagnosed AF.

Stroke prevention in the setting of AF has been the focus of 
intense investigation resulting in multiple professional societal 
guidelines10-12 and the evaluation and testing of risk scores.13-18 
The most common risk score until recently was the CHADS2 
score, which combined clinical factors that are useful in predict-
ing the occurrence of stroke. This system has been superseded 
by CHADS2 VASc (Table 132-1).

One of the largest studies evaluating risk stratification for both 
ischemic stroke and bleeding included 182,678 patients with 
atrial fibrillation in the Swedish National Registry.16 In a subset 
of 90,490 patients without warfarin throughout follow-up, the 
rate of stroke, transient ischemic attack, or peripheral emboliza-
tion per 100 years at risk when adjusted for aspirin administration 
ranged from 0.9 to 19.4 using the CHADS2 score and 0.3 to 20.3 
using the CHADS2DS2–VASc score (Table 132-2). There was 
improved predictive performance for the CHADS2DS2–VASc 
score for the composite thromboembolism endpoint. This 
expanded score appears to be of special importance in patients 
with lower CHADS2 scores of 0 to 1, and it is based on an incre-
mental improvement in the predictive value of the added risk 
factors of age, sex, and the presence of vascular disease.17 In addi-
tion, it has important implications for identifying the need for 
anticoagulant therapy in these groups with lowest risk. Although 
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5. The approach should also be cost effective, without an 
adverse effect on quality of life. If these criteria can be met, 
LAA occlusion will play a substantial role for stroke 
prevention in patients with nonvalvular AF who are at 
increased risk of stroke.
A variety of approaches for LAA occlusion has been  

developed and is being tested. An important initial consideration 
regarding feasibility relates to the detailed anatomy of the  
LAA itself,30-35 which is highly variable—often with multiple 
lobes and marked trabeculation. The orifice is usually asymmetri-
cal with an oval or elliptical shape. This structure is universally 
located between the left upper pulmonary vein and the mitral 
annulus, but the three-dimensional spatial orientation of the 
body of the appendage is also variable. For example, its three-
dimensional shape could be straight or have varying degrees of 
angulation or spiraling. Classification schemes of the orientation 
and location of the tip of the LAA have been developed and could 
have some application, although they are not widely used.34 Using 
computed tomographic imaging, Wang et al.35 identified specific 
features (Figure 132-2). Perhaps most importantly for device 
selection and use is either the presence of a marked bend in the 
proximal or middle portion of the dominant lobe or the redun-
dant folding back of the LAA on itself. Such anatomical orienta-
tion can affect the ability to deploy a transseptal device. In 
patients without such an obvious bend, several different specific 
types were categorized depending on the number of lobes, the 
length of the dominant lobe, and the take-off of the lobes relative 
to the origin of the LAA. The angulation, length, and number of 
lobes therefore remain an extremely important consideration for 
the selection of potential closure approaches.

Another important consideration is fragility (Figure 132-3). 
The LAA has been described as “our most lethal human attach-
ment.”36 The thickness of the LA wall itself varies substantially. 
Using 64-slice multidetector computed tomography, the average 
thickness of the LAA excluding fat was 1.89 ± 0.48 mm but 
ranged from 0.5 to 3.5 mm.37 Histologic assessment of the LAA 
itself documented small crevasses or pits or areas of wall thinning 

be at least some early procedural risks not present when 
only medication is prescribed; with the latter, there may be 
longer-term safety risks from hemorrhage.

3. The procedure must be performable in a substantial 
percentage of the patient candidates.

4. The procedure must be able available in a variety of 
institutions with well-trained specialists.

Figure 132-1.  A, Echocardiographic assessment documenting thrombus (T)  in the left atrial appendage (LAA). During the study, the thrombus is seen to migrate from 
the LAA out into the left atrium (LA) and then embolize from the LA (B-D). 
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Table 132-1. Prediction of Stroke and Thromboembolism

Risk Factor Points

CHADS2 score

Congestive Heart Failure 1

Hypertension 1

Age > 75 years 1

Diabetes 1

Prior stroke, TIA 2

CHA2DS2-VASc score

Congestive heart failure 1

Hypertension 1

Age ≥ 75 years 2

Diabetes 1

Stroke, TIA, TE 2

Vascular disease 1

Age 65 to 74 years 1

Female sex 1

TIA, Transient ischemic attack; TE, thromboembolism.
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orientation in space. In combination with transthoracic echocar-
diography (TTE), TEE is also essential in evaluating the details 
of the other cardiac chambers, specifically evaluating the 
intraatrial septum and identifying other abnormalities that can 
either affect the performance of the procedure or increase the 
potential for other sources of thrombus.

During the procedure, TEE serves several functions. With 
TEE guidance, the exact location of the puncture can be identified, 
which is advantageous to optimize the ability to engage the LAA 
once the transseptal has been performed. A superior orientation of 
the LAA can require a different location for the septal puncture. 
The TEE is also used to identify the plane and dimensions of the 
LAA ostium and then determine that the ostium has been sealed 
with minimal flow around the device as well as being useful in con-
firming device stability using the “tug test” (vide infra).

During follow-up, TEE is used to document adequacy of 
closure of the LAA. In the experience with the Watchman device, 
TEE is performed at 45 days after implantation.1,2 If closure at 
that time is complete, the short-term anticoagulation therapy can 
be discontinued.

Real-time three-dimensional TEE is being used with increas-
ing frequency and helps to overcome some of the limitations of 
inadequate spatial resolution and sensitivity seen with two-
dimensional TEE. LAA dimensions and geometry can be more 
accurately assessed with three-dimensional TEE than with two-
dimensional TEE.32

Intracardiac echocardiographic imaging (ICE) is also used for 
LAA imaging and has the advantage of avoiding the need  
for either deep conscious sedation or general anesthesia used for 

within the trabeculated appendage that could be transillumi-
nated. Such paper-thin walls are highly vulnerable to manipula-
tion or to the placement of anchors to maintain device position 
and prevent device displacement.

A final consideration relates to the relationship of the LAA to 
other cardiac structures, such as the ostium of the pulmonary 
veins, the pulmonary artery, and the circumflex coronary artery. 
These considerations must all be kept in mind because they can 
affect the selection of a specific approach and the risk-to-benefit 
ratio.

Imaging the Left Atrial Appendage

Echocardiographic Assessment

Transesophageal echocardiography  (TEE) is of particular impor-
tance for patient screening because the presence of LAA throm-
bus is a contraindication to device placement. When LAA 
thrombus detected, device placement should not be attempted; 
in this setting, anticoagulation should be administered for 1 to 3 
months and repeated TEE is performed. If there has been resolu-
tion of the thrombus at the time of follow-up TEE, then device 
placement can be performed if the anatomy is suitable. The pres-
ence of dense, spontaneous echo contrast is also potentially prob-
lematic, because it has been linked to the development of 
thrombus, although this is somewhat controversial. TEE is also 
important in assessing the anatomical features of the LAA and its 

Table 132-2. Stroke or Thromboembolism per 100 Patient-Years at Risk in Relation to CHADS2 and CHA2DS2-VASc Scores in 90,490 Patients Without 
Warfarin Throughout Follow-up16

Ischemic Stroke Stroke, TIA, Peripheral Emboli

Score N Unadjusted Adjusted for Aspirin Unadjusted Adjusted for Aspirin

CHADS2

0 13,258 0.6 0.6 0.9 0.9

1 23,041 3.0 3.4 4.3 4.9

2 25,813 4.2 4.7 6.1 6.8

3 15,527 7.1 8.0 9.9 11.1

4 8767 11.1 12.6 14.9 16.8

5 3315 12.5 14.1 16.7 18.9

6 769 13.0 14.6 17.2 19.4

CHA2DS2-VASc

0 5343 0.2 0.2 0.3 0.3

1 6770 0.6 0.6 0.9 1.0

2 11,240 2.2 2.5 2.9 3.3

3 17,689 3.2 3.7 4.6 5.3

4 19,091 4.8 5.5 6.7 7.8

5 14,488 7.2 8.4 10.0 11.7

6 9577 9.7 11.4 13.6 15.9

7 4465 11.2 13.1 15.7 18.4

8 1559 10.8 12.6 15.2 17.9

9 268 12.23 14.4 17.4 20.3

All 90,490 4.5 5.0 6.2 7.0

TIA, Transient ischemic attack.
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(LARIAT, Sentre Heart, Inc, Palo Alto, CA). If on CT imaging 
the tip of the LAA is seen to be oriented extremely superiorly, 
the procedure is best avoided with this device because of difficulty 
with reaching and capturing the tip with the suture device. 
Although less frequently used, CT can also be performed during 
follow-up to assess device position and the completeness of 
exclusion.

Specific Devices and Approaches

In the field of LAA occlusion, there is only one complete, pub-
lished, randomized clinical trial involving transvenous approaches 
to left atrial appendage occlusion, with a second clinical trial 
having completed enrollment.1 Other information available comes 
from single-center or multicenter registries or experiences.

There are several different approaches for LAA occlusion. 
The oldest approach is surgical incision or obliteration, with the 
latter later using a variety of techniques including clips, staples, 
or sutures. The Left Atrial Appendage Occlusion Study evaluated 
feasibility, safety, and efficacy of LAA occlusion at the time of 
elective coronary artery bypass graft surgery38; 77 patients at risk 
for stroke were randomized to LAA exclusion with either sutures 
or staples versus control. Occlusion was successful in 29 patients 
(66%) versus an important limitation was the high rate of incom-
plete exclusion of the LAA. The specific utility of surgical LAA 
obliteration is controversial.39 A metaanalysis involving 1400 

TEE; it also helps to avoid the potential for rare but serious 
complications seen with TEE (e.g., esophageal trauma). In addi-
tion, ICE can be performed by the interventional operator during 
the procedure, thus avoiding the need for additional physician 
support needed for the TEE. ICE imaging can identify details of 
the intraatrial septum accurately (Figure 132-4); it can also be 
used to guide the placement of guidewires within the LAA. ICE 
is also important for measurement of LAA dimensions for device 
sizing and placement, as well as for monitoring the degree and 
severity of residual flow and device stability before final deploy-
ment. Two ICE views are required for characterizing the LAA. 
Although the superior to inferior dimensions can be seen from 
an RA imaging venue, the anterior to posterior dimensions are 
best imaged from a location below the tricuspid valve. It must be 
remembered that the LAA dimensions obtained by ICE might 
be different from those obtained by two-dimensional TEE 
because of the different spatial angulation of the imaging planes.

Computed Tomography

Computed tomography (CT) allows detailed assessment of LAA 
dimensions for consideration of device sizing and placement. Of 
particular importance is the fact that it also allows for assessment 
of the three-dimensional orientation in space and the relation-
ships between other cardiac structures. Preprocedural CT is part 
of the routine workup for the evaluation of one specific device 

Figure 132-2.  Assessment of the shape of the left atrial appendage can affect selection of a specific device. Wang et al. have developed a classification scheme based on 
computed tomographic imaging. The “chicken wing” configuration (A, B) may be difficult to fully intubate and deliver a device. The other subtypes—windsock (C, D), cali-
flower (E) and cactus (F)—can also affect the selection of specific devices.35 

A B C
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patients and five clinical trials appeared to show no clear benefit 
for surgical exclusion of LAA; only one showed a benefit, three 
were neutral, and one demonstrated increased risk from the 
exclusion itself. A new study, the Canadian multicenter trial,40 is 
planned to enroll 4700 patients undergoing clinically indicated 
cardiac surgery with the aim of evaluating LAA occlusion versus 
no LAA occlusion. All patients will continue to receive usual 
antithrombotic therapy. The primary outcome will be the com-
posite of stroke or non–central nervous system embolization. 
The specific surgical LAA occlusion technique will be at the 
individual operator’s discretion.

Thorascopic obliteration of the left atrial appendage has been 
demonstrated in 15 high-risk patients.41 The procedure could be 
completed in 14 patients, and one patient required conversion to 
an open procedure. Feasibility was documented, but its efficacy 
requires further study depending on the continued clinical need 
for this approach given the fact that new strategies are being 
developed.

A recent approach uses a clip placed at the time of open heart 
surgery. This procedure (Atri Clip, Intra Cure, Inc, Cinncinati, 
OH) (42,43) was initially evaluated in 34 patients,42 which docu-
mented complete occlusion of the LAA and stable device position 
in all patients. A subsequent trial (EXCLUDE) of 70 patients 
undergoing elective surgery using a median sternotomy was 
documented with 96% intraprocedural success.43 Sixty-one 
patients underwent imaging during follow up, and 98% were 
found to have a successful LAA occlusion.

There are three broad groups of nonsurgical approaches: (1) 
device implantation using a transvenous or transseptal approach, 
(2) direct pericardial access, and (3) a combined approach using 
a transvenous or transseptal approach and an epicardial approach.

Transvenous and transseptal devices have the advantage of 
being less invasive. They are deployed using a standard trans-
septal approach, which is used widely in both electrophysiology 
and interventional cardiology. After LA entry, guiding catheters 
are inserted using angiographic and echocardiographic guidance, 
and the LAA is intubated. A variety of techniques is used to 
obtain safe LAA access. Typically, a pigtail catheter is advanced 
to enter the LAA nontraumatically. Over this pigtail catheter, the 
guiding sheath can be advanced to the LAA ostium. Angiography 
is then performed to document details of size, shape, and angula-
tion. Preprocedural echocardiographic studies are helpful in 
setting this up. The current devices often have an anchoring 
mechanism with barbs or hooks that prevent dislodgment. Fol-
lowing placement and documentation of successful sealing, sta-
bility is evaluated by assessing device compression or angiography 
and finally with a “tug test” to document that the device cannot 
be pulled free. Echocardiographic guidance during this later test 
is helpful in that regard with gentle traction on the implanted 
device, and the left atrial appendage itself can be seen to be partly 
invaginate. After documentation that the ostium has been sealed 
satisfactorily, the device is released.

The prototypical transvenous device is the Watchman device; 
it has a self-expanding nitinol frame and mid-perimeter fixation 
barbs for anchoring to the walls of the LAA. In addition, it is 
covered with a polyester membrane that is permeable to blood. 
The device is delivered using preshaped 12-French guiding cath-
eters into the LAA. The device is available in five sizes to match 
the dimensions of the LAA itself. After intubation of the LAA 
with the guiding catheter, the Watchman device is delivered. 
During introduction of the device, great care must be taken to 
avoid air entrapment, which can result in stroke. Correct device 
introduction is achieved by aspirating the guide catheter before 
inserting the device and flushing the guide catheter during device 
advancement. Using both angiographic and echocardiographic 
monitoring, the device is advanced into the LAA, avoiding trauma 
to the tip. The lobe with the longest axial measurement is usually 
selected for placement. Once an optimal initial placement has 

Figure 132-3.  Autopsy  specimen  of  the  left  atrial  appendage  (LAA).  The  crypts 
within the pectinate muscles and the tip of the LAA are often extremely thin and 
possibly translucent. 

Figure 132-4.  A,  Intracardiac echocardiography  images of the  intraatrial septum 
documenting fossa ovalis and limbus. B, Optimal position with tenting of the fossa 
ovalis by the tip of the transseptal needle. 

A
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important implications, particularly the relationship with 
subsequent events.

An important consideration with the Watchman device has 
been the recommendation that patients treated with the device 
should receive warfarin for 45 days to mitigate stroke risk during 
ongoing occluder endothelialization. Recently, a multicenter reg-
istry of patients in whom warfarin was contraindicated has been 
reported.46 This registry included 150 patients with an average 
CHADS2 score of 2.8 who were treated only with aspirin indefi-
nitely and clopidogrel for 6 months but no anticoagulant therapy. 
Based on the expected event rate, the patients in this registry had 
a 77% reduction in ischemic stroke. The ability to use devices 
safely and effectively in those patients who cannot take antico-
agulants would have major implications for the field.

Other single or multicenter registries have been developed 
using other devices, most commonly the Amplatzer cardiac plug.9 
Although there are no data from randomized controlled trials, 
multiple reports are available. The current device is self-expanding, 
with a lobe and a disc connected by a central waist. In the Euro-
pean Registry, the device could be implanted in 132 of 137 patients 
(96%).4 As was true with the PROTECT-AF trial, initial compli-
cations included pericardial effusion and ischemic stroke. It was 
also studied in patients in whom warfarin was contraindicated. In 
this small experience, procedural success was achieved in 95% of 
patients. Other transseptal devices are currently undergoing 
testing. As is true with the Watchman device, periprocedural 
complications are uncommon but have been documented and 
include pericardial effusion and rare device embolizations. These 
complications prolong hospital stay, but they do not typically 
result in death or myocardial infarction. Currently, selection of 
device strategy relates more to operator experience and exposure 
to the technology than it does to any comparative data.

Another category of devices combines both transseptal and 
epicardial approaches. The LARIAT device has three compo-
nents47: (1) magnet-tipped guide wires (0.025 and 0.035 inches), 
(2) a 12-French suture delivery device, and (3) a 20-mm compli-
ant occlusion balloon.

Transseptal access is obtained as described previously. In con-
trast to the fact that transseptal access techniques are used widely 
in both interventional and electrophysiology settings, transperi-
cardial access typically has been performed only in the latter 
setting. General anesthesia is often used for transpericardial 
access. A subxyphoid approach is most common.48 Skin entry is 
initiated approximately 2 cm below the subxyphoid process. A 
blunt-tipped 18-gauge Tuohy epidural needle is advanced, direct-
ing it toward the left shoulder. As the needle approaches the 
cardiac silhouette, small volumes of contrast are injected until the 
pericardium is entered, at which time the contrast is visualized as 
a thin film layered over the cardiac chambers. Aspiration of the 
needle confirms the absence of cardiac chamber penetration. A 
guide wire is advanced and can be seen to wrap around the cardiac 
structures. Using fluoroscopic imaging in the left anterior oblique 
position is important because it allows differentiation of an intra-
pericardial versus a right ventricular outflow tract position. Over 
this a 14-French sheath is advanced. After obtaining dual access, 
a LAA angiogram is performed. Next, the 0.024-inch guide wire 
is advanced into the LAA and positioned at the tip while the 

been obtained, the device sheath is withdrawn and the device 
expands to its unconstrained size. Coverage of the lobes, oblitera-
tion of flow, and stability of the device are documented before 
device release.

The multicenter prospective randomized clinical trial 
(PROTECT-AF) was performed using conventional warfarin for 
the control group. Noninferiority efficacy versus warfarin was 
seen in the composite endpoint of stroke, either ischemic or 
hemorrhagic, cardiovascular or unexplained death or systemic 
embolism. The primary safety endpoint included stroke and pro-
cedural complications. Accordingly, both safety and efficacy end-
points were reached.

There are several important points to be considered in evalu-
ating this trial.
1. The trial, which included 707 patients who were 

randomized in a 2 : 1 device-to-control drug ratio met the 
1-year specified primary noninferiority efficacy endpoint 
(3.0 vs 4.9 events per 100 patient-years, respectively, with an 
RR of 0.62 (95% Bayesian credible interval, 0.3 to 1.25).

2. There was an early safety hazard in the device limb. The 
primary safety end point occurred significantly more 
frequently in the device group at 7.4 versus 4.4 events per 
100 patient-years. The RR was 1.69, with a 95% Bayesian 
credible interval of 1.01 to 3.19. This primary safety end 
point was the result of periprocedural events, which 
included most commonly 22 pericardial effusions at 4.8% 
and stroke in 0.9% (typically owing to air embolization). In 
contrast to this early safety device concern, the control 
group had a high prevalence of major bleeding and 
hemorrhagic stroke compared with the device group: 4.1% 
control versus 3.5% with the device and hemorrhagic stroke, 
and 2.5% in the control group versus 0.2% with the device.

3. With expanded operator experience in an expanded 
continued access protocol, the pericardial effusion rate has 
diminished significantly to 2.2%, and strokes appear to have 
been eliminated.

4. In the final analysis of the PROTECT-AF trial, at 1588 
patient-years follow-up, primary event rates were 3.0% and 
4.3% per year in the LAA closure group versus the warfarin 
group (RR, 0.71; 95% credible interval, 0.44% to 1.30% per 
year). When a landmark type analysis was performed to 
isolate the risk contribution of LAA closure from the 
complications of implantation, LAA closure was found to be 
superior to warfarin.

5. Patients randomized to device received warfarin for the first 
45 days to facilitate endothelialization of the device surface. 
This dosing potentially exposed patients to bleeding risk in 
the device group related to the short-term use of warfarin. 
Device success rate was seen in approximately 95%, and 
95% of the patients randomized to device were able to 
discontinue warfarin.

6. A final issue relates to the completeness of closure.44,45 In the 
PROTECT-AF trial, 445 patients with a successful device 
implantation underwent TEE at 45 days. Of these patients, 
389 had 12-months studies.44 Device flow was categorized as 
no residual flow, minor flow (<1 mm), moderate flow (1 to 
3 mm), and major flow (>3 mm). The prevalence of any flow 
decreased from 40.9% at 45 days to 33.8% at 6 months and 
then to 32.1% at 12 months. A moderate leak (1 to 3 mm) 
was the most common at all three time points. The primary 
efficacy event rates and ischemic stroke and systemic 
embolism were not different between patients with any 
residual flow and those with no residual flow (Table 132-3). 
Not all studies have documented a decrease in leak size over 
time.45 In a smaller analysis of 58 patients with the 
Watchman device, a “peri-device gap” was noted in 29.3% 
at 45 days, but the incidence had increased to 34.5% at 1 
year. This issue of incomplete sealing of the LAA has 

Table 132-3. Primary Efficacy Event Rates in Patients With and 
Without Peridevice Flow44

Any Residual Flow No Flow P

Efficacy 9/182 (5%) 18/263 (7%) .572

Ischemic stroke/ 
systemic embolism

5/182 (3%) 11/263 (4%) .669
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and Drug Administration for this specific application. Although 
there are two approved devices (AtriCure and LARIAT), they 
have been approved by the 510K process without any formal 
scientific study or adequately powered clinical trial. None are 
approved for prevention of stroke in the setting of nonvalvular 
AF; rather, they have been approved as devices to close or appose 
tissue planes.

The need for such a mechanical approach to stroke prevention 
in this setting is highlighted by the information that patients at 
risk are being undertreated with anticoagulant therapy. Although 
new anticoagulant agents have been approved, bleeding remains 
a concern among others, including cost, compliance, and other 
side effects. Mechanical approaches have great advantages pro-
vided that they can be used reliably and safely to occlude the 
LAA. Given the invasive nature of these approaches, there will 
always be the potential for periprocedural complications. A learn-
ing curve has been documented with at least one of the devices; 
it has identified improvement in the major complications of peri-
cardial effusion and periprocedural stroke, which are now infre-
quent. Continued technological developments and operator 
experience as well as careful patient selection should further 
improve the results. Scientific studies including adequately 
powered randomized clinical trials will continue to be essential 
in positioning this important technology for stroke prevention in 
this setting in routine clinical practice.

0.035-inch wire is advanced through the 14-French cannula into 
the epicardial space. The suture delivery device is advanced over 
the epicardial wire and positioned over the LAA. When adequate 
positioning has been documented, the suture is tightened and 
then ligated. Limitations of this technique include the presence 
of a thrombus in the LAA, projected inability to be able to reach 
the tip of the LAA by virtue of very superior orientation, and 
pericardial disease that limits direct pericardial access. Small 
uncontrolled series of patients have been described with success-
ful closure in more than 95%.

Summary

Mechanical approaches for the prevention of stroke in the clinical 
setting of nonvalvular AF remain in early stages of development 
and application. These approaches are all based on the presump-
tive etiology of stroke being thrombus formation in the LAA. 
This hypothesis was confirmed in the PROTECT-AF trial, 
which found that placement of a LAA occlusion device was not 
inferior to standard warfarin anticoagulation for the prevention 
of stroke, all-cause mortality, and systemic thromboembolism in 
this patient group. There is only one completed randomized 
clinical trial, and there are no devices approved by the U.S. Food 
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A
Ablation

atrial flutter, cavotricuspid isthmus-
dependent, 727

catheter. See Catheter ablation
collimated ultrasound-guided, 589, 590f
coronary sinus, 1271-1272
direct visually guided, 591, 592f
epicardial. See Epicardial ablation
ganglionated plexi, 469, 470f, 472-473, 

1301-1302
implantable cardioverter-defibrillator after, 

845
junctional tachycardia treated with, 

805-806
left bundle branch, 844
left persistent superior vena cava, 1271-

1272, 1272f
papillary muscle, 609
pulmonary vein ganglia, 395, 397
radiofrequency. See Radiofrequency 

ablation
right bundle branch, 843f-844f, 844
surgical. See Surgical ablation
ventricular tachycardia. See Ventricular 

tachycardia, catheter ablation of
Abnak, 373-374
AC1 gene, 257
Accelerated ventricular rhythm, 1079
Accessory pathways

in adults with congenital heart disease, 794
anteroseptal, para-Hisian pacing in, 759f
catheter ablation of, 762-764, 764f, 795, 

1203
concealed, 762, 763f-764f, 1241, 

1280-1282
with decremental conduction, 1243
definition of, 755
electrocardiographic localization of, 758
epicardial, 1243, 1267
free wall, 1242
left free wall, 1242
left-sided, 1280, 1282f
localization of, 1240-1242, 1241f
mapping of, 762-764
posteroseptal, 1242
radiofrequency ablation of, 763f
septal

catheter ablation of, 795, 1242
description of, 755

in Wolff-Parkinson-White syndrome, 1241
Acetylation marks, 237, 238f
Acetylcholine

consciousness and, 1023b
IKAch activation by, 383, 535
Kir3.x activation by, 422-423
muscarinic receptor binding of, 394

Acetylcholine-activated potassium channels
cellular localization of, 38
channelopathies associated with, 38-39
function of, 37-38
membrane localization of, 38
pharmacology of, 38
regulation of, 38
structure of, 37-38

Acidosis, 327
ACT34-CMI trial, 565
α-Actinin-2, 181t, 183
Action potential(s)

atrial
age-related variations in, 311-312
atrial fibrillation effects on, 312-314
Ca2+ modulation of, 310-311
characteristics of, 309
description of, 309
electrogenic pumps, 310-311
inward, depolarizing currents, 309-310
ionic bases of, 309-312
outward, repolarizing K+ currents, 310
regional heterogeneity in, 311

atrial fibrillation effects on, 312-314,  
1112f

basal firing rate, 248-249
calcium flux effects on, 168
calcium influx during, 163
canonical models of, 319
definition of, 319
electrical propagation of, 353-354
energetics of, 323-324
epicardial, 512-513
excitation-contraction coupling and, 161
IK1 effects on, 950f
illustration of, 2f
M-clock–generated, 247
monophasic. See Monophasic action 

potential recording
propagation of, 151, 156-157, 353-354
sex differences in, 1052, 1052f
sinoatrial node, 253, 254f
spontaneous firing of, 247
transmembrane, 657
upstroke of, 319
ventricular, 319
in ventricular fibrillation, 1112f
voltage-gated calcium channels in, 162
voltage-gated sodium channels in, 1

Action potential duration
abbreviated, 471
amiodarone effects on, 535
atrial fibrillation and, 376-377, 433, 471
causes of, 341
description of, 115
early afterdepolarizations and, 168
IKAch effects on, 383
in left atrium, 311
norepinephrine effects on, 409
potassium channel blockers and, 534
reentrant circuit formed by, 477f
refractoriness, 341
in right atrium, 311
sex differences in, 1052

shortening of, 376-377, 475
stretch-activated channel effects on, 364

Action potential duration alternans, 168, 343, 
660

Action potential duration restitution, 
341-342, 342f

Activation gating, 103, 105-106
Activation mapping, 581
Activator protein 1, 454
Active standing test, 641-647
Activin-linked kinase, 302
Acute cerebrovascular disease, 998
Acute coronary syndromes

aspirin and clopidogrel for, 1133-1134
atrial fibrillation and, 1133-1134
electrocardiographic imaging in

chest lead relationships, 630
conventional display limitations, 629
description of, 629
limb lead relationships, 629
reciprocal leads, 630
summary of, 633

3D imaging of, 632-633
vectorcardiography of, 630-632

Acute myocardial infarction. See also 
Myocardial infarction

atrial fibrillation in, 445-446
atrioventricular block in setting of,  

1047
electrocardiographic findings, 960f

Adeno-associated virus, 259-260, 552
Adenosine

atrial fibrillation and, 423-424
atrial tachycardia affected by, 700-701
head-up tilt table testing using, 643-644
junctional tachycardia and, 803, 803f-804f
Kir3.x activation by, 422-423
sinoatrial node affected by, 538

Adenosine triphosphate
chromatin remodeling complexes, 237
glycolysis production of, 251
head-up tilt table testing using, 643-644
mitochondrial production of, 71-72, 251, 

323
Adenylyl cyclases, 394

description of, 115-117
sinoatrial node cell activation of, 248

Adherens junctions, 216
Adherin, 222
Adrenergic nervous system, 521
β-Adrenergic receptors
β-adrenergic control of cardiac function 

initiated by, 324-325
adrenergic nervous system activation by, 

521
ICa,L modulation affected by, 108-109
L-type calcium channel regulation by, 371, 

372f
overexpression of, 255
sympathetic nervous system control of 

cardiac electrical activity affected by, 
115

types of, 374

Index

Note: Page numbers followed by “f” refer  
to illustrations; page numbers followed by  
“t” refer to tables; page numbers followed  
by “b” refer to boxes.

Action potential duration (Continued)
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Afterdepolarizations
delayed, 168

atrial arrhythmias and, 314
Ca2+/calmodulin dependent kinase II and, 

326
description of, 117
diastolic Ca2+ leak as cause of, 449-450
generation of, 450-451
left stellate ganglion stimulation as cause 

of, 412-413
early

action potential duration and, 168
arrhythmogenic, 15, 314
Ca2+/calmodulin dependent kinase II and, 

326
Cav1.2 involvement in, 376
description of, 117, 139-140, 346
before repolarization, 168

focal ectopic activity caused by, 449-450
A-H interval, 779
AKAP9

protein kinase A, 116
S1570L mutation, 118

A-kinase anchoring protein(s)
cAMP signaling arrangements affected by, 

374
description of, 15, 115, 372-373, 502
protein kinase binding of, 374

A-kinase anchoring protein-5, 374
A-kinase anchoring protein-9

associations of, 232, 232t
long QT syndrome involvement, 232-233, 

502-503
mechanism of action, 232-233
structure of, 230f, 232

Alcohol consumption, atrial fibrillation and, 
449

Aldosterone
antagonists of, 538
inflammation promotion by, 747

Aldosterone-receptor antagonists, 1125-1126
All-trans-retinal, 550
α-1 Syntrophin

associations of, 233, 233t
in cardiomyocytes, 233t
description of, 184-185
mechanism of action, 233
structure of, 230f, 233

Ambulatory Holter monitoring, 571
Amiodarone

adverse effects of, 1106
clinical efficacy of, 1106
description of, 535, 746, 1111-1112
heart failure treated with, 910
junctional tachycardia treated with, 804
liver dysfunction caused by, 1106
pharmacodynamics of, 1106
pharmacokinetics of, 1106
sustained polymorphic ventricular 

tachycardia in Andersen-Tawil 
syndrome treated with, 996-997

Amyloidosis, 1040, 1192-1193
Anatomical reentry, 345
Andersen-Tawil syndrome

bidirectional ventricular tachycardia in, 
950-951

catecholaminergic polymorphic ventricular 
tachycardia versus, 899, 949

characteristics of, 36, 1080
clinical manifestations of, 947-949, 948f
craniofacial and skeletal anomalies 

associated with, 947-949
description of, 29-30, 506
discovery of, 506
electrocardiographic findings, 947, 948f
history of, 947
IK1, 949
KCNJ2 mutations associated with, 131, 

506, 949-950, 1038
nonpenetrance associated with, 947

periodic paralysis in, 951, 996
phenotypic variability of, 947
PIP2 activation, 950f
QT interval prolongation associated with, 

947, 948f, 996
treatment of, 950-951

Anderson-Fabry disease, 1040
Androgens, 1070
Angina, 1321
Angiotensin II

atrial fibrillation role of, 454, 462f
cardiomyocytes affected by, 302-303
fibrosis induced by, 462f
heart failure and, 462-463

Angiotensin II receptor blockers, 538, 1124t, 
1125

Angiotensin-converting enzyme inhibitors
antiarrhythmic actions of, 1123
description of, 538, 1114

Anion channels, 78
Anisotropy, 88-91
ANK1-3, 185-186
ANK2, 484
Ankylosing spondylitis, 1039
Ankyrin(s)

associations, 229-231
functional domains of, 229
N-terminal membrane-binding domain of, 

229-231
sinus node disease and, 695
spectrin-binding domain of, 229-231
structure of, 229-231

Ankyrin-B
associations of, 229-231, 231t
description of, 98
gene mutations, 451
long QT syndrome involvement, 229-231
mechanism of action, 231
structure of, 229-231, 230f

Ankyrin-G
description of, 98, 181t
intercellular adhesion and, 221-222
Nav1.5 trafficking and, 185-186

Ankyrin-R, 98
Anomalous coronary arteries, 1063
Anterograde trafficking, of ion channels,  

171
Anteroseptal slow pathway, 771-776
Anthracycline cardiotoxicity, 1008
Antiarrhythmic drugs. See also specific drug

advances in, 1095
antifibrotic agents as, 538
arrhythmia-specific selection of, 532t
atrial fibrillation treated with, 744-746, 

746f, 749, 1116
atrial tachyarrhythmias treated with, 529
atrial-selective, 539
cellular targets of, 530f
cessation of, before catheter ablation, 

1212-1213
class I. See Sodium channel blockers
class II, 531t, 533. See also β-Blockers
class III, 531t, 533-535, 1105-1108. See also 

Potassium channel blockers
class IV, 531t, 535. See also Calcium 

channel blockers
classification of, 529, 531t, 1096, 1121
cytochrome P450s, 1097-1098
dilated cardiomyopathy treated with, 867
duration of use, 539
effects of, 1111
efficacy of, 1095
elimination of, 1097-1098
enzymes that metabolize, 1097
exercise-induced ventricular arrhythmias 

and, 618
future of, 1116
gap junction coupling affected by, 535-536
half-life of, 1116

heart failure treated with, 904
historical perspective on, 1096
indications for, 529, 856, 1098t, 1111
intracellular calcium handling targeted by, 

536-537
ion channel trafficking modulation by, 536
ion channels affected by, 530f, 1113-1114
mechanism of action, 529, 1098-1099, 

1098t
metabolism of, 1097
miscellaneous types of, 538
monophasic action potential recording of, 

659
Na+ channel blockers. See Sodium channel 

blockers
objectives of, 529
omega-3 polyunsaturated fatty acids as, 538
overview of, 529
paroxysmal atrial fibrillation treated with, 

1116
personalized treatment programs, 

1115-1116
pharmacodynamics of, 1098
pharmacokinetics of, 544t, 1096-1097, 

1097t
postrepolarization refractoriness induced 

by, 1111
proarrhythmia syndromes treated with, 

1099-1102
renin-angiotensin-aldosterone system 

inhibitors as, 538
repolarization prolongation caused by,  

1111
risk–benefit evaluations, 1095
selection criteria for, 532t
sex differences, 1056-1057
sodium channel blockade by, 8
sodium channel blockers. See Sodium 

channel blockers
ST segment affected by, 1006
statins as, 538
sudden cardiac death affected by, 

1121-1122
summary of, 1116
targets for, 1113-1115
therapeutic principles of, 1095-1102
timing of, 539, 1115-1116
torsades de pointes caused by, 1003t
Vaughn-Williams classification of, 1121

Anticoagulants
atrial fibrillation treated with, 744, 744f
bleeding risks, 1129
catheter ablation and, 1213
precardioversion, 1135
sex differences in use of, 1057
stroke prevention in atrial fibrillation using, 

1131-1132, 1131f, 1132t
Antidromic reciprocating tachycardia

definition of, 755
diagnosis of, 760-761, 763f

Antifibrotic agents, 538
Antifibrotic gene therapies, 306
Antiinflammatory agents, 537-538
Anti-La/SSB antibodies, 1039-1040
Anti-Ro/SSA antibodies, 1039-1040,  

1046
Antithrombotic agents, for stroke prevention 

in atrial fibrillation, 1129-1130
Antral pulmonary vein isolation, 747-748
Aortic root mapping, 607, 821-823
Aortic sinuses of Valsalva, 709
Aortic stenosis

calcific, 1040
sudden cardiac death in, 1009, 1016
supravalvular, 1016

Aortic valve cusps, 815, 823
Aortic valve replacement, transcatheter,  

1195
Aortopulmonary septum, 1009-1010

Andersen-Tawil syndrome (Continued) Antiarrhythmic drugs (Continued)
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Apical ballooning syndrome. See Takotsubo 
cardiomyopathy

Apixaban, 744, 1132, 1132t
Apnea. See Sleep apnea
Apnea-hypopnea index, 1087
Apoptosis

gambogic acid inducement of, 132
mitochondrial-induced, 74-83
purpose of, 74

Arachidonic acid, 36
Area composita, 217
Arrhythmias. See also specific arrhythmia

antiarrhythmic drugs for. See 
Antiarrhythmic drugs

atrial
description of, 351
in electrically remodeled atria, 354-356, 

355f-357f
simulation protocols for, 354
spatiotemporal organization of, 351

calmodulin-kinase II signaling activation as 
cause of, 109-110

carotid sinus massage, 570
cell therapy for, 561f, 563-565
cervicothoracic sympathectomy for, 

414-415
in children. See Pediatric arrhythmias
dilated cardiomyopathy with, 496-497
electrocardiography of

ambulatory, 570-571
Holter monitoring, 571
long-term, 570-572
rationale for using, 570
short-term, 570-571
24-hour, 571-572

electrophysiologic study of, 572
in Emery-Dreifuss muscular dystrophy,  

995
epigenetics and, 240
in epilepsy, 998
exercise and, 569
in facioscapulohumeral muscular dystrophy, 

996
in Friedrich’s ataxia, 996
in Guillain-Barré syndrome, 997
history-taking, 567-569
intracardiac echocardiography applications, 

610-611
in J wave syndromes, 960f
laboratory tests for, 570-573
in limb-girdle muscular dystrophies,  

995
mapping of, 701
mitochondrial ion channels/transporters in, 

82
in myasthenia gravis, 997
myocardial fibrosis as risk factor for, 305
neuraxial modulation for risk reduction, 

413-414
pediatric. See Pediatric arrhythmias
in periodic paralyses, 996
physical examination of, 569-570
in postpartum period, 1058
precipitating factors, 569
in pregnancy, 1058
SCN5A variants and, 494
sex differences in, 1051-1059
signs and symptoms of, 567-569

associated cardiac or systemic diseases, 
568

palpitations, 567-568
presyncope, 568-569
skipped beats, 567-568
sudden cardiac death, 569
sustained palpitations, 567-568
syncope, 568-569, 572
tests for, 572-573

spontaneous induction of, in regionally 
ischemic heart, 365

stress testing for, 572

substrate of, intracardiac echocardiography 
visualization of, 610-611

sudden infant arrhythmia death syndrome, 
507

sympathetic denervation effects on, 
413-415

voltage-gated sodium channels in, 95-97
Arrhythmogenesis

in dilated cardiomyopathy, 860, 860b
myocyte calcium handling in, 168
pulmonary vein, 739-741
thoracic vein, 739-741

Arrhythmogenic early afterdepolarizations,  
15

Arrhythmogenic right ventricular dysplasia/
cardiomyopathy

ambulatory Holter monitoring for, 888
BIN1 as biomarker for, 176
cardiac magnetic resonance of, 888
cardiac transplantation for, 893
catheter ablation of, 891-892
characteristics of, 595, 615, 820, 885
in children, 1081-1082
clinical presentation of, 885
desmoglein2 in, 185
diagnosis of, 615, 886-888, 887b,  

890-891
differential diagnosis of, 890
echocardiography of, 886-888
electroanatomical mapping of, 893f
endomyocardial biopsy of, 888
epicardial ablation of, 1269-1270
epicardial fat infiltration, 890f
etiology of, 885-886
exercise restriction for, 893
exercise-induced, 615
familial, 216, 904
functional abnormalities in, 888-891
genetic testing for, 687, 888
genetics of, 886
histopathology of, 885
implantable cardioverter-defibrillators for, 

615, 891, 893
magnetic resonance imaging of, 595, 596b, 

596f, 888-891, 1081-1082
management of, 891-893
natural history of, 885
pathogenesis of, 886
pharmacologic therapy for, 892
PKP2 mutations associated with, 220
premature ventricular contractions 

associated with, 820
prevalence of, 885
right ventricular abnormalities,  

889-890
right ventricular systolic heart failure 

symptoms associated with, 890
RyR2 mutations associated with, 523
sex differences in, 1056
summary of, 893
ventricular tachycardia in, 891-892
in women, 1056

Arterial baroreflex, 650
Arterial switch operation, 790-791, 797, 

1014-1015
Aspirin

clopidogrel and, 1130, 1133-1134
stroke prevention in atrial fibrillation using, 

1129-1130
Asynchronous heart failure, 1181-1182
Asynchrony

atrial, 1179
atrioventricular, 1179
interventricular, 1179
left bundle branch block-induced, 1181f
left ventricular mechanics and structure 

affected by, 1180-1181
ventricular, 1179-1180

Atenolol, 941

Athletes
echocardiography in, 1065-1066, 1067f, 

1068
electrocardiography in, 1064-1065, 1065t
sudden cardiac death in

automated external defibrillators for, 
1070

commotio cordis, 1066-1068, 1068f
echocardiographic changes, 1065-1066, 

1067f, 1068
electrocardiograms for, 1064-1065,  

1065t
epidemiology of, 1061, 1062f
etiology of, 1061-1066
resuscitation for, 1070
screening for, 1068-1069
summary of, 1070
supplements and, 1069-1070
triggers, 1062-1063

supplement use by, 1069-1070
ATPase pump, 1099-1100
ATP-sensitive potassium channels

cellular localization of, 39-40
channelopathies, 40
drugs that affect, 40
function of, 39
membrane localization of, 39-40
pharmacology of, 40
pore-forming subunit of, 39f
rectification of, 39
regulation of, 40
in smooth muscle, 40
structure of, 39, 39f

Atria. See also Left atrium; Right atrium; 
specific atrial entries

anatomical characteristics of, 352, 352f
computer models of, 351-352
electrophysiological models of, 352-353
sinus rhythm activation of, 354
3D model of, 351-354, 352f

Atrial arrhythmias. See also specific arrhythmia
description of, 351
electrical remodeling associated with, 159
in electrically remodeled atria, 354-356, 

355f-357f
exercise-induced, 613
simulation protocols for, 354
sinus node disease and, 696
spatiotemporal organization of, 351

Atrial asynchrony, 1179
Atrial conduction disorders, 452-455
Atrial electrograms, 353-354
Atrial extrastimulus coupling interval, 777
Atrial fibrillation

action potential duration and, 376-377, 
433, 1112f

acute coronary syndrome and, 1133-1134
adenosine and, 423-424
in adults with congenital heart disease, 794
age and, 1325
alcohol consumption and, 449
angiotensin-II’s role in, 454
ANK2 variants, 484
anti-inflammatory mediators associated 

with, 461
antithrombotic agents for, 742t, 1132-1134
atrial action potential affected by, 312-314
atrial fibrosis and, 453-454, 459
atrial flutter and

concomitant presentation of, 723
sodium channel blocker conversion of, 

1004-1005
atrial ischemia-maintained, 446
atrial remodeling and, 314, 383, 742
atrial repolarization alternans onset before, 

660
atrioventricular nodal reentrant tachycardia 

and, 755
autonomic innervation, 742
Brugada syndrome and, 928-929

Arrhythmias (Continued)
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“Ca2+ transient triggering” hypothesis of, 
471

cardiac autonomic nervous system in
extrinsic, 469-471
intrinsic, 469-471
overview of, 469

cardioembolic complications of, 1054
cardioversion of, 1162
catheter ablation for

anatomical, 747
anticoagulation, 1217, 1221, 1226
assessment before, 1226-1228
atrial flutter after, 735f, 736
atrial tachycardias after, 699, 719, 

1233-1235
balloon-based catheter, 1203, 1204f
cardiac computed tomography before, 

1226
clinical results of, 1235
complications, 1235
computed tomography guidance during, 

597-598, 598f
cost analysis for, 749-750
description of, 356-358, 607, 747-751, 

1211-1212
dominant frequency electrograms, 

1230-1231
dominant frequency sites, 426-428, 427f
electrophysiologically guided, 747-748
endocardial, 1203, 1204f
endpoints, 748-749, 1216-1217
focal impulse and rotor modulation, 

437-439, 439f
ganglionated plexus, 472-473
historical context of, 1225
image integration for, 587, 606, 608f
indications for, 1210t, 1225-1226
intracardiac echocardiography for, 588, 

606-607
left atrial appendage visualization before, 

606
macroreentrant atrial tachycardia after, 

719
magnetic resonance imaging guidance 

during, 597-598
Maze III procedure, 356
outcomes, 749-750
patient selection for, 747
perioperative anticoagulation, 747-749
in persistent left superior vena cava, 

1272f
postprocedural management, 1220-1221
progress monitoring of, using atrial 

fibrillatory cycle length, 1230
pulmonary vein isolation, 1226-1228
pulmonary vein reentry after, 735f
pulmonary vein visualization before, 606, 

607f
radiofrequency, 447
recurrence after, 1220
repeat procedures, 1221
substrate, 1228-1232
targeted, at rotors, 437-438
targets for, 1216
three-dimensional image integration 

before, 606, 608f
transesophageal echocardiography 

before, 1226
transseptal puncture, 606-607, 608f
warfarin use during, 1217

cavotricuspid isthmus-dependent, 792,  
795

characteristics of, 422, 443, 1226
in children, 1077
chromosome 4q25 associated with, 486
chronic

Ca2+ handling in, 313
ICaL in, 313
If in, 313

IK1 in, 313
IKATP in, 313
IKr in, 313
IKs in, 313
INA in, 312-313
INaK in, 313
INCX in, 313
ionic remodeling in, 312-314
ryanodine receptors in, 313-314

classification of, 739
clinical, 739
complex fractionated atrial electrograms 

during, 428-429, 429f, 472, 741-742, 
748, 1216-1217, 1229

CONFIRM trial, 437-440, 440f
congestive heart failure as cause of, 451
coronary artery disease-associated, 443, 451
Cox maze procedure for, 1295, 1296f, 

1298-1299, 1299f
cryoablation of, 1297
cytokines and, 461, 463
description of, 443, 449, 459
disorganized, 1232
dominant frequency electrograms, 

1230-1231
dominant frequency gradients in

ablation of, 426-428, 427f
description of, 420
factors determining the presence of, 

424-426
left atrium-to-right atrium, 426

ectopic beats as trigger for, 419-420, 433
epicardial ablation for, 1268
epidemiology of, 739
etiology of, 449, 450f
familial, 483
fibroblast proliferation in, 20
fibrosis caused by, 459
focal impulses in, 435-438
forms of, 449-450, 451f
genetics/genetic mapping of

candidate gene association studies, 484, 
485t

candidate gene resequencing, 483-484
description of, 449
future direction for, 488
genetic loci, 487f
genome-wide association studies, 

484-488, 486t, 487f
linkage analysis, 483-484, 485t
variants, 451, 453

genome-wide association studies of, 543
genomic regions associated with, 486
GJA5 mutations, 484
heart disease associated with, 449
heritability of, 483
high-frequency sources of, 741-742
IKAch and, 386-387, 389-390, 425f
IKs channel and, 118
inflammation and, 460-463, 461f
interleukin-2 and, 461
ionic currents and

description of, 312f
remodeling, 454f

KCNJ2 mutations associated with, 37
KCNQ1 and, 483-484
left atrium-to-right atrium frequency 

gradient in, 420
left vagal nerve activity during, 405-406
linear ablation of, 1232-1233
localized, 1231-1232, 1231f
localized source hypothesis of, 433
lone, 507-508
low-level vagus nerve stimulation for, 

406-407
mapping of, 433-435
mechanical factors, 141
mechanisms of, 451f

autonomic, 471-472

dominant frequency gradients as, 
424-428

focal ectopic activity, 449-450
inward-rectifier potassium channels, 

420-424, 452
localized ectopic triggers, 419-420, 433
molecular control, 450-455
reentry, 419-420, 423f, 449-450, 453f

mechanoelectrical feedback’s role in 
initiation and perpetuation of,  
364-365

mitral stenosis and, 568, 1133
M2-receptor–dependent IKAch effects on, 

383-386
multifactorial nature of, 740f
multiple wavelet hypothesis of, 739
multiwavelet hypothesis of, 433
myocardial changes caused by, 351
myocardial fibrosis caused by, 463
Na+/Ca2+ exchanger expression in, 451
obesity and, 449
obstructive sleep apnea and, 1089-1091
organized, 1231-1232
pacemaker detection of, 1175
pacing for, 1169
panoramic electrophysiological mapping of, 

435, 436f
paroxysmal

antiarrhythmic drugs for, 1116
antral pulmonary vein isolation for, 

747-748
catheter ablation for, 1216
coronary flow decreases associated with, 

445
C-reactive protein and, 461
definition of, 449, 739
description of, 383-386, 402-403
IKACh distribution in, 383-386, 402-403
interleukin-6 and, 461
pulmonary vein firing as cause of, 471
pulmonary vein isolation for, 1301

pathogenesis of, 487f
pathophysiology of, 739-742
permanent, 739
peroxisome proliferator-activated 

receptor-τ in, 461
perpetuation of, 472
persistent

atrial tachycardias after ablation of, 
1233-1235

coronary flow decreases associated with, 
445

criteria for, 459
definition of, 449, 739
description of, 403-405
etiology of, 459
IKACh distribution in, 425f
inflammation and, 460-461
longstanding, 739
neural activity in, 405-406
rapid atrial pacing associated with, 

403-405
stepwise ablation for, 1233, 1234f
ventricular rate control during, 405-406

pharmacologic treatment of, 537t
PITX2 and, 486, 488
preexcited, 756f
in pregnancy, 1058
premature familial, 483
prevention of, 538
progression of, 750f
pulmonary vein ganglia and, 396-397
pulmonary vein isolation for, 1226-1228, 

1300-1301, 1301f
pulmonary vein triggers, 1225
rate control in, 745-752
recurrence of, 1220, 1299
reentry circuit cessation mechanisms in, 

659
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rheumatic heart disease as cause of, 
1132-1133

rhythm control in, 745-752
right vagal nerve activity during, 405-406, 

405f
risk factors for, 449
rotors in, 741-742, 1232

ablation targeted at, 437-438
activation sequence of, 437
identification of, 435-436
mapping of, 433-435
overview of, 433
summary of, 438, 440-441
as sustaining mechanisms, 435-438

sex differences in, 1054
sheep model of, 420-422, 422f
sleep apnea and, 1089-1091
societal impact of, 739
spiral waves in, 436f
stepwise ablation approach, 1233
stroke in

elderly and, 1134
predictors of, 1326t
prevention of

antithrombotic agents for, 1129-1130
apixaban, 1132, 1132t
aspirin and clopidogrel for, 1130
aspirin for, 1129
cardioversion for, 1135
dabigatran, 1131, 1131f, 1132t, 1135
description of, 1325
edoxaban, 1132t
factor Xa inhibitors, 1131-1132, 1132t
left atrial appendage closure for, 

1134-1135
mechanical approaches for, 1331
oral anticoagulants for, 1131-1132, 

1131f, 1132t
rivaroxaban, 1131, 1131f, 1132t
thrombin inhibitors for, 1131, 1131f, 

1132t
vitamin K antagonist therapy for, 

1130, 1133, 1135
warfarin for, 1130, 1132t

risk stratification for, 743b, 1129, 1325
substrate

ablation of, 1228-1232
electrogram-guided ablation of, 

1229-1230
superior vena cava-atrial junction, 471-472
surgical ablation for

development of, 1295-1296
future directions in, 1302
ganglionated plexus ablation, 1301-1302
high-intensity focused ultrasound, 

1297-1298
indications for, 1298
left atrial lesion sets, 1299-1300
radiofrequency energy, 1297
technology used in, 1296-1298

sustaining of, rotors’ role in, 435-438
thromboembolism in, 742-745, 1135
transforming growth factor-β1 and, 

461-462
treatment of, 537t, 742-752

ablation. See Atrial fibrillation, catheter 
ablation for; Atrial fibrillation, 
surgical ablation for

antiarrhythmic drugs, 744-746, 746f,  
749

anticoagulants, 744, 744f
antithrombotic agents, 742t
antral pulmonary vein isolation, 747
cardiac autonomic nervous system 

ablation for, 472-473
Cox maze procedure, 1295, 1296f, 

1298-1299, 1299f
current strategies and shortcomings in, 

419

dofetilide, 746
dronedarone, 746
IKACh targeting for, 389-390
MAZE procedure, 751-752, 751f
polyunsaturated fatty acids, 746-747
statins, 746-747
surgery, 751-752, 751f

triggers for, 419-420, 433
vagal enhancement and, 452
vein of Marshall triggering of, 1268
ventricular rate control during, 405-406
wave propagation during, 420
in women, 1054

Atrial fibrillatory cycle length, 1230
Atrial fibrosis. See also Cardiac fibrosis

atrial fibrillation and, 453-454, 459
molecular pathways that cause, 455f
myofibroblasts involvement in, 459

Atrial flutter
atrial fibrillation and

concomitant presentation of, 723
sodium channel blocker conversion of, 

1004-1005
atypical, 729, 730f
catheter ablation of, 1243-1246
cavotricuspid isthmus-dependent

atrial activation sequence, 727, 728f
after cardiac transplantation, 735
after catheter ablation, 735f, 736
catheter ablation of, 727, 1234, 1244f
description of, 724
differential atrial pacing of, 728
double potentials, 727-728, 728f
double wave reentry, 726-727, 729
electroanatomic mapping of, 725-727
entrainment of, 724-725, 726f
intraisthmus reentry, 726, 729
lower loop reentry, 726, 729
mapping of, 724-727
transisthmus conduction interval, 728
treatment of, 727

in children, 1077, 1277
classification of, 723-724, 724b
dual-loop, 733f
left atrial atypical, 731-732
noncavotricuspid isthmus-dependent, 729, 

730f
postsurgical, 733-736
prevalence of, 723
as reentrant arrhythmia, 723
reentry circuit cessation mechanisms in, 

659
right atrial free wall, 730-731, 731f
scar-mediated

after cardiac transplantation, 735-736
after congenital heart disease surgical 

repair, 733-734
after MAZE procedure, 735-736
after mitral valve surgery, 734-735,  

734f
sex differences in, 1054

Atrial infarction, 445, 445f, 445t
Atrial ischemia, 445-446, 453
Atrial maze procedure, 797, 797f
Atrial myocardium, 445
Atrial myocytes

action potential waveforms in, 24f
ionic currents in, 24f
T-tubules in, 161

Atrial pacing
bradycardia treated with, 1084
supraventricular tachycardia differential 

diagnosis using, 715
Atrial perfusion

anatomy of, 443-445
during atrial fibrillation radiofrequency 

ablation, 447
physiology of, 443-445
territories of, 444-445, 444f

Atrial reentry, 314-316
Atrial remodeling

atrial fibrillation and, 314, 383, 742
microRNAs and, 454

Atrial repolarization alternans, 660
Atrial septal defects

atrial tachyarrhythmias in, 791-792
types of, 791-792

Atrial septum
focal atrial tachycardia arising from, 

707-710, 708f-709f
transitional cells in, 275-276

Atrial standstill, 495-496
Atrial tachyarrhythmias. See also specific 

arrhythmia
in adults with congenital heart disease, 

789-799
antiarrhythmic drugs for, 529
in atrial septal defects, 791-792
canine models of, 402
in complete transposition of the great 

arteries, 790-791
in congenital heart disease, 789-799
direct current cardioversion for, 794
laboratory tests for, 573
management of, 794-797
morbidity and mortality associated with, 

792
neural activities in, 400-403, 401f-402f
neuromodulation for control of,  

406-407
pacemaker therapy for, 794
paroxysmal, 402-403
pharmacologic treatment of, 794
prevalence of, 790t
recurrence of, 795-797
risk of, in congenital heart disease, 789
sympathovagal discharges and, 402-403
in tetralogy of Fallot, 792
in univentricular heart, 791
vagal tone increases for management of, 

406-407
Atrial tachycardia

adenosine effects on, 700-701
after atrial fibrillation ablation, 699, 719, 

1233-1235
atrioventricular reentrant tachycardia 

versus, 786-787
autonomic, 700
catheter ablation of, 1210t
centrifugal, 1235
in children, 1075f, 1076-1077
classification of, 699
cycle length stability, 1234
description of, 699
epicardial ablation of, 1267
focal. See Focal atrial tachycardia
macroreentrant, 699

after atrial fibrillation ablation,  
719

after cardiac surgery, 719
catheter ablation of

description of, 1245-1246
in Fontan surgery adults, 795

classification of, 715
concealed entrainment, 716
description of, 699
diagnosis of, 715-716
electroanatomical mapping of,  

703f
electrocardiographic characteristics of, 

716-718, 717f
focal atrial tachycardia versus, 699
isthmus-dependent, 715
left atrial macroreentrant flutters, 

718-719
macroreentrant arrhythmias as,  

723-724
mapping of, 716, 1245
mechanism of, 792-793
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right atrial macroreentrant flutters,  
718

without structural heart disease, 719
mapping of, 701-702, 702f
mechanisms of, 699
microreentry as cause of, 700
multifocal, 1077
nonsustained, 699
pulmonary vein-dependent, 1234
sex differences in, 1054
supraventricular tachycardia versus, 

713-715
sustained, 699
triggered activity caused by, 700

Atrial tracking, 1170
Atrial wall, 445
Atrial-His bundle interval, 715, 758, 762
Atrial-His interval, 280
Atriofascicular pathway, 1243
Atrionodal cells, 277
Atrioventricular accessory pathways. See 

Accessory pathways
Atrioventricular asynchrony, 1179
Atrioventricular block

acquired, 1047
in acute myocardial infarction, 1047
animal models of, 1048
in children, 1083
congenital, 1046-1047, 1046f
electrical remodeling, 1048
electrocardiographic characteristics of, 

1043-1046
exercise-related, 1168
first-degree, 1043, 1083, 1168
genetic factors in, 1047
high-grade, 1045
pacing for, 1048-1049, 1167-1168
physical examination of, 570
SCN5A associated with, 1047
second-degree

in acute myocardial infarction, 1047
in children, 1083
description of, 570
pacing for, 1168
type 1, 1043-1045, 1045f
type 2, 1045, 1045f

during slow pathway ablation, 1240
third-degree, 1045-1046
treatment of, 1048-1049

Atrioventricular canal
anatomy of, 292-293
defect of, 1292f
description of, 287
myocytes, 292

Atrioventricular conduction delay, 1179
Atrioventricular conduction disease, 1035
Atrioventricular dissociation, 569-570
Atrioventricular junction

antegrade conduction of, 280-281
in atrial pacing, 280f
atrionodal cells, 277
autonomic innervation of, 282
connexin43 expression, 278f
decremental conduction of, 281-282
fast pathway of, 278-280
functions of, 282
longitudinal dissociation of, 278-280
optical mapping of, 281f, 282-284,  

283f
pacemaking functions of, 282
retrograde conduction of, 280-281
slow pathway of, 277-278
species-specific anatomical differences in, 

276
structures of, 275

Atrioventricular junctional rhythm, 282
Atrioventricular nodal block

type I, 573
type II, 573

Atrioventricular nodal reentrant tachycardia
antiarrhythmic drugs for, 1098t
atrial activation during, 769f
atrioventricular node modification in, 

1283-1284
atrioventricular reentrant tachycardia 

versus, 755, 786-787
catheter ablation of, 1210t, 1239-1240
in children, 1076, 1282-1284
description of, 275, 767
differential diagnosis of, 786-787, 801, 802f
electrocardiographic findings, 757
fast AV nodal pathway, 767-768, 770f-771f
fast/slow, 773f, 784, 786f-787f
forms of, 767
H-A interval during, 775f, 781-784
junctional ectopic tachycardia versus, 801, 

802f
leftward inferior extension, 771, 773f, 779, 

781f
leftward inferior extension antegrade/

rightward inferior extension antegrade, 
781-784, 784f-785f

long H-A interval, 784
rightward inferior extension, 768-771, 773f, 

779
rightward inferior extension antegrade/

leftward inferior extension antegrade, 
781-784, 783f

sex differences in, 1053-1055
short H-A interval, 781-784, 783f
slow pathways, 771-776
slow/fast

A-H interval during, 779
atrial activation during, 769f, 772f
atrial potentials during, 772f
catheter ablation of, 779, 780f-781f, 

1239
description of, 767
diagnostic features of, 777-778, 778f
fast pathway in, 778
H-A interval, 778-779
inferolateral left atrial, 781, 782f
leftward inferior extension, 779, 

780f-781f
rightward inferior extension, 779
slow pathways in, 778
ventricular pacing for, 775f

slow/slow, 775f, 785f-787f
variants of, 767, 777-784

Atrioventricular node
anatomy of, 275, 277, 292-293
cells of, 275
compact, 277
conduction system functions of, 287
description of, 88
dual-pathway electrophysiology of, 277-278
excitation wave in, 88
functions of, 275
historical description of, 275
inferior nodal extension of, 276
layers of, 292
lower nodal bundle of, 277
molecular characteristics of, 275
passive electrical properties of, 90, 90f
slow conductance in, 88
transitional cells of, 275-276

Atrioventricular reciprocating tachycardia, 
614-615

Atrioventricular reentrant tachycardia
accessory pathways, 755
antiarrhythmic drugs for, 1098t
atrial fibrillation presenting as, 755
atrial tachycardia versus, 786-787
atrioventricular nodal reentrant tachycardia 

versus, 786-787
catheter ablation of, 1074, 1210t, 

1240-1243
in children, 1074
clinical presentation of, 755

description of, 755
evaluation of, 755
sex differences, 1053-1055
signs and symptoms of, 755
summary of, 764

Atrioventricular reentry
paroxysmal supraventricular tachycardia 

caused by, 755
summary of, 764

Atrioventricular septal defect, 1017
Atrioventricular sequential pacing, 255
Atypical atrial flutter, 729, 730f
Autogain, 1142-1143
Autoimmune disorders, 1039-1040
Automated external defibrillators, 1070
Autonomic ganglionic plexi, 1232
Autonomic nervous system

atrial tachycardia and, 700
description of, 409
sinoatrial node regulation by, 393-394

Autonomic receptors, 249-250
Autothreshold, 1142-1143
AV. See specific atrioventricular entries
Azimilide, 1112-1113

B
Bachmann’s bundle, 88
Bacteriorhodopsin, 549
Band-pass filtering, 1142
Baroreceptors, 650
Baroreflex sensitivity, 650-653, 652f-653f, 

937-938
cardiac risk studies, 651, 654f
heart rate turbulence, 651-653
measurement of, 651

Barth syndrome, 917
Basic cycle length, 341-342
Becker muscular dystrophy

arrhythmia manifestations in, 993
cardiac pathophysiology, 993
clinical presentation of, 993
genetics of, 993
pacing for, 1192

Bidirectional ventricular tachycardia, 616, 
830-831, 832f, 950-951

BIN1, 175-176, 377
Bioinformatics, 690
Bipolar electrograms, 1252
Bisoprolol, 1124t
Biventricular pacing

conduction blocks during, 1188
for dilated cardiomyopathy, 867-868

β-Blockers, 533
antiarrhythmic effects of, 533
catecholaminergic polymorphic ventricular 

tachycardia treated with, 523, 617-618, 
830-831, 900

congestive heart failure use of, 1122-1123
description of, 533
dilated cardiomyopathy treated with, 

865-866
flecainide added to, 900
in heart failure patients, 1213
long QT syndrome treated with, 941
outflow tract ventricular tachycardias 

treated with, 820
post-myocardial infarction use of,  

1122
pregnancy cessation of, 1058
sudden cardiac death prevention using, 

1122-1123
Timothy syndrome treated with, 957

Blood doping, 1069
Bmp2, 292
Boltzmann function, 86-87, 121
Bone morphogenetic protein-2, 1039
Borrelia burgdorferi, 1040, 1193
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Bradyarrhythmias. See also specific arrhythmia
laboratory tests for, 572-573
sleep apnea and, 1089-1090

Bradycardia, 1083-1084
Brg1, 239
Bridging integrator 1, 172
Brugada syndrome

age of onset, 961-963
antiarrhythmic drugs for, 1098t
arrhythmias in

manifestation of, 515f
noninvasive markers of, 929

atrial fibrillation and, 928-929
CACNA1C gene mutations in, 927-928
in children, 930-931, 1080-1081
clinical presentation of, 976-977
description of, 494, 925, 961
diagnosis of, 925
drug challenge test for, 930-931, 970
drug-induced, 1001-1002, 1005-1007
early repolarization syndrome and, 514t, 

928
electrocardiographic findings, 515f, 925, 

926f, 930, 960f, 961-963
environmental modulators of, 928, 930
epicardial ablation for, 1271
familial screening for, 931
future research about, 931
gender predilection of, 569, 1056
genetics of, 516t, 927-928
implantable cardioverter-defibrillator for, 

930-931, 931f
interacting proteins in, 179
isoproterenol for, 930
J waves in, 517
KCNJ8 mutations associated with, 131, 

927-928
Lev-Lenègre syndrome and, 928
long QT syndrome type 3 and, 928
molecular mechanisms of, 925-928
monophasic action potential recording in, 

658-659
pathophysiology of, 513-514
pharmacologic treatment of, 930
premature ventricular complexes in, 820
radiofrequency catheter ablation of, 930
SCN5A mutations associated with, 492f, 

494-495, 497, 927
sex differences in, 1056
sex hormones in, 930
sick sinus syndrome and, 928
sodium channel blockers in, 1102
sodium channel diseases in, 494-495
ST-segment elevation in, 925-927, 926t
sudden cardiac death in

description of, 983
risk stratification for, 929-930

sudden infant death syndrome and, 
976-977

syndromes that overlap with, 928
treatment of, 930
triggers of, 928
types of, 927t
ventricular fibrillation in, 658-659,  

961-963
ventricular tachycardia in, 507, 658-659
voltage-gated sodium channels in, 95-97

Bundle branch reentry ventricular  
tachycardia

activation patterns for, 838-841, 839f,  
840t

catheter ablation for, 842-844, 842f
clinical outcomes of, 845
complications of, 845
conduction delay in, 835
description of, 579, 831, 835
diagnosis of, 838
differential diagnosis of, 841-842
in dilated cardiomyopathy, 859
electroanatomical mapping of, 841f

electrocardiography of, 835, 836f-837f, 
862f

in His-Purkinje conduction, 835-838
H-V interval, 838
initiation of, 838
interfascicular reentry and, 831, 832f
interfascicular ventricular tachycardia 

versus, 838
intracardiac recording during, 840f
left bundle branch block, 844
mechanisms of, 835-838, 837f
prevention of, 842
reentrant circuits for, 839f
stimulation of, 837f
type A, 838, 840t
type B, 838, 840t
type C, 838-839, 840f, 840t
ventricular premature beats as initiator of, 

838
Bundle of His

activation of, 278-280
anatomy of, 277
molecular characteristics of, 277

Bupivacaine, 134
Burst pacing, 715

C
Ca2+ ATPase

description of, 43
endoplasmic reticulum, 43-46
plasma membrane, 47-49. See also Plasma 

membrane Ca2+ ATPase pump
sarcoplasmic reticulum, 43-46
secretory pathway, 46-47

Ca2+ signaling, 243-244
Cable phenomena, 343
Ca2+/calmodulin dependent kinase II

activation of, 190
autoinhibition of, 450-451
calcium handling controlled by, 537
Cav1.2 regulation by, 192
description of, 98-99, 325-326
early afterdepolarizations and, 376
excitation-contraction coupling affected by, 

325f
in heart failure, 326
ion channel regulation by, 193f
Kir2.1 channel regulation by, 193
Kv4 channel regulation by, 193
Nav1.5 and, 183, 192-193
oxidative stress created during oxidation of, 

450-451
reactive oxygen species activation of, 190
ryanodine receptor-2 regulation by, 

193-194
surface membrane localization of, 248
in Timothy syndrome, 956

Ca2+-clocks
in diastolic depolarization, 282
in pacemaker cells, 244-245
symmetrical importance of, 247

CACNA1C mutations
in Brugada syndrome, 927-928
in long QT syndrome, 935-936
in Timothy syndrome, 955

Ca2+-dependent facilitation, 192
Caffeine

chemical structure of, 63t
ryanodine receptors affected by, 60-62

Ca2+/H+ antiporter, 76
Calcific valve disease, 1040
Calcineurin, 110-111
Calcium

activation gating regulation by, 108
atrial action potential modulation by, 

310-311
calmodulin affinity for, 189-190

catecholamines effect on, 922
cell handling of, molecular control of, 

450-451, 452f
CX43 junctional conductance affected by, 

158
efflux of, 75f
graded release of, 322-323
inactivation gating regulation by, 108
local releases of, 244
mitochondrial matrix uptake of, 72-73
in myocytes, 161-164, 162f
role of, 49-50
ryanodine receptor-2 channel regulation by, 

58-61, 59f
sarcoplasmic reticulum

dantrolene effects on, 526
depletion of, 60
drugs that affect, 63t
release of, 60-61, 63t
release threshold, 521
spontaneous release of, 248, 523-524
x-ray microanalysis of calcium 

movement, 57
as signaling ion in myocytes, 189
sinoatrial node cells regulated by, 248
spontaneous release of, 247
subsarcolemmal compartment, 323
in sudden cardiac death, 1114
transient, 323
troponin C binding of, 161, 189-190

Calcium channel blockers, 535
nondihydropyridine, 535
outflow tract ventricular tachycardias 

treated with, 820
sex-specific differences, 1056-1057

Calcium channels
activation gating of, 103, 105-106
Ca2+-dependent inactivation of, 15, 190
failure to activate, 166-168
gating of

activation, 103, 105-106
β-adrenergic-modulated, 108-109
posttranslational modification effects on, 

108-110
L-type, 13-16

activation of, 107, 269
α subunits of, 13, 956
β subunits of, 13, 106f
biophysical properties of, 13-15
Ca2+-CaM-dependent inactivation 

regulated by, 110f
calmodulin-mediated, 249
composition of, 14f
coupled gating of, 16
description of, 956
distal carboxyl-terminus domain in 

regulation of, 109
expression of, 103-104
facilitation of, 15
functions of, 111
τ subunits of, 13
gating modes of, 371
gating of, 103-104
generalized structure of, 107
ICa mediation by, 162
inactivation of, 107-108, 107f
localization of, 15-16
molecular composition of, 13
molecular control of, 451-452
organization of, 15-16
protein kinase regulation of, 371-374
α2-δ-subunit of, 13
T-tubule localization of, 173
T-type calcium channels versus, 16-17
in ventricular myocytes, 333

overview of, 13
T-type, 16-18

biophysical properties of, 16-17
in cardiac conduction, 17-18

Bundle branch reentry ventricular  
tachycardia (Continued)
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encoding of, 103
expression patterns of, 17
in heart disease, 17-18
L-type calcium channels versus, 16-17
molecular composition of, 16-17
in pacemaking, 17-18
pharmacologic properties of, 17

voltage-gated
in action potential, 162
description of, 103
gating of, 105-107
nomenclature of, 14t
structure of, 105-107

Calcium fluxes
action potential affected by, 168
balancing of, 164
ryanodine receptor, 56

Calcium handling
Ca2+/calmodulin dependent kinase II 

control of, 537
disorders of

catecholaminergic polymorphic 
ventricular tachycardia. See 
Catecholaminergic polymorphic 
ventricular tachycardia

experimental therapies for, 525-526
flecainide for, 525
gene therapy for, 525-526

drugs that target, 536-537
function of, 521-523

Calcium handling proteins, 521-522
Calcium influx

in action potential, 163
activation/deactivation patterns of, 75f
Cav1.2 channels, 377
description of, 175
sodium overload-induced, 313

Calcium release unit
Ca2+ sparks modeling in, 335
definition of, 331-332
microarchitecture of, 332-333

Calcium sparks
description of, 165-168, 166f, 313-314
modeling of, 335

Calcium waves, 166f, 313-314
Calcium-induced calcium release

definition of, 521
description of, 55, 81, 322-323
dyssynchrony, remodeling effects on, 

338-339
excitation-contraction coupling and, 

165-168
force of, 323
sarcoplasmic reticulum calcium depletion 

effects on, 60
studies of, 59-60, 331
subdomain Ca2+ affected by, 108

Calmodulin
as cardiac Ca2+ sensor, 189-190
ion channel regulation by, 191f
Nav1.5 and, 181t, 182, 191
plasma membrane Ca2+ ATPase pump 

regulation by, 47-48
ryanodine receptor regulation by, 192
voltage-gated potassium channels regulated 

by, 191-192
Calmodulin kinase pathway, 525
Calsequestrin

catecholaminergic polymorphic  
ventricular tachycardia and, 525, 895, 
897-899

description of, 60, 333, 521-522
Calstabin 2, 536
Calstabin 2–ryanodine receptor-2 complex, 

536
cAMP

L-type calcium channel regulation, 
374-376

phosphodiesterases, 374-376

Candesartan, 1125
Candidate gene approach, 542
Candidate gene association studies, of atrial 

fibrillation, 484, 485t
Candidate gene resequencing, of atrial 

fibrillation, 483-484
Captopril, 1124t
Carbachol, 250
Carbonic anhydrase inhibitors, 951
Cardiac alternans

description of, 168
in ventricular myocytes, 167f

Cardiac Arrhythmia Suppression Trial, 1096
Cardiac autonomic nervous system

ablation of, for atrial fibrillation, 472-473
atrial fibrillation and, 472-473
description of, 469-471
extrinsic, 393, 469-471
intrinsic, 393, 409, 471

Cardiac cells, 552f
Cardiac conduction system

anatomy of, 275, 287
cellular origins of, 288
development of, 287-289
early specification model of, 288, 289f
embryologic development of, 287
histologic analysis of, 287-288
models of, 288-289
molecular markers of, 289-290, 289f
murine model of, 289f
Purkinje fiber network, 294-295
recruitment model of, 288, 289f
T-type calcium channels in, 17-18

Cardiac cycle, 632f
Cardiac electrical activity

autocrine effects on, 302-303
cell contact-mediated effects on, 303-305
extracellular matrix-mediated effects on, 

301-302
paracrine effects on, 302-303

Cardiac fibrosis. See also Atrial fibrosis
angiotensin II inducement of, 462f
antifibrotic gene therapies for, 306
compact, 301
drug therapies for, 306
molecular pathways that cause, 455f
patchy, 301
patterns of, 301f
platelet derived growth factor in, 303, 454
soluble factors in, 302f
transforming growth factor-β1’s role in, 454

Cardiac hypertrophy
epigenetics involvement in, 239-240
histone-modifying proteins in development 

of, 239-240
transforming growth factor-β1 and, 

461-462
transient receptor potential channels and, 

18
Cardiac monitoring

ambulatory, 621
description of, 621
extended Holter, 623
external loop recorders, 622f-623f, 623
Holter monitoring, 621-622
implantable loop recorders for, 621, 

623-626, 624f-625f, 625t
intermediate-duration, 623
nonelectrode event recorders, 622, 

622f-623f
patch-based systems for, 622, 623f
prolonged, 623-626
syncope applications of, 621
vest technology for, 623
wrist recorders for, 622

Cardiac muscle
development of, 238-239
Ezh2 in development of, 239
SW1/SNF complexes in development of, 

239

Cardiac nerves, 399-400
extrinsic, 399
intrinsic

description of, 399, 471
neurotransmitters in, 471

parasympathetic nerves, 399-400
sympathetic nerves, 399-400

Cardiac pacemaker
Ca2+ signaling’s role in, 243-244
intracellular Ca2+ clock and membrane ion 

channel clock, 245-249
Cardiac plexus

anatomy of, 399
deep, 399
definition of, 409
neural processing in, 409
superficial, 399

Cardiac propagation
connexin heterogeneous expression effects 

on, 266-268, 267f
elements of, 269
gap junction channels in, 266, 266f
microscopic, 269f-270f

Cardiac remodeling, 537-538
Cardiac resynchronization therapy

atrioventricular electromechanical 
resynchronization, 1186-1188

atrioventricular resynchronization, 1183
AV timing, 1188
biventricular pacing using, 1049
continuous, 1188-1189
definition of, 1169
functional mitral regurgitation reduced by, 

1184-1185
heart failure treated with, 563
implantable cardioverter-defibrillator 

implantation and, 908
indications for, 1169
interventricular timing, 1187-1188
left ventricle capture in, 1185
left ventricular pacing, 366-367
mechanisms of, 1182-1185
nonresponse to, causes of, 366
optimization of, 366-367, 366f
pacing modes, 1185
pacing outputs, 1185
programming of, 1185
pump dyssynchrony and, 365-366
reverse volumetric left ventricular 

remodeling, 1184
right ventricle capture in, 1185
sex differences in, 1057
ventricular activation fusion during,  

1186f
ventricular electromechanical 

resynchronization, 1185-1186
VV timing, 1188

Cardiac rhabdomyomas, 1082
Cardiac sarcoidosis. See also Sarcoidosis

cardiomyopathy caused by, 903-904
description of, 890
diagnostic criteria for, 597b
dilated cardiomyopathy versus, 595
epicardial ablation for, 1270-1271
magnetic resonance imaging of, 595,  

597b
sudden cardiac death caused by, 903-904

Cardiac stretch-activated ion channels
activation of

cell-level responses, 145-147
description of, 144
manifestations of, 145-147
organ-level effects, 147
tissue-level effects, 147

blockers of, 145
discovery of, 144
mechano-electric coupling and, 147
nontranssarcolemmal channels, 144
pharmacologic probes for studying, 145
transsarcolemmal channels, 143-144

Calcium channels (Continued)
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Cardiac surgery
macroreentrant atrial tachycardia after, 719
pacemakers after, 1195

Cardiac syncope, 1022-1023, 1023b
Cardiac tamponade, 1249
Cardiac transplantation

arrhythmogenic right ventricular dysplasia/
cardiomyopathy treated with, 893

heart failure treated with, 907
scar-mediated atypical atrial flutter after, 

735-736
ventricular arrhythmias after, 910-911

Cardioinhibitory response, 639-640
Cardioinhibitory syncope, 569
Cardiomyocytes. See also Myocytes

acidosis in, 327
α-1 syntrophin associations in, 233t
angiotensin II effects on, 302-303
calcium in

handling of, in rhythmicity and 
arrhythmogenesis, 168

sources and sinks of, 161-164, 162f
calcium sparks in, 166f, 313-314
calcium waves in, 166f, 313-314
caveolin 3 associations in, 232t
cell signaling in, 324-326
connexin expression by, 152-153
electrical connection between, 1114
embryonic stem cell-derived, 562
fibroblasts and, 304-307
gender differences, 1051
ICa1 in, 376
induced pluripotent stem cells 

differentiated into
description of, 524, 931
long QT syndrome treated with, 943

Kv channel subcellular localization in, 
173-174

Na+/Ca2+ exchanger function in, 163f
oxidative phosphorylation as energy source 

in, 323
passive loading of, 304-305
reactive oxygen species in, 81-82
transplanted, 562-563
in women, 1051

Cardiomyopathy
arrhythmogenic right ventricular dysplasia/

cardiomyopathy. See Arrhythmogenic 
right ventricular dysplasia/
cardiomyopathy

causes of, 904, 904f
dilated. See Dilated cardiomyopathy
familial, 904
genetic, 904
hypertrophic. See Hypertrophic 

cardiomyopathy
ischemic. See Ischemic cardiomyopathy
reversible causes of, 904
right ventricular, 1258
RyR2 mutations and, 524
stellate ganglion neuronal hypertrophy 

associated with, 412f
tachycardia-related, 819-820, 905
takotsubo. See Takotsubo cardiomyopathy
ventricular premature depolarization-

induced, 829-830
X-linked, 859-860

Cardioregenerative medicine, 559
Cardiospheres, 560
Cardiotrophin-1, 303
Cardioversion

anticoagulation before, 1135
atrial tachyarrhythmias treated with, 794
description of, 554-555
electrical remodeling after, 1116
stroke prevention in atrial fibrillation using, 

1135
Carotid sinus baroreflexes, 1193
Carotid sinus hypersensitivity, 1169
Carotid sinus massage, 570

Carotid sinus syndrome, 639
CARTO system, 256f, 582-583, 583f, 606, 

608-609
Carvajal syndrome, 885-886
Carvedilol, 1124t

chemical structure of, 63t
description of, 64
inwardly rectifying potassium channels 

affected by, 136
ion channel blockade by, 536

Cascade genetic testing, 686
CASQ2, 525, 897-899, 1098-1099
Catecholaminergic polymorphic ventricular 

tachycardia
adenosine testing for, 896
Andersen-Tawil syndrome versus, 899, 949
antiarrhythmic drugs for, 1098-1099, 1098t
arrhythmia prevention in, using flecainide, 

1115
autosomal recessive form of, 899
bidirectional pattern associated with, 523, 

523f, 830-831
β-blockers for, 523, 525, 617-618, 830-831, 

900
calcium-handling abnormalities associated 

with, 523-525
calsequestrin and, 525, 895, 897-899
cardiologic examination of, 895-896, 

896f-897f
in children, 1081
clinical manifestations of, 523, 895-897
clinical presentation of, 895
definition of, 616, 895
description of, 37, 507
diagnosis of, 617
differential diagnosis of, 899
electrocardiography of, 895, 896f
electrophysiological testing for, 896
exercise-induced, 614-618, 617f
genetic testing for, 687, 899
genetics of, 897-899, 898f, 898t
hallmark sign of, 895
historical background of, 895
Holter monitoring of, 896, 897f
implantable cardioverter-defibrillator for, 

617-618, 900
left cardiac sympathetic denervation for, 

900
long QT syndrome versus, 899
management of, 523, 899-900
pathophysiology of, 523-525
premature ventricular contraction-triggered 

torsade de pointes versus, 819
provocative testing for, 895-896
risk stratification for, 899
ryanodine receptor-2 channels in, 64-65, 

521-522, 524, 616
RYR2 mutation associated with, 896-897, 

898f, 899
sudden cardiac death caused by, 616, 

1098-1099
supraventricular disease manifestations of, 

896-897
treatment of, 617-618, 900
triadin and, 525
types of, 897-899
verapamil for, 900

Catenins
β-, 217
description of, 217

Catheter ablation. See also Radiofrequency 
ablation

accessory pathways, 763, 764f, 1203
anesthesia for, 1214, 1279
antiarrhythmic drug therapy and, 1212-

1213, 1220-1221
anticoagulation before, 1213
arrhythmogenic right ventricular dysplasia/

cardiomyopathy treated with, 891-892
arterial access for, 1215

atrial fibrillation treated with
anatomical, 747
anticoagulation, 1217, 1221, 1226
assessment before, 1226-1228
atrial flutter after, 735f, 736
atrial tachycardias after, 699, 719, 

1233-1235
balloon-based catheter, 1203, 1204f
cardiac computed tomography before, 

1226
clinical results of, 1235
complications, 1235
computed tomography guidance during, 

597-598, 598f
cost analysis for, 749-750
description of, 356-358, 607, 747-751, 

1211-1212
dominant frequency electrograms, 

1230-1231
dominant frequency sites, 426-428, 427f
electrophysiologically guided, 747-748
endocardial, 1203, 1204f
endpoints, 748-749, 1216-1217
focal impulse and rotor modulation, 

437-439, 439f
ganglionated plexus, 472-473
historical context of, 1225
image integration for, 587, 606, 608f
indications for, 1210t, 1225-1226
intracardiac echocardiography for, 588, 

606-607
left atrial appendage visualization before, 

606
macroreentrant atrial tachycardia after, 

719
magnetic resonance imaging guidance 

during, 597-598
Maze III procedure, 356
outcomes, 749-750
patient selection for, 747
perioperative anticoagulation, 747-749
in persistent left superior vena cava, 

1272f
postprocedural management, 1220-1221
progress monitoring using atrial 

fibrillatory cycle length, 1230
pulmonary vein isolation, 1226-1228
pulmonary vein reentry after, 735f
pulmonary vein visualization before, 606, 

607f
radiofrequency, 447
repeat procedures, 1221
substrate, 1228-1232
targeted, at rotors, 437-438
targets for, 1216
three-dimensional image integration 

before, 606, 608f
transesophageal echocardiography 

before, 1226
transseptal puncture, 606-607, 608f
warfarin use during, 1217, 1218f

atrial flutter and, 735f, 736, 1243-1246
atrioventricular nodal reentrant tachycardia 

treated with, 1210t, 1239-1240
atrioventricular reentrant tachycardia 

treated with, 1210t, 1240-1243
β-blocker cessation before, 1213
bundle branch reentry ventricular 

tachycardia treated with, 842-844, 842f
catheter manipulation during, 1215-1216, 

1216t
cavotricuspid isthmus-dependent atrial 

flutter treated with, 727
in children

anesthesia, 1279
atrioventricular nodal reentry 

tachycardia, 1282-1284
dose-by-dose area product, 1279
energy sources, 1279-1280

Catheter ablation (Continued)
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follow-up, 1284
heart rhythm abnormalities, 1277
indications for, 1277-1279, 1278b
mapping systems, 1279
preparation for, 1279
radiation concerns, 1279
recording systems, 1279
resources for, 1280
sedation, 1279
technical considerations, 1280

complications of, 812
concealed accessory pathways, 763, 764f
in congenital heart disease

double outlet right ventricle, 
1286f-1287f

indications for, 1285
intraatrial reentrant tachycardia, 1286
outcomes of, 1290-1293
recurrence rate for, 1290
techniques and technologies for, 

1285-1290
dilated cardiomyopathy treated with, 

869-870, 869f
drug therapy before, 1212-1213
endpoints of

for atrial fibrillation, 748-749, 1216-1217
for ventricular tachycardia, 1219

energy sources for, 1199-1201, 1200t, 
1279-1280

fascicular ventricular tachycardia treated 
with, 828-829, 831-833

focal atrial tachycardia treated with, 
709-710, 1209, 1246-1247

focal right atrial appendage tachycardia 
treated with, 705

future of, 1205
general anesthesia for, 1214, 1214f
high-intensity focused ultrasound, 1204
historical context of, 1199
indications for, 1209-1213
interfascicular ventricular tachycardia 

treated with, 842, 844
intracardiac echocardiography catheter, 

1214-1215
intraoperative imaging techniques, 

1215-1216
intraprocedural management of, 1214-1219
junctional tachycardia treated with, 

805-806
laser, 1203
limitations of, 1201-1202
microwave, 1204-1205
multifunctional, 1205, 1205f
before myocardial infarction, 1256-1258
para-Hisian atrial tachycardia treated with, 

708
percutaneous epicardial access, 1215,  

1216t
pericardial access for, 1215
post-myocardial infarction ventricular 

tachycardia treated with, 856
postprocedural management of, 1220-1222
power titration, 1217
premature ventricular complexes treated 

with, 811-812, 820
premature ventricular contractions treated 

with, 820-823
preprocedural management of, 1209-1213
robotic, 1205
sedation for, 1214, 1279
slow pathways, 1239-1240
supraventricular arrhythmias treated with, 

1209-1211
transseptal access for, 1215
venous access for, 1214-1215
ventricular arrhythmias treated with, 910, 

1212
ventricular tachycardia treated with

arrhythmic drugs and, 1221-1222

in arrhythmogenic right ventricular 
dysplasia/cardiomyopathy, 891-892

in children, 1083
computed tomography guidance during, 

587, 589f, 598, 599f
in congenital heart disease, 1013, 1014t
description of, 869-870, 1249
endpoints, 1219
image integration for, 587
intracardiac echocardiography uses for, 

607-610
left ventricular outflow tract, 607-609, 

609f
magnetic resonance imaging guidance 

during, 598, 599f
mortality rates after, 1258
recurrence after, 1212f, 1221
repeat procedures, 1222
risk considerations, 1249
studies of, 1257t
substrate mapping, 1251-1254
targets, 1217-1219
targets of, 1256

Wolff-Parkinson-White syndrome treated 
with, 764

Cationic amphophilic drugs
description of, 134
inwardly rectifying potassium channels 

affected by, 134
Cavβ2, 373-374
Cav1.1, 109
Cav1.2
α-1 subunit of, 372-373
activation of, 521
Ca2+/calmodulin dependent kinase II 

regulation of, 192
calcium influx via, 377
calmodulin binding to, 162, 190-191
carboxyl terminus, 104-105
in delayed afterdepolarizations, 376
description of, 13, 103
in early afterdepolarizations, 376
expression of, 103
forward trafficking of, 173
functional significance of, in heart,  

175-176
gating of, 105-107, 111
ICa,L mediation by, 14-15, 20
ICa,T mediation by, 371-372
interacting proteins, 105t
inward calcium current conduction by, 956
loss-of-function mutations in, 175
N-terminal–C-terminal interaction, 111
structure of, 105-107
subunits of, 372-374, 373f

Cav1.3
description of, 13
expression of, 103
ICa.L mediation by, 14-15

Caveolae, 201
Caveolin 3

associations of, 231-232, 232t
in cardiomyocytes, 232t
in long QT syndrome, 231-232, 232t
Nav1.5 and, 181t, 184
phenotypes caused by mutations in, 232
structure of, 230f, 231-232

Cavotricuspid isthmus-dependent atrial 
fibrillation, 792, 795

Cavotricuspid isthmus-dependent atrial flutter
atrial activation sequence, 727, 728f
after cardiac transplantation, 735
after catheter ablation, 735f, 736
catheter ablation of, 727, 1234, 1244f
description of, 724
differential atrial pacing of, 728
double potentials, 727-728, 728f
double wave reentry, 726-727, 729
electroanatomical mapping of, 725-727

entrainment of, 724-725, 726f
intraisthmus reentry, 726, 729
lower loop reentry, 726, 729
mapping of, 724-727
transisthmus conduction interval, 728
treatment of, 727

CCDC109A, 74
CCS-LacZ, 289-290
Cell signaling, 324-326
Cell therapy

allogeneic cells used in, 559
arrhythmias and, 561f, 563-565
cardiac tissue effects of, 563
cell coupling and integration use of, 

560-562
cell sources for, 559-560, 560b
embryonic stem cells for, 560
goals for, 559
ischemic heart disease treated with, 

563-565, 564t
mechanisms of, 560-563, 561f
mesenchymal stem cells, 561-562
post-myocardial infarction applications of, 

563-565
summary of, 565
transplanted cells, 562-563

Cell tracking, 259, 260t
Cell-to-cell coupling

in connexin-deficient animals, 91-92
in heart, 88-91
illustration of, 268f
ion currents and, 268-269

Central ischemic zone, 365
Central sleep apnea

clinical features of, 1088
continuous positive airway pressure for, 

1092
epidemiology of, 1088
pathophysiology of, 1087-1088
treatment of, 1092

Centrifugal tachycardias, 1235
Cerebral autoregulation, 639
Cerebral blood flow, 637
Cerebral embolism, 1249
Cervicothoracic ganglia, 409
Cervicothoracic sympathectomy

arrhythmias affected by, 414
complications of, 415
description of, 414
Horner’s syndrome secondary to, 415
risks of, 415
surgical technique for, 414-415
video-assisted thoracoscopic surgical 

techniques for, 414-415
CGCI magnetic navigation system, 586
CHADS2 score, 1129, 1130t, 1221, 1298, 

1325, 1326t
CHA2DS2-VASc score, 1129, 1130t, 1326t
Chagas disease, 1040, 1270
Channel proteins

localized regulation of, by A-kinase 
anchoring proteins, 115-117

structure of, 230f
Channelopathies

in IK1 channels, 36-37
in inwardly rectifying potassium channels, 

36-37
in KATP channels, 40
in sudden infant death syndrome, 978

Channelrhodopsin2, 550-551, 550f, 553
Chemiosmosis, 71-72
Cheyne-Stokes respiration, 1087-1088
Children. See also Pediatric arrhythmias

arrhythmogenic right ventricular 
cardiomyopathy in, 1081-1082

atrial flutter in, 1277
atrioventricular nodal reentrant tachycardia 

in, 1076, 1282-1284

Catheter ablation (Continued) Catheter ablation (Continued) Cavotricuspid isthmus-dependent atrial  
flutter (Continued)
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Brugada syndrome in, 930-931, 1080-1081
catecholaminergic polymorphic ventricular 

tachycardia in, 1081
catheter ablation in

anesthesia, 1279
atrioventricular nodal reentry 

tachycardia, 1282-1284
dose-by-dose area product, 1279
energy sources, 1279-1280
follow-up, 1284
heart rhythm abnormalities, 1277
indications for, 1277-1279, 1278b
mapping systems, 1279
preparation for, 1279
radiation concerns, 1279
recording systems, 1279
resources for, 1280
sedation, 1279
technical considerations, 1280

dilated cardiomyopathy in, 1082
hypertrophic cardiomyopathy in, 1081
intraatrial reentrant tachycardia in, 1075f, 

1077, 1277
left ventricular noncompaction in, 1081
long QT syndrome in, 1079-1080
myocarditis in, 1082
short QT syndrome in, 1079-1080
sudden cardiac death in, 1082
Wolff-Parkinson-White syndrome in, 

1075-1076, 1277-1282, 1278b, 1281f
Chloride channels, 66
Chloroquine, 36, 132-133, 133f
Cholesterol modulators, 1126-1127
Cholineacetyltransferase, 399-400
ChR2, 550
Chromatin remodeling complexes, 237
Chromosome 4q25, 486
Chronic atrial fibrillation

Ca2+ handling in, 313
ICaL in, 313
If in, 313
IK1 in, 313
IKATP in, 313
IKr in, 313
IKs in, 313
INA in, 312-313
INaK in, 313
INCX in, 313
ionic remodeling in, 312-314
ryanodine receptors in, 313-314

Chronic fatigue syndrome, 646
Circumferential uniformity ratio estimate, 

366, 599-601
c-kit stem cells, 559-560
Clathrin-mediated endocytosis, 201
Clonidine, 1033-1034
Clopidogrel and aspirin, 1130, 1133-1134
Coarctation of the aorta, 1016-1017
Cocaine, 1008
Collagen I, 424-425
Collagen vascular disease, 1193
Collimated ultrasound-guided imaging, 589, 

590f
Colony-forming-unit fibroblasts, 297-298
Commotio cordis, 140, 365, 1066-1068, 

1068f
Compact atrioventricular node, 277
Complete heart block, 1083-1084, 1168
Complex fractionated atrial electrograms

atrial fibrillation and, 428-429, 429f, 472, 
741-742, 748, 1216-1217, 1229

description of, 351, 355
monophasic action potential recording, 

660-661, 662f
Computed tomography

atrial fibrillation ablation guidance using, 
597-598, 598f

electroanatomical mapping and, 587,  
588f

left atrial appendage, 1328
summary of, 601
ventricular tachycardia ablation guidance 

using, 587, 589f, 598, 599f
Concealed accessory pathways, 762, 

763f-764f, 1241, 1280-1282
Concealed bypass tachycardia, 1075
Conduction system disease. See also 

Progressive conduction system disease
arrhythmia syndromes and, 1038
in autoimmune disorders, 1039-1040
calcific valve disease, 1040
dilated cardiomyopathy, 1040
idiopathic isolated, 1035-1036
infective disorders, 1040
management of, 1040-1041
myocardial ischemia, 1040
palpitations associated with, 568b
progression of, 994
SCN5A mutations associated with, 492f, 

495, 1035
Conductivity, 353
CONFIRM trial, 437-440, 440f
Congenital atrioventricular block, 1046-1047, 

1046f
Congenital heart disease

adults with
accessory pathways in, 794
atrial fibrillation in, 794
exercise in, 1063-1064
focal atrial tachycardia in, 793-794
macroreentrant atrial tachycardia in, 

792-793
pacemaker therapy in, 794
surgical interventions for arrhythmias in, 

797
atrial maze procedure, 797, 797f
atrial tachyarrhythmias in, 789-799
atrioventricular septal defect, 1017
catheter ablation of

challenges associated with, 795
double outlet right ventricle, 

1286f-1287f
general technique for, 794-795
indications for, 1285
intraatrial reentrant tachycardia, 1286
outcomes of, 795-797, 796t, 1290-1293
recurrence rate for, 1290
techniques and technologies for, 

1285-1290
coarctation of the aorta, 1016-1017
Ebstein anomaly. See Ebstein anomaly
Eisenmenger syndrome, 1018
epidemiology of, 789
intraatrial reentrant tachycardia in, 1286
left ventricular noncompaction with, 914, 

917-918
left ventricular outflow tract obstruction, 

1014, 1016
mapping technique in, 794-795
postoperative, 1079
prevalence of, 789, 1009
pulmonary vein isolation in patients with, 

797
recurrence of, after ablation, 1290
repaired

sudden cardiac death rates in, 1009
ventricular tachycardia in, 1258

sudden cardiac death in, 1009
tetralogy of Fallot. See Tetralogy of Fallot
transposition of the great arteries. See 

Transposition of the great arteries
univentricular heart, 791, 1017-1018
ventricular tachycardia in

catheter ablation of, 1013, 1014t
monomorphic, 1013

Congenital sick sinus syndrome, 495-496, 
927-928

SCN5A mutations, 495

Congenitally corrected transposition of the 
great arteries, 1009, 1017

Congestive heart failure. See Heart failure
Connexin(s)

action potential propagation in 
myocardium affected by, 156-157

cardiomyocyte expression of, 152-153
cell-cell coupling in animals deficient in, 

91-92
chemical gating of, 86-87
Cx37, 151-152
Cx40. See Connexin40
Cx43. See Connexin43
Cx45, 92
definition of, 535-536
description of, 85, 1115
distribution of, 152
excitation propagation of, in heart, 87-88
expression pattern of, in heart, 87-88
gating of, 86-87, 86f
heterogeneous expression of, 266-268,  

267f
mechanosensitivity of, 144
oligomerization of, 85
pacemakers and, 157
pore lining regions of, 151-152
substituted cysteine accessibility method, 

151-152
transmembrane domains of, 172
types of, 87-88, 152t, 172
voltage gating of, 86-87

Connexin32.1, 265
Connexin40

connexin43 and, 265
description of, 88, 91-92, 155, 157-158
functions of, 535-536
halothane effects on, 158-159
in intercellular communication, 265-266
in proximal ventricular conduction system, 

294
Connexin43

action potential propagation, 217
atrioventricular junction expression, 278f
description of, 87, 91, 154-155
in diseased heart, 175
diseases associated with mutations in, 159
forward trafficking of, 172-173
gap26 effects on, 159
gap junctions, 561-562
halothane effects on, 158-159
hemichannels, 172-173
heterogeneous expression of, 266-268,  

267f
intercellular adhesion and, 221-222
in intercellular communication, 265-266
ion channels regulated by, 215
muscarinic M3 receptor activation effects 

on, 1319
mutations in, 159
plasma membrane delivery of, 172-173
potassium currents regulated by, 221
regulation of, 175
sodium currents regulated by, 221
tamoxifen-induced ablation of, 271-273
trafficking of

forward, 172-173
regulation of, 174

Zonula Occludens-1 association with, 175
Connexin45

heterogeneous expression of, 266-268
in intercellular communication, 265-266

Connexons, 217, 223f
Consciousness

loss of, 1021-1022
neurologic sites, 1023b
neurotransmitters responsible for, 1023b

Constant driving force hypothesis, 281
Contactin-2, 290
Continuous cardiac resynchronization 

therapy, 1188-1189

Children (Continued) Computed tomography (Continued)
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Continuous positive airway pressure
central sleep apnea treated with, 1092
obstructive sleep apnea treated with,  

1092
Continuous resetting, 581-582
Contraction band necrosis, 922
Copy number variations, 541
Coronary arteries

anomalous, 1063
branches of, 443
left atrial branches, 443, 444f
radiofrequency ablation-induced injuries to, 

447f
right atrial branches, 443, 444f
right ventricular outflow tract and, 815, 

816f
Coronary artery bypass grafting, 1302
Coronary artery disease

atrial fibrillation caused by, 443, 451
clinical presentation of, 849
exercise benefits for prevention of, 1063
exercise treadmill–induced ventricular 

arrhythmias and, 614
management of, 849
sudden cardiac death caused by, 968, 

982-985, 1055
Coronary heart disease

epidemiology of, 988
sudden cardiac deaths caused by, 982-985, 

989f
Coronary sinus

ablation of, 1233, 1271-1272
anatomy of, 1271
cannulation of, 1282
diverticulum of, 1267
focal atrial tachycardia arising from, 

706-707, 707f
ostium of, 768-769
premature ventricular contractions 

originating from, 1272
Coronary spasm, 1008
Coumel’s triangle, 376
Coupled gating, 16
Coupled-clock system

autonomic-receptor modulation of, 
249-250

mechanisms intrinsic to, 248-249
Couplon spaces, 164-165
Couplons

functional, density of, 335
microarchitecture of, 332-333

Coved-type ST-segment elevation, 513
Cox maze procedure, 1295, 1296f, 1298-

1299, 1299f
Coxsackievirus and adenovirus receptor, 

222-223
C-reactive protein, 460-461
Creatine, 1069
Crista supraventricularis, 1009-1010
Crista terminalis

description of, 88-90
focal atrial tachycardia arising from, 

704-705, 704f-705f
Critical nucleus, 343
Crossover, 1282
Cryoablation, 1202-1203, 1280

atrial fibrillation treated with, 1297
definition of, 1202
endocardial catheter, 1203
endovascular, 1203
energy sources for, 1297
junctional tachycardia treated with, 

805-806
lesion formation in, 1203
percutaneous catheter-based systems,  

1203
in tetralogy of Fallot, 1010-1013

Cryoenergy, 1203
Cryomapping, 582
C-type inactivation, 197

Cumulative benefit, 991
Cyclic nucleotide-binding domain, 126
CYP3A4, 1001, 1056
CYP3A4/5, 1097
CYP2C9, 1097
CYP2C9, 544-545
CYP2D6, 544, 1097
Cystic fibrosis transmembrane conductance 

regulator, 324-325
Cyt c, 80
Cytochrome P-450, 543
Cytokines

atrial fibrillation and, 461, 463
definition of, 459
profibrotic, 302
proinflammatory, 460

Cytomegalovirus promoter, 260
Cytoplasmic pore domain, 129

D
Dabigatran, 744, 1131, 1131f, 1132t, 1135
Dallas lesion, 1302
Danon disease, 1277
Dantrolene, 526, 900
Darier disease, 50-51
Decorin, 306
Decremental conduction, 281-282, 1044
Defibrillation

automated external defibrillators, 1070
implantable cardioverter-defibrillators.  

See Implantable 
cardioverter-defibrillators

mechanical deformation abnormalities and, 
367

Defibrillation thresholds, 367, 1145, 
1154-1155, 1155b

Delayed afterdepolarizations, 168
action potentials triggered by, 524
atrial arrhythmias and, 314
Ca2+/calmodulin dependent kinase II and, 

326
Cav1.2 involvement in, 376
cyclic adenosine monophosphate-mediated, 

817
description of, 117, 1098-1099
diastolic Ca2+ leak as cause of, 449-450
drug-induced, 533
generation of, 450-451
left stellate ganglion stimulation as cause 

of, 412-413
Na+/Ca2+ exchanger activation as cause of, 

523-524
resting potential caused by, 475

Delayed rectifier voltage-regulated potassium 
channels

description of, 25-26
molecular determinants of, 28-29

Delayed repolarization, 493-494
Desethylamiodarone, 1106
Desmin-related myopathy, 1039
Desmoglein-2

description of, 886
desmosomal molecules and voltage-gated 

sodium channels, 220-221
Nav1.5 and, 181t, 185

Desmosomal proteins
gap junction formation, 218-219
sodium channel function, 219-221

Desmosomes, 217, 885-886
Diabetes, 239
Diacylglycerol, 454
Diaminopeptidyl transferase-like protein 6, 

27-28
Diastolic depolarization, 141

Ca2+-clocks in, 282
description of, 243
local Ca2+ release during, 244

Dielectrical heating, 1204
Digitalis toxicity, 1007-1008

Digoxin
bidirectional ventricular tachycardia caused 

by, 832f
Na+/K+-ATPase inhibition by, 538
pharmacokinetics of, 544
proarrhythmias caused by, 1099-1100, 

1099t
Dihydropyridine receptors

description of, 55
structural arrangements of, 55-56

Dilated cardiomyopathy
adrenergic receptor blocking agents for, 

865-866
antiarrhythmic drug therapy for, 867
with arrhythmia, 496-497
arrhythmogenesis in, 860, 860b
atrioventricular block in, 862-863
biventricular pacing for, 867-868
bundle branch reentry ventricular 

tachycardia in, 859
candidate genes associated with, 859-860
cardiac sarcoidosis versus, 595
catheter ablation for, 869-870, 869f
characteristics of, 672, 859
in children, 1082
echocardiography of, 863, 863f
electroanatomical mapping of, 861-862, 

862f
electrocardiography of, 864
etiology of, 859
familial, 859, 904
genetics of, 687, 859-860
imaging of, 863, 863f
implantable cardioverter-defibrillators for, 

867
incidence of, 859
lamin A/C defects, 970
left ventricular dysfunction in, 864
magnetic resonance imaging of, 863
mapping of, 861-862, 862f
mitochondrial inheritance associated with, 

859
mortality in

clinical predictors of, 864
electrophysiological predictors of, 

864-865
nonsustained ventricular tachycardia in, 

864
pathophysiology of, 860-863, 860b
patient demographics, 859
programmed electrical stimulation for, 

864-865, 865t
progressive conduction system disease, 

1040
proteins involved in, 861f
risk factors for, 672
SCN5A mutations associated with, 492f, 

496, 904
sudden cardiac death in, 860, 862-865, 

982-983, 985, 987
survival rates for, 859
treatment of, 1082
vasodilator for, 865
ventricular assist devices for, 868-869
ventricular tachycardia in, 860-862, 1258

Dipeptidyl aminopeptidase protein, 199
Diphenhydramine, 134
Direct current cardioversion, 794
Discoidin domain receptor 2, 297
Disopyramide, 1104
Disorganized atrial fibrillation, 1232
D1275N, 497
DNA

composition of, 685
variants of, 685

Dofetilide, 544, 746, 1096-1097, 1106-1107
Double outlet right ventricle, 1286f-1287f
Double potentials, 727-728, 728f
Double wave reentry, 726-727, 729
Doxorubicin, 63t
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DPP6. See Diaminopeptidyl transferase-like 
protein 6

DPP10, 27-28
Dronedarone, 535, 746, 910, 1112, 1116
Drug(s)

Brugada syndrome induced by, 1001-1002, 
1005-1007

digitalis toxicity, 1007-1008
torsades de pointes induced by, 533, 545, 

940, 1002-1004, 1003t, 1005b, 1056, 
1098t-1099t, 1100-1102, 1101t

Drug efficacy, 541-542
Dual-loop atrial flutter, 733f
Duchenne muscular dystrophy

arrhythmia manifestations in, 993
cardiac pathophysiology, 993
clinical presentation of, 993
genetics of, 993
pacing for, 1192
prognosis for, 993-994
treatment of, 993-994

Dyads, 331
Dystrophin, 184
Dystrophin/utrophin complex, 184-185

E
Early afterdepolarizations

action potential duration and, 168
arrhythmogenic, 15, 314
Ca2+/calmodulin dependent kinase II and, 

326
Cav1.2 involvement in, 376
description of, 117, 139-140, 346
before repolarization, 168

Early repolarization
arrhythmic risks in, 963
classification of, 511-512
electrocardiogram pattern of, 511, 512f
history of, 511
incidence of, 963
pattern of, 963-964, 964f
risk stratification for, 513b

Early repolarization syndromes
Brugada syndrome and, 514t, 928
cellular basis for, 517f
description of, 511
gene mutations associated with, 516, 516t
genetic basis of, 516, 516t

Early specification model, of cardiac 
conduction system development, 288, 
289f

Ebstein anomaly
atrial tachyarrhythmias in, 789-790
description of, 789-790, 1017-1018
electrocardiogram of, 1288f-1289f

Echocardiography, 588-589. See also 
Intracardiac echocardiography

ablation lesions, 609-610
aortic root, 609f
arrhythmia substrate, 610-611
in athletes, 1065-1066, 1067f, 1068
atrial fibrillation ablation uses of, 588, 

606-607
complications of, 611
dilated cardiomyopathy, 863, 863f
electroanatomical mapping and, 608-609
idiopathic ventricular fibrillation, 969-970
imaging planes, 605
intracardiac thrombus caused by, 611, 611f
left atrial appendage, 1327-1328
long QT syndrome, 938
papillary muscle ablation, 609
pericardial effusion caused by, 611
phased array system, 605
platforms for, 605
pulmonary vein stenosis caused by, 611
rationale for, 605
sinus node modification using, 605-606, 

606f

summary of, 611
transducers, 605
transseptal puncture guidance using, 

606-607, 608f
ventricular tachycardia ablation guidance 

using, 607-610
Ectopic atrial tachycardia, 1075f, 1076
Edoxaban, 1132t
Effective refractory period

description of, 351, 364-365, 446
Na+ channel blockers effect on, 529-530
sex differences in, 1053

Ehlers-Danlos syndrome, 1032
Einthoven’s law, 629
Eisenmenger syndrome, 1018
Elective replacement time, for implantable 

cardioverter-defibrillator batteries,  
1140

Electrical alternans, 665
Electrical anisotropy, 88-91
Electrical impulse transfer and propagation

connexin heterogeneous expression effects 
on, 266-268, 267f

ephaptic impulse transmission, 269-271, 
272f

gap junction channels in, 266, 266f
microscopic, 269f

Electrical properties, passive
in atrioventricular node, 90, 90f
in sinoatrial node, 89, 89f

Electrical remodeling, 1116
Electrical restitution, 660
Electrical restitution curve, 660
Electrical scar, 677, 680-682, 681f-683f
Electrical storm, 1258
Electrically unexcitable scar, 1252-1253
Electroanatomical mapping, 582-585. See also 

Mapping
arrhythmogenic right ventricular dysplasia/

cardiomyopathy, 893f
atrial flutter

cavotricuspid isthmus-dependent, 
725-727

atrioventricular canal defect, 1292f
bundle branch reentry ventricular 

tachycardia, 841f, 862f
CARTO system, 582-583, 583f
computed tomography and, 587, 588f
description of, 582
dilated cardiomyopathy, 861-862, 862f
focal atrial tachycardia, 701, 702f, 1246, 

1247f
intraatrial reentrant tachycardia, 793f
intracardiac echocardiography and, 

608-609
left atrial macroreentrant flutters, 718-719, 

718f
left ventricular outflow tract, 822f
macroreentrant atrial tachycardia, 703f,  

716
magnetic resonance imaging and, 587,  

588f
mitral regurgitation, 1291f
NavX system, 583-584, 584f
premature ventricular complexes, 811f
Rhythmia system, 584-585, 584f
right ventricular outflow tract, 822f
sinus node disease, 693, 693f
ventricular tachycardia, 1251-1252, 1253f, 

1309-1310
Electrocardiography

accessory pathway localization, 758
acute coronary syndromes

chest lead relationships, 630
conventional display limitations, 629
description of, 629
limb lead relationships, 629
reciprocal leads, 630
summary of, 633

Andersen-Tawil syndrome, 947, 948f
in athletes, 1064-1065, 1065t
atrial infarction, 445, 445f, 445t
atrial tachycardia

focal, 699-700
macroreentrant, 716-718, 717f

atrioventricular block, 1043-1046
atrioventricular nodal reentrant 

tachycardia, 757
Brugada syndrome, 925, 926f, 960f, 

961-963
bundle branch reentry ventricular 

tachycardia, 835, 836f-837f
catecholaminergic polymorphic ventricular 

tachycardia, 895, 896f
description of, 677
dilated cardiomyopathy, 864
early repolarization pattern on, 511, 512f
electrical scar, 677, 680-682, 681f-683f
fascicular ventricular tachycardia, 827-828, 

829f
focal atrial tachycardia, 699-700
idiopathic ventricular fibrillation, 960f, 967, 

968f
inverse problem of, 633
junctional tachycardia, 801
left ventricular noncompaction, 916, 916f
macroreentrant atrial tachycardia, 716-718, 

717f
mapping using, 677
orthodromic reciprocating tachycardia,  

757
outflow tract ventricular tachycardias, 

817-818, 817f-818f
pacemaker-related abnormalities, 1173-

1174, 1173b, 1173f-1174f
para-Hisian atrial tachycardias, 708, 709f
premature ventricular complexes, 810
premature ventricular contractions, 

820-821, 821f
reciprocal leads, 630
right ventricular outflow tract ventricular 

tachycardias, 817-818, 817f
scalar, 573
sex differences in, 1052-1053, 1052t
short QT syndrome, 944, 944f
ST segment myocardial infarction, 629
ST-segment elevation in, 925, 926t
syncope, 1024-1025
Takotsubo cardiomyopathy, 919-920
ventricular tachycardia, 677-680, 678f

Electrogenic pumps, 310-311
Electrograms

atrial, 353-354
description of, 677
types of, 850f
unipolar pseudo-, 353
ventricular tachycardia abnormalities,  

850f
Electromagnetic interference

implantable cardioverter-defibrillators, 
1162-1163

pacemakers, 1176
Electromagnetic spectrum, 1200f
Electromechanical delay, 363-364, 364f
Electromechanical models and modeling

applications of, 363-367
challenges associated with, 368-369
electromechanical interactions, 363-364
electromechanical processes, 361-363
experimental validation of, 363
general approach to, 361-363, 362f
mechanoelectrical coupling, 364-365
patient-specific, 367-368, 368f
summary of, 368

Electron transport chain
adenosine triphosphate synthesis, 71
description of, 71
electron flow through, 78

Echocardiography (Continued) Electrocardiography (Continued)
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Electrophysiological testing
arrhythmia evaluations using, 572
catecholaminergic polymorphic ventricular 

tachycardia, 896
in children, 931
junctional tachycardia, 801, 802f
microvolt T wave alternans assessment 

versus, 669
sex differences, 1053
syncope, 1025

Embryonic stem cells
biological pacemaker construction using, 

257, 259
cell therapy use of, 560
description of, 931
epigenome of, 237-238
immunosuppression needed for, 260

Emerin, 695, 1039
Emery-Dreifuss muscular dystrophy, 695, 

994-995, 1192
Enalapril, 1124t
Endocardial cells, 293
Endoplasmic reticulum Ca2+ ATPase, 

43-46
Endothelin-1, 294, 303
Endothelin nitric oxide synthase,  

1318-1319
Endothelin-converting enzyme, 294
Ensite Array mapping system, 585
Entrainment mapping

atrial flutter
cavotricuspid isthmus-dependent, 

724-725, 726f
noncavotricuspid isthmus-dependent, 

729
description of, 581-582
ventricular tachycardia, 1255-1256

Eosinophilic myocarditis, 904
Ephaptic impulse transmission, 269-271,  

272f
Ephedra, 1070
Epicardial ablation

access for, 1264-1265
accessory pathways, 1267
arrhythmogenic right ventricular dysplasia 

treated with, 1269-1270
atrial fibrillation treated with, 1268
atrial tachycardia, 1267
Brugada syndrome treated with, 1271
Chagas disease treated with, 1270
complications of, 1264-1267
coronary artery protection during,  

1266
description of, 1263
granulomatous diseases treated with, 

1270-1271
hypertrophic cardiomyopathy treated with, 

1270-1271
inappropriate sinus tachycardia treated 

with, 1267, 1267f
ischemic cardiomyopathy treated with, 

1270
magnetic robotic navigation for, 1271
myocarditis treated with, 1270
sarcoidosis treated with, 1270-1271
supraventricular tachycardia treated with, 

1267-1268
ventricular tachycardia treated with

indications for, 1268
ischemic cardiomyopathy, 1270
nonischemic, 1269
in “normal” heart patients, 1269

Epicardial accessory pathways, 1243
Epicardial action potential, 512-513
Epicardial isthmus site, 1252f
Epicardial space, 1271
Epigenetic phenomenon

basics of, 235-237
definition of, 235
description of, 240

Epigenetics
arrhythmias and, 240
basics of, 235-237
cardiac failure and, 239-240
cardiac hypertrophy and, 239-240
definition of, 235
diabetes and, 239
electromechanical function and, 240
histone tail modifications, 237
historical experiments involving, 235
in induced pluripotent stem cells,  

237-238
Epilepsy

arrhythmia manifestations, 998
cardiac pathophysiology of, 998
clinical presentation of, 998
myoclonus epilepsy with red ragged fibers, 

997
prognosis for, 998
sudden unexplained death in, 969
treatment of, 998

Erythropoietin, 1033, 1069
Eustachian ridge

anatomy of, 768-769
conduction block across, 769-771

Excessive daytime sleepiness, 1087
Excitability, 341
Excitation-contraction coupling

action potentials and, 161
Ca2+/calmodulin dependent kinase II effects 

on, 325f
calcium influx, 165
calcium sparks and, 165-168
calcium-induced calcium release and, 

165-168
calcium’s role in, 81
definition of, 55, 161
description of, 139
modeling of, 334-335
molecular players of, 55-56
properties of, 331-332
protein kinase A effects on, 325f
sarcoplasmic reticulum calcium release, 

164-165
T-tubule regulation of, 335-336
ultrastructural history of, 331-332

Excitation-contraction coupling gain, 164
Exercise

in adults with congenital heart disease, 
1063-1064

American Heart Association guidelines for, 
1063

arrhythmogenic right ventricular dysplasia 
induced by, 615

atrial arrhythmias induced by, 613
atrioventricular block caused by, 1168
catecholaminergic polymorphic  

ventricular tachycardia induced by, 
614-618, 617f

coronary artery disease benefits of, 1063
hypertrophic cardiomyopathy induced by, 

615-616
idiopathic left ventricular tachycardia 

induced by, 615
long QT syndrome induced by, 616
outflow tract ventricular tachycardia 

induced by, 614-615
sudden cardiac death triggered by,  

1062
ventricular arrhythmias induced by, 

613-614, 899
Exercise treadmill–induced supraventricular 

arrhythmia, 613
Exome, 541
Extended Holter monitoring, 623
External loop recorders, 622f-623f, 623
Extracellular matrix, 301-302
Extrinsic cardiac nervous system, 393, 

469-471
Ezh2, 239

F
Facioscapulohumeral muscular dystrophy, 

995-996
Factor Xa inhibitors, 1131-1132, 1132t
Familial amyloidosis, 1040
Familial sick node disease, 693-695
Familial sick sinus syndrome, 1035
Fascicular ventricular tachycardia

antiarrhythmic drugs for, 1098t
catheter ablation of, 828-829, 831-833
in children, 1078-1079
clinical presentation of, 827
description of, 615
electrocardiography of, 827-828, 829f
left posterior, 827-829
macroreentrant, 827, 828f
mechanisms of, 827, 828f
substrate for, 827
summary of, 831-833
treatment of, 828-829
verapamil-sensitive, 827-828

Fast gate, 86, 86f
Fast inactivation, of sodium channels

activation coupled to, 6
description of, 5-6, 6f

Fast pathway
atrial connections of, 778
AV nodal, 767-768
description of, 277-278

Fc receptors, 306
Fetal hydrops, 1083
Fibroblast(s), 297-299, 459

as antiarrhythmic targets, 305-306, 305t
cardiomyocytes and, 304-307
colony-forming-unit, 297-298
connective tissue growth factor effects on, 

454
description of, 297
electrophysiology of, 299-301
embryologic development of, 297
extracellular matrix protein production by, 

453-454
functions of, 459
heart injury effects on, 459
immunostaining of, 297
interleukin-1β effects on, 303
mechanosensing channels of, 300-301
molecular markers of, 297-298, 298t
myofibroblasts and, 298-299, 459
origins of, 297
paracrine factors from, 302-303
phenotypic diversity of, 297-298
platelet derived growth factor effects on, 

454
proliferation of, 20
in sinoatrial node, 297
summary of, 306-307
transient receptor potential channels, 

18-20, 300-301
voltage-sensitive channels of, 299-300, 300f

Fibroblast growth factor-2, 303
Fibroblast growth factor homologous factors, 

181t, 182
Fibroblast growth factor proteins, 181t, 182
Fibroblast-specific protein 1, 297
Figure-of-eight reentry, 346
Filaments, 347
First-degree AV block, 1043, 1083
Fish oil, 1113
Fist pacing, 139, 142
FitzHugh model, 343
FitzHugh-Nagumo equation, 343
FKBP12.6, 58, 64, 524-525
Flecainide

adverse effects of, 1105
arrhythmia prevention in catecholaminergic 

ventricular tachycardia using, 1115
atrial fibrillation treated with, 530
β-blockers and, 900
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calcium handling disorders treated with, 525
chemical structure of, 63t
description of, 64
Kir2.1 channels affected by, 36, 136, 536
pharmacokinetics of, 1105
ryanodine receptor-2 affected by, 536-537

Fluorescence-activated cell sorting, 560
5-Fluorouracil, 1008
Focal atrial tachycardia, 699-702

in adults with congenital heart disease, 
793-794

anatomic distribution of, 702, 703f
atrial septum region as originating site of, 

707-710, 708f-709f
catheter ablation of, 709-710, 1209, 

1246-1247
in children, 1076-1077
coronary sinus as originating site of, 

706-707, 707f
crista terminalis as originating site of, 

704-705, 704f-705f
electroanatomical mapping of, 701, 702f, 

1246, 1247f
electrocardiographic findings, 699-700, 

702-712
electrophysiological differential diagnosis 

of, 713-715, 713t
heart failure as substrate for, 700
high-density mapping of, 701-702
left atrial appendage as originating site of, 

711, 720f
left atrium as originating site of, 711
localization of, using electrocardiography, 

702-712, 703f
macroreentrant atrial tachycardia versus, 

699
mapping of, 701-702, 702f, 1246
mechanism of, 699
mitral atrioventricular annulus as 

originating site of, 711
P wave morphology in, 702, 704
para-Hisian as originating site of, 707-710
pulmonary vein as originating site of, 711, 

712f
pulmonary vein foci, 703-704
right atrial appendage as originating site of, 

705-706
sex differences in, 1054
sinus node reentrant tachycardia, 711
superior vena cava as originating site of, 

705-706, 706f
supraventricular tachycardia versus, 

713-715
tricuspid atrioventricular annulus as 

originating site of, 705
in women, 1054

Focal impulse and rotor map, 585
Focal ventricular tachycardia, 677, 679f
Focal-origin ventricular tachycardia, 1250
FOCUS-CCTRN trial, 565
Fontan conversion, 797
Fontan surgery

macroreentrant tachycardia ablation in 
patients with, 795

univentricular heart treated with, 791, 791f
Formation plaques, 85
Forskolin, 36
14-3-3n protein, 181t, 182
Foxn4, 293
Frameshift mutations, 685
Frataxin, 996
Friedrich’s ataxia, 996
Functional mitral regurgitation, 1184-1185
Functional reentry, 345f

G
GABA, 1023b
Gadolinium, 145

Gambogic acid, 132
Ganglionated plexus ablation, 469, 470f, 

472-473, 1301-1302
GAP26, 158-159
Gap junction(s)

cardiac intercellular communication by, 265
connexin43, 561-562
coupling, antiarrhythmic drugs effect on, 

535-536
definition of, 172, 217
desmosomal proteins for formation of, 

218-219
in electrical impulse transfer and 

propagation, 266, 266f
heteromeric, 152-153, 154t
heterotypic, 152-153, 154t
homomeric, 152-153, 154t
intercellular channels formed by, 217
ischemia effects on, 159
permeability of, 155-156
remodeling of, 159, 271-273
second messenger transfer, 155-156
structure of, 172
voltage dependence, 157

Gap junction channels
biophysical properties of, 153-156
Boltzmann function, 86-87
cell-cell communication, 85
composition of, 151, 152f
connexins used to form, 87-88
de novo formation of, 85
description of, 151, 159
electrical behavior of, 265
in electrical impulse transfer and 

propagation, 266, 266f
heteromeric, 85
heterotypic, 85, 88f
intracellular calcium effects on, 157-158
intracellular pH effects on, 157-158
non–voltage-dependent regulators of 

patency of, 157-158
patency of, 157-158
permeability of, 155
structure of, 151-152

Gap junction proteins
in heterocellular coupling, 304
remodeling of, 216

Gating
activation, 103, 105-106
of calcium channels, 103

L-type, 103-104, 108, 110-111
of connexins, 86-87, 86f
inactivation, 106-107

Gating current, 106
Gender. See also Women

arrhythmias and, 1051-1059
electrocardiographic differences based on, 

1052-1053, 1052t
heart rate differences, 1053
heart rate variability differences, 1053
ICa affected by, 1051

Gene(s)
in cardiovascular disease, 687
description of, 685
sodium channel, 8-9, 9f

Gene expression, 236-237
Genetic counseling, 686, 689
Genetic testing

arrhythmogenic diseases, 687
cardiomyopathies, 687
cascade, 686
catecholaminergic polymorphic ventricular 

tachycardia, 687, 899
in children, 686-687
clinical applications of, 687-688, 689t
commercially available methods of, 686
dilated cardiomyopathy, 687
ethical considerations, 689-690
in families, 686
family management, 688-689

future of, 690
general principles of, 685-686
informed consent for, 686
legal considerations, 689-690
multidisciplinary clinic approach, 688-689, 

689f
predictive, 686
prenatal applications of, 689
proband, 686
progressive conduction system disease, 

1041
societal considerations, 689-690
in sudden cardiac death, 688

Genetics, 685
arrhythmogenic right ventricular dysplasia/

cardiomyopathy, 886
atrial fibrillation, 449, 451, 453
Becker muscular dystrophy, 993
Brugada syndrome, 516t, 927-928
catecholaminergic polymorphic ventricular 

tachycardia, 897-899, 898f, 898t
dilated cardiomyopathy, 687, 859-860
Duchenne muscular dystrophy, 993
J wave syndromes, 515-517
left ventricular noncompaction, 917
long QT syndrome, 115, 687, 935-936, 

936t, 940, 1080
periodic paralysis, 996
short QT syndrome, 943-944
Timothy syndrome, 955

Genome-wide association studies
arrhythmia uses of, 542
atrial fibrillation uses of, 484-488, 486t, 

487f, 543
paradigm of, 543f

Genotype-positive–phenotype negative, 687
Genotyping, 546
Giant cell myocarditis, 904
GIRK subunits, 201
GJA5, 484
Glucocorticoid-inducible kinase 1, 502-503
Glutamate, 1023b
Glycerol-3-phosphate dehydrogenase-like 

protein, 185
Glycinexylidide, 1104
Golgi Ca2+ ATPase, 46
GPD1-L, 181t
G-protein signaling proteins, 387
G-protein–activated inwardly rectifying 

potassium channels, 383
G-protein–coupled signaling and ligand-

requiring opsins, 549
G406R, 175
Grandi-Pasqualini-Bers model, 322
Granulomatous diseases, 1270-1271
Great cardiac vein, 816, 823
Green fluorescent protein, 85
G402S, 175
Guanylyl cyclase, 374-375
Guillain-Barré syndrome, 997

H
H-A interval, 775f, 781-784
Hailey-Hailey disease, 50-51
Halothane, 158-159
HapMap project, 484-485
HAS-BLED, 743, 744t, 1129, 1130t
HCN2, 256-258
HCN212, 256-257
HCN4, 694-695
HCN channels, 253-256
Head-up tilt table testing

adenosine triphosphate with, 643-644
adenosine with, 643-644
angle of tilt used in, 644
asystolic pauses induced by, 646
atrioventricular conduction defect 

evaluations, 646

Flecainide (Continued) Genetic testing (Continued)
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cardioinhibitory response to, 639-640
complications of, 646
description of, 641, 642b, 642f
duration of, 644
historical background of, 637
indications for, 637, 641, 641b, 646
isoproterenol with, 642-643, 647
laboratory for, 644-645
nitroglycerin with, 643, 647
orthostatic hypotension evaluations, 

640-646
overview of, 646
passive

drug-free, 642
pharmacologic provocation with, 

642-644
positive responses to, 640b, 646
protocols for, 641-646, 642b
recordings, 644
reproducibility of, 645-646
risks of, 646
specificity of, 644-645
stroke volume in, 1029
supervision of, 644
syncope evaluations, 1025. See also Syncope
tilt table used in, 644
treatment effectiveness predictions using, 

645-646
upright posture physiology, 638-639
vasodepressor response, 639-640

Heart
autonomic innervation of, 393
cell-cell coupling in, 88-91
contraction physiology, 362
development of, 288f
electrical anisotropy in, 88-91
embryology of, 913
extrinsic nervous system of, 393
intrinsic nervous system of, 393
kidneys and, interactions between, 906
sympathetic outflow to, 410f

Heart disease
atrial fibrillation caused by, 449
ryanodine receptor-2 channels in, 65
T-type calcium channels in, 17-18

Heart failure
β-adrenergic receptor signaling in, 377
advanced, 906-907, 907t
amiodarone for, 910
angiotensin II and, 462-463
antiarrhythmic drugs for, 904
asynchronous, 1181-1182
atrial fibrillation caused by, 451, 1157
β-blockers for sudden cardiac death 

prevention in, 1122-1123
Ca2+/calmodulin dependent kinase II 

expression in, 326
calmodulin-kinase II signaling activation as 

cause of, 109-110
cardiac resynchronization therapy for, 563
cardiac sympathetic nerve trans-

differentiation caused by, 412
cardiac transplantation for, 907
characteristics of, 1193
classification of, 903
contractile dyssynchrony associated with, 

365
epigenetics involvement in, 239-240
evaluation of, 903-905
as focal atrial tachycardia substrate, 700
incidence of, 859
management of, 905-907
mechanical circulatory support for, 907
mortality rates for, 859
neurohormonal antagonists for, 906
New York Heart Association classification 

of, 903
premature ventricular complexes and, 810
progression of, 906

risk stratification in, 906
severity assessments, 905-906
sinus node remodeling associated with, 

695-696
sotalol for, 910
sudden cardiac death after
β-blockers for prevention of, 1122-1123
risk of, 1055

transforming growth factor-β1 and, 
462-463

triage of, 905-907
T-tubules in, 161
vagal nerve stimulation for, 1193-1194, 

1315, 1317-1319
ventricular arrhythmias in

ablation for, 910
description of, 903
evaluation of, 905
implantable cardioverter-defibrillators 

for, 907-909
summary of, 911t

ventricular asynchrony as cause of, 
1181-1182

Heart rate
control of, 395-396
pulmonary vein ganglia effects on 

stimulation of, 395f
sex differences in, 1053
vagal nerve stimulation effects on, 1318

Heart rate turbulence, 651-653
Heart rate variability

deceleration capacity of, 650
description of, 649
nonlinear analysis of, 650
sex differences in, 1053
statistical and spectral assessment of, 

649-650
Heat shock protein, 446
HEK293, 304
Hemichannels

connexin43, 172-173
description of, 87

HERG, 504-505
HERG channel blockers, 533-534, 536
hERG1 channels

activation of, 125-127
biophysical properties of, 121-123, 122f
cytoplasmic N-terminal structure of, 126
deactivation of, 125-127
description of, 121
gating

Markov models of, 124-125
structural basis of, 125-127

gating currents of, 123f
general structure of, 125
inactivation of, 127
ionic currents conducted by, 122
RNA, 126

hERG1b, 126
HERG1b proteins, 505
Heterotaxy, 1290
Hexokinase-I, 80
Hey1, 293
Hey2, 293
Hf-1b, 294
Hibernating myocardium, 565
High mobility group box 1, 1318
High-intensity focused ultrasound, 1204, 

1297-1298
High-mobility group box 1, 463
High-risk pharmacokinetics, 543-544
His bundle potential, 778-779
His-Purkinje system, 275
His-synchronous ventricular extrastimulus, 

761f-762f
Histamine, 1023b
Histiocytoid cardiomyopathy of infancy,  

1082
Histone methylation, 237

Histone methylation marks, 237, 238f
Histone tail acetylation, 237
Histones, 235-236
HMG-CoA inhibitors, 1126-1127
Hodgkin-Huxley–type ion current, 247
Holter monitoring, 621-622

catecholaminergic polymorphic ventricular 
tachycardia, 896, 897f

description of, 621
drawbacks of, 621
syncope, 1025

Holt-Oram syndrome, 1038
Homeobox factor, 1038
Homomeric gap junctions, 152-153, 154t
Horner’s syndrome, 415
Human ether-a-go-go related gene, 504-505
Human Genome Project, 235
Human growth hormone, 1069-1070
Human mesenchymal stem cells

biological pacemaker construction using, 
257-258, 259f, 260, 261f

identification of, 261f
HV interval, 801, 842
Hydrostatic indifference point, 1029
3-Hydroxy-3-methylglutaryl-coenzyme 

A–reductase inhibitors, 1126-1127
Hyperkalemia

pacing affected by, 1174
periodic paralysis, 996

Hyperpolarization-activated cyclic nucleotide 
gated channel, 144

Hypertrophic cardiomyopathy
adverse clinical pathways in, 874f
characteristics of, 615
in children, 1081
definition of, 873
epicardial ablation for, 1270-1271
exercise-induced, 615-616
gene mutations associated with, 687
historical context of, 873
implantable cardioverter-defibrillator for, 

596, 876-880, 877f
LAMP2, 877f
magnetic resonance imaging of, 596
pacing for, 1169, 1191
pharmacologic treatment of, 876
phenotyping in, 686
risk period in, 880-882
ryanodine receptor-2 mutations associated 

with, 523
septal reduction for, 1194-1195, 1194t
sudden death from

in athletes, 1061, 1081
description of, 596, 615, 982-983
mechanisms of, 874-876
prevention of, 876-880
risk factors for, 878b

treatment of, 1081, 1194-1195, 1194t
ventricular tachyarrhythmias in, 873-874

Hypertrophy
β-adrenergic receptor signaling in, 377
cardiac. See Cardiac hypertrophy

Hypokalemic periodic paralysis, 996
Hypothermia, 959

I
Ibutilide, 1056, 1107
ICa

gender effects on, 1051
L-type calcium channel mediation of, 162

ICaL
β-adrenergic stimulation effects on, 

108-109, 372f
in atrial fibrillation, 313, 451
biophysical properties of, 13-15
β-blocker inhibition of, 533
Ca2+-dependent inactivation of, 15
Cav1.2-mediated, 14-15, 20
depolarization effects on, 371

Head-up tilt table testing (Continued) Heart failure (Continued)
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gating of, 103-104
inactivation of, 15, 16f, 371
inhibition of, 535
loss-of-function subunit mutations, 

451-452
mediation of, 14
ventricular myocyte conductance of,  

13-14
ICa,T

arrhythmogenesis affected by, 17-18
cardiac remodeling affected by, 17-18
Cav1.2 channel mediation of, 371-372
gating of, 103-104

Idebenone, 996
Idiopathic isolated conduction disease, 

1035-1036
Idiopathic left ventricular tachycardia, 615
Idiopathic ventricular fibrillation

description of, 960t, 961-963, 967
diagnosis of, 963, 967-971, 968f
echocardiographic findings, 969-970
electrocardiographic findings, 960f, 967, 

968f
family screening for, 972
follow-up for, 971-972
history of, 967
implantable cardioverter-defibrillator for, 

971
premature ventricular contractions as 

trigger of, 967, 971
treatment of, 971-972
triggers of, 967, 971

Idiopathic ventricular tachycardia
in children, 1078
definition of, 1269
description of, 815
epicardial sites of, 816
left, 615
perivascular sites of, 816

If, 313
IK, 25t
IK1

action potential effects, 950f
activation of, drugs that induce, 136
Andersen-Tawil syndrome, 949
channelopathies, 36-37
in chronic atrial fibrillation, 313
description of, 33, 206
drugs that induce activation of, 136
formation of, 129
forskolin inhibition of, 36
intracellular calcium effects on, 36
isoproterenol inhibition of, 36
molecular correlate of, 949
pharmacologic modulation of, 36
regional distribution of, 35
regulation of, 36
resting membrane potential affected by, 

534
IK, rapid, 25
IK, slow, 25
IK, slow1, 25t
IK, slow2, 25t
IK, ultrarapid2, 25
IKAch

acetylcholine activation of, 383, 535
action potential duration affected by,  

383
atrial fibrillation and, 386-387, 389-390, 

425f
characteristics of, 25t
constitutive, 386-388
description of, 130
gating of, 388
heart rate regulation and, 131
metabolic status and, 131
M2-receptor–dependent, 383-389, 452
phosphorylation-dependent, 388-389
PIP2 regulation of, 388

IKAchc, 389
IKATP

in action potential repolarization, 30
characteristics of, 25t
in chronic atrial fibrillation, 313
description of, 130-131, 311
drugs that affect, 132
metabolic blockade effects on, 327-328
sulfonylureas effect on, 132

IK(ATP) channel openers, 132
IK(Ca), 25t
IKp, 25t
IKr
α-subunits of, 505
in chronic atrial fibrillation, 313
long QT syndrome, 504-505

IKs
β-adrenergic stimulation effects on, 502
atrial fibrillation and, 118, 313
description of, 115
enzymes that affect, 116-117
function of, 118
long QT syndrome, 502
stem cells used to study, 118

IKs/AKAP9 complex, 116-117
IKur, 534
Imaging

computed tomography. See Computed 
tomography

echocardiography. See Echocardiography
intracardiac echocardiography. See 

Intracardiac echocardiography
magnetic resonance. See Magnetic 

resonance imaging
near–real-time, 587-591
preacquired, 587
real-time, 587-591
rotational angiography, 587-588, 590f
ultrasound, 588-589

Imperatoxin A, 63t
Implantable cardioverter-defibrillators

adjunctive sensor technology, 1149
alerts, 1147, 1157
antitachycardia pacing using, 1156
arrhythmogenic right ventricular dysplasia/

cardiomyopathy treated with, 615, 
891, 893

band-pass filtering by, 1142
biphasic waveforms, 1146-1147, 1146f
Brugada syndrome treated with, 930-931, 

931f
cardiac resynchronization therapy and, 908
catecholaminergic polymorphic ventricular 

tachycardia treated with, 617-618, 900
in children, 878
comorbidities monitored using, 1157
complications of, 882, 1163
components of

batteries, 1140, 1147
capacitors, 1140-1141
electrodes, 1141
generator, 908-909, 1139-1140
leads, 1139, 1140f, 1141, 1142t
overview of, 1139-1141

deactivation of, 903-904
defibrillation efficacy testing, 1151-1154
defibrillation thresholds, 1145, 1154-1155, 

1155b
delayed therapy, 1162
detection of tachyarrhythmias by

algorithm for, 1143
amplitude, 1142-1143
atrial lead criteria, 1143-1144
autogain, 1142-1143
autothreshold, 1142-1143
band-pass filtering, 1142
cycle length stability, 1143
definition of, 1155
description of, 1141-1144
duration, 1143

duration for, 1155-1157
frequency, 1142
morphology, 1143
programming of, 1155-1157
QRS width, 1143
rate, 1143
reconfirmation, 1144
redetection, 1144
sensing, 1141-1142
sensitivity versus specificity, 1143
sudden onset, 1143
zones of, 1155-1156

DF-4 design, 1139
dilated cardiomyopathy treated with, 867
driving and, 1162
drugs and, 1160b
dual-chamber, 1163-1164
efficacy testing of, 1151-1154
electrogram, 1158f
electromagnetic interference sources, 

1162-1163
failure to delivery therapy, 1162
FDA recall of, 1147
functions of, 1141
heart failure-related ventricular arrhythmias 

treated with, 907-909
hypertrophic cardiomyopathy treated with, 

596, 876-880, 877f
idiopathic ventricular fibrillation treated 

with, 971
implantation of, 907-909
indications for, 907-909, 909f, 1151, 1152t
industry-related issues, 882
issues associated with, 1162-1163
leads

coaxial design of, 1141
design of, 1139, 1140f
dual-coil, 1163
IS-4 connector, 1164
multilumen design of, 1141
nonthoracotomy, 1141, 1142t
oversensing, 1157-1160
selection of, 1163-1164
single-coil, 1163
transvenous, 1141, 1142t, 1163-1164

left ventricular assist device effects on, 
1162-1163

left ventricular ejection fraction as 
determinant for, 674

in left ventricular noncompaction, 916-917
lifestyle issues, 1162
long QT syndrome treated with, 941-942
long-distance telemetric communication in, 

1148
magnetic resonance imaging and, 1149, 

1162
malfunction of, 1147-1148
microvolt T wave alternans, 672-674
monophasic waveforms, 1145-1146
no-testing strategy for, 1153-1154
oversensing, 1157-1162, 1159f
pacing therapy using, 1144, 1156
patient alerts, 1157
patient information regarding, 909f
patient-specific programming of, 

1156-1157
perioperative management of, 1163b
postablation use of, 845
primary prevention use of, 1156-1157
prophylactic, 878-880
psychosocial issues, 1162
remote monitoring, 1148, 1157
safety alerts, 1147
safety margins, 1153
selection of patients for, 909f
sensing

bipolar, 1163-1164
mechanisms of, 1141-1142, 1151

ICaL (Continued) Implantable cardioverter-defibrillators 
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sensitivity of
autoadjusting of, 1153f
specificity versus, 1143

sensor technology, 1149
sex differences, 1057
shocks

delivery of, 1144-1145, 1144f-1145f, 
1148

diagnosing of, 1157-1160
evaluative approach to, 1160-1161
inappropriate, 1161f
unsuccessful, 1161-1162

short QT syndrome treated with, 944-945
single-chamber, 1163-1164
subcutaneous, 1147f, 1148-1149, 1164
sudden cardiac death in patients with,  

1018
in sudden cardiac death survivors, 1013, 

1057
supraventricular tachycardia detection by, 

1156, 1160-1161
testing of, 1151-1157, 1154f
in tetralogy of Fallot, 1013
tiered-therapy, 1155-1156
timing for implantation of, 907-909
in transposition of the great arteries, 

1015-1016
transvenous, 1141, 1142t, 1144, 1147
ventricular arrhythmias in patients with, 

905
ventricular fibrillation treated with, 1151, 

1160-1161
ventricular tachycardia applications

detection, 1156
treatment, 856, 1160-1161

vulnerability testing of, 1152-1153
Implantable loop recorders, 621, 623-626, 

624f-625f, 625t, 1025
Impulse propagation

connexin heterogeneous expression effects 
on, 266-268, 267f

ephaptic impulse transmission, 269-271, 
272f

gap junction channels in, 266, 266f
impairment in, from sodium channel 

diseases, 494-496
microscopic, 269f-270f

INA
atrial action potentials, 309-310
in chronic atrial fibrillation, 312-313
description of, 453

Inactivation gating, 106-107
INaK

in chronic atrial fibrillation, 313
description of, 310-311

Inappropriate sinus tachycardia, 712, 1032, 
1053, 1074, 1267, 1267f, 1302-1303

INCX, 313
Induced pluripotent stem cells

biological pacemaker construction using, 
257

cardiac myocytes derived from
description of, 524, 931
long QT syndrome treated with, 943

epigenetics use in, 237-238
Timothy syndrome studies using, 956-957

Inducible nitric oxide synthase, 1318-1319
Inferior left ganglionated plexus, 469
Inferior nodal extension

anatomy of, 276
cells of, 277-278

Inferolateral left atrial slow pathway, 771-776, 
777f

Inflammation, atrial fibrillation and, 460-463, 
461f

Informed consent, 686
Inheritance modes, 685, 686f
Inhibitors of apoptosis, 74

Inner mitochondrial membrane, 71-72, 76
Inner mitochondrial membrane anion 

channel, 78
Intercalated disc

adherens junctions of, 216
area composita, 217
description of, 215
desmosomes, 217
functional channels in, 154
gap junctions, 217. See also Gap junction(s)
intercellular space, 217
ion channel complexes at, 217-218
Nav1.5 expression at, 179
noncanonical functions of, 218-223
potassium channels at, 218
proteins, in inherited and acquired diseases, 

215-216
remodeling of, 271-273
structural features of, 216-217
summary of, 225
transmission electron microscopy of, 216f
voltage-gated sodium channels, 217-218

Intercellular adhesion
ankyrin-G and, 221-222
connexin43 and, 221-222
molecules, 222-223
sodium current and, 222

Intercellular cleft, 224-225
Intercellular communication

connexins in, 265-266
gap junctions, 265

Intercellular space, 217, 224-225
Interfascicular reentry, 831, 832f, 836f-837f, 

838, 839f
Interfascicular ventricular tachycardia

activation pattern for, 839-840
bundle branch reentry ventricular 

tachycardia versus, 838
catheter ablation of, 842, 844
right bundle branch block morphology 

associated with, 840-841
Interfibrillar mitochondria, 80-81
Interleukin-1β, 303
Interleukin-2, 461
Interstitial fibrosis, 461
Interventricular asynchrony, 1179
Intraatrial reentrant tachycardia

in children, 1075f, 1077, 1277
in congenital heart disease, 1286
definition of, 792
electroanatomical mapping of, 793f
in Fontan surgery survivors, 791
in Mustard surgery patients, 790-791

Intracardiac echocardiography, 588-589. See 
also Echocardiography

ablation lesions, 609-610
aortic root, 609f
arrhythmia substrate, 610-611
atrial fibrillation ablation uses of, 588, 

606-607
complications of, 611
electroanatomical mapping and, 608-609
imaging planes, 605
intracardiac thrombus caused by, 611,  

611f
left atrial appendage, 1327-1328, 1329f
papillary muscle ablation, 609
pericardial effusion caused by, 611
phased array system, 605
platforms for, 605
pulmonary vein stenosis caused by, 611
rationale for, 605
sinus node modification using, 605-606, 

606f
summary of, 611
transducers, 605
transseptal puncture guidance using, 

606-607, 608f
ventricular tachycardia ablation guidance 

using, 607-610

Intracardiac thrombus, 611, 611f
Intra-His Wenckebach block, 278-280
Intraisthmus reentry, 726, 729
Intravenous immunoglobulin, 1046-1047
Intraventricular conduction defects, 1065
Intrinsic cardiac nervous system

description of, 393, 409, 471
neurotransmitters in, 471

Inwardly rectifying potassium channels. See 
also IK1; IKACH; IKATP

atrial fibrillation and, 420-424, 452
cardiac acetylcholine responsive, 129-130
cardiac role of, 131
carvedilol effects on, 136
cationic amphophilic drugs effect on, 134
cellular localization of, 35-36
channelopathies in, 36-37
classification of, 136
cytoplasmic pore domain of, 129
description of, 26, 29, 129, 197
encoding of, 129-131
functions of, 33-35
G-protein–activated, 383
KCNJ encoding of, 129-131
membrane localization of, 35-36
muscarinic-receptor activated, 384f
pharmacology of, 36, 131-136
PIP2 interactions, 134-136
polyamine-induced rectification, 34
rectification properties of, 34-35
regulation of, 36
structure of, 33-35
α-subunit proteins, 34t
thiopental effects on, 136
transmembrane domain of, 129

Ion channel(s)
Ca2+/calmodulin dependent kinase II 

regulation of, 193f
calcium regulation of, 189
calmodulin regulation of, 191f
carvedilol effects on, 536
conduction abnormalities caused by 

dysfunction of, 452-453
cytokines that affect, 463
immunofluorescence labeling of, 279f
ligands, 62
localization of, 323
in myocyte membrane, 173-174
sarcoplasmic reticulum

confocal imaging of, 56
recording of, 56-57

scaffolding proteins and, 229
subcellular localization of, 224-225

Ion channel trafficking
alterations of, in pathophysiological states, 

174-176
anterograde, 171-173
directed targeted paradigm of, 171-172
drugs that modulate, 536
modulation of, 536
pathways of, 172f
pharmacologic manipulation of, 176
quality control versus, 171
regulation of, 174
retrograde, 174

Ion channelopathies, 687
Ion currents

cell-to-cell coupling and, 268-269
remodeling, in atrial fibrillation, 454f
tumor necrosis factor-α effects on, 463

IRIDE study, 649
Iroquois homeobox 3 transcription factor, 294
Irregular ventricular tachycardia, 579
Ischemia, 326-328

atrial, 445-446
cardiac cell-cell coupling reductions 

secondary to, 175
gap junction remodeling caused by, 159
hypoxia caused by, 159
ventricular, 445-446

Implantable cardioverter-defibrillators 
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Ischemia-reperfusion injury
mitochondrial ion channels in 

cardioprotection against, 82
mitochondrial ion channels/transporters in, 

82
Ischemic cardiomyopathy

epicardial ablation for, 1270
magnetic resonance imaging of, 596-597, 

596f
sudden cardiac death risks, 986

Ischemic heart disease
anatomy of, 849-850
arrhythmia induction in, 365
cell therapy for, 563-565, 564t
chronic, 564t, 565
pathophysiology of, 849-850

Ischemic preconditioning, 77
Ischemic ventricular fibrillation, 959
3-Isobutyl-1-methylxanthine, 375-376
Isoproterenol

Brugada syndrome treated with, 930
head-up tilt table testing using, 642-643, 

647
hypotensive response caused by, 1216
IK1 inhibition by, 36

ISS, 25t
ISSUE study, 645
Ito, 23-24
Ito1, 534
Ito,f

characteristics of, 25t
description of, 23-24
in Purkinje fibers, 24-25
in ventricular myocytes, 24-25

Ito,s
characteristics of, 25t
description of, 23-24
properties of, 28

Ivabradine, 538, 1113

J
J point, 511
J wave

amplitude of, 514f
approach to, 963-964
arrhythmogenic, 962f
cellular basis for, 512-514
definition of, 511
deflections, 517
hypercalcemia and, 511
hypothermia and, 511
in idiopathic ventricular fibrillation, 511, 

963
temperature effects on, 513f
ventricular activation sequence effect on, 

513f
J wave syndromes

acquired, 959, 960t
arrhythmias in, 960f
Brugada syndrome. See Brugada syndrome
characteristics of, 512t
clinical characteristics of, 511-512
clinical correlates of, 514-515
congenital, 960t, 961-963
definition of, 511-512, 928, 959
genetics of, 515-517
hypothermia, 959
ischemic ventricular fibrillation, 959
male predominance associated with, 511
pharmacologic treatment of, 537t
treatment of, 537t
working hypothesis of, 517f

Jervell and Lange-Nielsen syndrome
clinical presentation of, 938
description of, 501, 504, 935
inheritance pattern of, 685
survival rates for, 939f

JMJD2, 239-240
Joint hypermobility syndrome, 1032

Junctional ectopic tachycardia, 1077, 1284
Junctional plaques, 85, 152f
Junctional reciprocating tachycardia, 

permanent, 1075, 1075f, 1243, 1282
Junctional tachycardia

ablation for, 805-806
adenosine responses, 803, 803f-804f
amiodarone for, 804
atrioventricular nodal reentrant tachycardia 

versus, 801, 802f
automaticity associated with, 803
catheter ablation for, 805-806
clinical features of, 803-804
congenital form of, 803-804
cryoablation for, 805-806
description of, 801
diagnosis of, 801
differential diagnosis of, 801, 802f
diltiazem responses, 804f
electrocardiographic features of, 801
electrophysiological study of, 801, 802f
HV interval associated with, 801
management of, 804-806
mapping of, 806
mechanisms of, 801-803
pediatric, 803
pharmacologic management of, 804-805
postoperative, 804-805
primary, 803
secondary, 803-804
spontaneous, 803

K
K201, 525
K channel associated protein, 199
K+ channel blockers. See Potassium channel 

blockers
K+ channel interacting protein, 199
KATP channel openers, 40
KATP channels

cellular localization of, 39-40
channelopathies, 40
drugs that affect, 40
function of, 39
membrane localization of, 39-40
mitochondrial, 40
pharmacology of, 40
pore-forming subunit of, 39f
rectification of, 39
regulation of, 40
in smooth muscle, 40
structure of, 39, 39f

KChIP2, 28, 311-312
KCNE2

description of, 123
mutations, in long QT syndrome, 935

KCNE1 mutations
D76N, 117
in long QT syndrome, 502, 927-928,  

935
KCNH2, 26, 506
KCNJ2 mutations

in Andersen-Tawil syndrome, 131, 506, 
949-950, 1038

in atrial fibrillation, 37
catecholaminergic polymorphic ventricular 

tachycardia associated with, 37
loss-of-function, 206

KCNJ8 mutations, 131, 927-928
KCNQ1

description of, 28-29, 545
G589D, 117
mutations

atrial fibrillation and, 483-484
description of, 115
Jervell and Lange-Nielsen syndrome, 

504
long QT syndrome type 1, 502-503, 616, 

935, 1001-1002

short QT syndrome, 506, 943
sudden infant arrhythmia death 

syndrome, 507
K-complexes, 1089
Kearns-Sayre syndrome, 997, 1040, 1192
Kir2.1

Ca2+/calmodulin dependent kinase II 
regulation of, 193

description of, 534
flecainide effects on, 36, 136, 536
Nav1.5 and, interactions between

membrane trafficking, 209-211, 210f
as model independent, 208
as posttranslational independent, 208
reentry frequency, 211-213
SAP97 involvement in, 208, 210f
syntrophin involvement in, 208, 210f

pentamidine effects on, 536
pore-facing G-loop of, 35
SAP97 interactions with, 208, 271-273
tenidap effects on, 36

KIR2.2, 134
KIR2.3, 136
KIR3.1, 129-130
KIR3.4, 129-130
Kir 2 channels

crystal structure of, 33-34
description of, 33
differential properties of, 35
IK1 and, 33
pharmacologic modulation of, 36
regulation of, 36

Kir 3 channels
acetylcholine activation of, 422-423
adenosine activation of, 422-423
Kir3.1, 37-38
Kir3.4, 37-38
pore-facing G-loop of, 35

Kir channels
α-subunits, 30
cytoplasmic pore of, 34-35
description of, 23, 33
functions of, 33
genes that encode, 33
molecular determinants of, 29-30
myocardial action potential waveforms 

affected by, 26
KIR channels. See Inwardly rectifying 

potassium channels
KIR2.x channels

chloroquine effects on, 132-133
description of, 129-131
pentamidine effects on, 132-133
resting membrane potential and,  

131
KIR6.x proteins, 130-131
Koch’s triangle, 1239-1240
K2P channels

summary of, 30-31
two-pore α-subunits, 30-31, 30t

Kugel’s artery, 444
Kv1, 197
Kv3, 197
Kv4 channel, 193
Kv channel interacting proteins, 27
Kv channels
α-subunits, 26
β-subunits, 25t
inactivation by, 197
Kv1.5

description of, 174-175
pharmacologic modulation of, 176
quinidine effects on, 536

in macromolecular protein complexes, 31
pore-forming subunits of, 26, 27f
recycling of, 202f
structure of, 126f
subcellular localization of, in myocytes, 

173-174

KCNQ1 (Continued)
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trafficking of
in diseased heart, 174-175
posttranslational regulation of, 174

Kv11.1 channels, 505
Kvβ family, 197-198

L
LacZ, 288
Lamin A/C, 970, 1039
Laser catheter ablation, 1203
Leber’s hereditary optic neuropathy, 997
Left anterior hemiblock, 1084
Left atrial appendage

closure of, 744, 1134-1135
computed tomography of, 1328
echocardiographic assessment of, 

1327-1328
firing, 1221
focal atrial tachycardia arising from, 711, 

720f
fragility of, 1326-1327, 1329f
imaging of, 1327-1331
intracardiac echocardiography of, 606, 

1327-1328, 1329f
occlusion of

description of, 1325
surgical approaches for, 1326, 1328-1331
thoracoscopic obliteration of, 1329
transvenous and transseptal devices for, 

1329
Watchman device for, 1329-1330

thickness of, 1326-1327
thrombus of, 588, 1326f
transesophageal echocardiographic 

assessment of, 1327
Left atrial atypical atrial flutter, 731-732
Left atrial circumflex artery, 443
Left atrial lesion sets, 1299-1300
Left atrial macroreentrant flutters, 718-719
Left atrial roof ablation, 1233
Left atrium

action potential duration in, 311
asynchrony, 1179
coronary artery branches to, 443, 444f
focal atrial tachycardia arising from, 711
posterior wall of, 444-445

Left atrium-pulmonary vein junction, 591, 592f
Left bundle branch ablation, 844
Left bundle branch block

asynchrony induced by, 1181f-1182f
delayed intraventricular activation in, 

1179-1180
description of, 578
ventricular tachycardia, 615

Left cardiac sympathetic denervation
catecholaminergic polymorphic ventricular 

tachycardia treated with, 900
long QT syndrome treated with, 941
recurrent arrhythmias in congenital long 

QT syndrome treated with, 922
Left circumflex coronary occlusion, 631f
Left coronary artery

anomalous, 614
description of, 443

Left free-wall pathways, 755
Left persistent superior vena cava, 1271-1272, 

1272f
Left posterior fascicular ventricular 

tachycardia, 827-829
Left stellate ganglion stimulation, 412-413
Left ventricle

asynchrony effects on mechanics and 
structure of, 1180-1181

cervicothoracic sympathectomy effects on 
functioning of, 415

chest blow-induced pressure to, 1067-1068
electrical activation of, 1179
geometry of, 367f

Left ventricular aneurysms, 1082
Left ventricular assist devices

implantable cardioverter-defibrillators 
affected by, 1162-1163

ventricular arrhythmia management in 
patients with, 911

Left ventricular dysfunction
atrial electrical remodeling changes 

secondary to, 314
atrial electrophysiology alterations during, 

314
cardiac dilatation secondary to, 314
in dilated cardiomyopathy, 864

Left ventricular ejection fraction, 649, 986
Left ventricular noncompaction

arrhythmias in, 916-917
autosomal dominant inheritance, 917
biventricular, 915f
characteristics of, 913
in children, 1081
clinical features of, 913-914
with congenital heart disease, 914,  

917-918
diagnosis of, 913-914
dilated form of, 914, 915f
electrocardiography of, 916, 916f
forms of, 913
genetics of, 917
hypertrophic and dilated form of, 914
hypertrophic form of, 914, 915f
imaging of, 916, 916f
implantable cardioverter-defibrillators for 

arrhythmias in, 916-917
incidence of, 913
isolated form of, 914
molecular genetics of, 917
outcome of, 917-918
pathology of, 913
restrictive form of, 914, 915f
subtypes of, 914, 915f
treatment of, 917-918
X-linked, 917

Left ventricular outflow tract
ablation of, 607-609, 609f
anatomy of, 815
electroanatomical mapping of, 822f
obstruction of, 1014, 1016
premature ventricular complexes, 823
premature ventricular contractions, 

818-819, 819t
Left ventricular outflow tract ventricular 

tachycardias
in children, 1079
description of, 614
diagnosis of, 818-819
epicardial ablation of, 1268
epidemiology of, 816-817
symptoms of, 816
triggers for, 816-817

Left ventricular remodeling, 1048, 1317
Left ventricular summit, 816
Left ventricular systolic dysfunction, 1010
Left ventricular systolic function, 1322-1323
Lentivirus, 259-260
Letm1, 76
Leucine zipper, 115-116
Leukemia inhibitory factor, 463
Lev disease, 495
Lev-Lenègre syndrome, 928, 1035
Lidocaine, 1104
Limb-girdle muscular dystrophies, 995,  

1192
Linkage analysis, of atrial fibrillation, 

483-484, 485t
Linkage disequilibrium, 542
Lipid rafts, 201
Lipofuscin, 279f
Local Ca2+ release, 244-247, 246f
Localized atrial fibrillation, 1231-1232,  

1231f

Localized reentry, 1235, 1236f
Localized source hypothesis, of atrial 

fibrillation, 433
Lone atrial fibrillation, 507-508
Long duration ventricular fibrillation, 478, 

479f, 481f
Long QT syndrome

acquired, 1057
A-kinase anchoring protein-9 involvement 

in, 232-233, 502-503
ankyrin-B involvement in, 229-231
antiarrhythmic drugs for, 1098t
asymptomatic patients with, 942-943
autosomal recessive form of, 501
baroreflex sensitivity, 937-938
CACNA1c mutation, 935-936
cardiac events associated with, 936-937
catecholaminergic polymorphic ventricular 

tachycardia versus, 899
caveolin 3 involvement in, 231-232,  

232t
characteristics of, 493
in children, 1079-1080
clinical manifestations of, 935
definition of, 493, 501
delayed repolarization in, 493-494
diagnosis of, 938-939, 939t, 970, 971f, 

1079-1080
drug-induced, 533, 545, 1002
echocardiographic abnormalities in, 938
electrocardiographic findings in

QT interval, 937-938
sinus pauses, 937
T wave, 937
T wave alternans, 937, 937f

evaluation of, 1079-1080
“forme fruste” of, 940
gender predilection of, 569, 1055-1056
gene-specific clinical correlations of, 1080
genetics of, 115, 687, 935-936, 936t, 940, 

1080
heart rate in, 937-938
IKr-related, 504-505
IKs-related, 502
inheritable, 501
interacting proteins in, 179
KCHN2 mutations, 935, 1001-1002
KCNE1 mutations, 502, 927-928, 935
KCNE2 mutations, 935
KCNJ2 mutations, 29-30
KCNQ1 mutations, 117, 935, 1001-1002, 

1080
malignant perinatal, 938
M-FACT risk score, 942, 942t
molecular genetics of, 935-936, 936t, 940, 

1080
monophasic action potential recording in, 

658-659
neonatal screening for, 978
pacing for, 1191-1192, 1192t
pharmacologic treatment of, 537t
premature ventricular complexes in, 820
prevalence of, 936
risk factors for, 1080
risk stratification of, 940
scaffolding proteins involved in, 229-233
SCN5A mutations associated with, 492f, 

493, 935, 1001-1002
screening for, 939-940
sex differences in, 1055-1056
“stand-up” test for, 971f
subtypes of, 501
sudden infant death syndrome and, 494, 

940-941, 976-978
treatment of, 537t, 1080
β-adrenergic blockers, 941
cardiac pacing, 941
gene-specific therapy, 942
implantable cardioverter defibrillators, 

941-942

Kv channels (Continued)
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induced pluripotent stem cell-derived 
cardiomyocytes, 943

left cardiac sympathetic denervation, 941
type 1, 502-504

antiarrhythmic drugs for, 1098t
cardiac events associated with, 503
description of, 117
exercise-induced, 616
KCNQ1 mutations associated with, 

502-503, 616
nitric oxide 1 adaptor protein gene and, 

504
risk stratification in, 503-504
triggers for, 1062
ventricular arrhythmia in, 569

type 2, 505, 569, 616, 936, 940, 1098t
type 3

antiarrhythmic drugs for, 1098t
Brugada syndrome and, 928
description of, 95-97, 936
mexiletine for, 1080
neonatal, 494
perinatal, 494
QT interval in, 494
SCN5A mutations in, 493, 687, 942
ventricular arrhythmia in, 569

type 5, 117, 504
type 6, 505-506
type 7, 506, 616. See also Andersen-Tawil 

syndrome
type 8, 935, 953. See also Timothy 

syndrome
type 11, 118, 504
type 13, 506
variants of, 935
voltage-gated sodium channels in, 95-97

Long RP’ tachycardia, 573
Loop gate, 86, 86f
Loop recorders, implanted, 621, 623-626, 

624f-625f
Losartan, 1124t, 1125
Loss of consciousness

cerebral blood flow, 637
pathophysiology of, 637, 638f
syncope as cause of, 637, 646
transient, 637, 646, 1024, 1024f

Lower loop reentry, 726, 729, 1244
Low-level vagus nerve stimulation, 406-407
Low-molecular-weight heparin, 1135
L-type calcium channels, 13-16

activation of, 107, 269
β-adrenergic regulation of

in atrial fibrillation, 376-377
description of, 371, 372f, 375f
in heart failure, 377
in hypertrophy, 377
in pathologic situations, 376-377

α subunits of, 13, 956
β subunits of, 13
biophysical properties of, 13-15
Ca2+-CaM-dependent inactivation regulated 

by, 110f
calcineurin effects on, 110-111
calmodulin-mediated, 249
cAMP regulation of, 374-376
composition of, 14f
coupled gating of, 16
in couplons, 332
distal carboxyl-terminus domain in 

regulation of, 109
expression of, 103-104
facilitation of, 15
functions of, 111
τ subunits of, 13
gating of, 103-104, 108, 110-111, 371
generalized structure of, 107
ICa mediation by, 162
inactivation of, 107-108, 107f
localization of, 15-16

membrane potential, 322
molecular composition of, 13
molecular control of, 451-452
as multiprotein complex, 104-107
organization of, 15-16
phosphatases effect on, 376
pore-forming subunit of, 173. See also 

Cav1.2
protein kinase A regulation of, 374-376
protein kinase regulation of, 371-374
RGK proteins effect on, 110
α2-δ-subunit of, 13
trafficking of, 173
T-tubule localization of, 173
T-type calcium channels versus, 16-17
in ventricular myocytes, 333

Luo-Rudy model, 322-323
Lyme borreliosis, 1040
Lyme carditis, 1193

M
M2 helixes, 34
Ma Huang, 1070
Macromolecular channel complexes, 202
Macrophage migration inhibitory factor,  

463
Macroreentrant atrial tachycardia

after atrial fibrillation ablation, 719
after cardiac surgery, 719
catheter ablation of

description of, 1245-1246
in Fontan surgery adults, 795

classification of, 715
concealed entrainment, 716
description of, 699
diagnosis of, 715-716
electroanatomical mapping of, 703f
electrocardiographic characteristics of, 

716-718, 717f
focal atrial tachycardia versus, 699
isthmus-dependent, 715
left atrial macroreentrant flutters, 718-719
macroreentrant arrhythmias as, 723-724
mapping of, 716, 1245
mechanism of, 792-793
right atrial macroreentrant flutters, 718
without structural heart disease, 719

Macroreentrant fascicular ventricular 
tachycardias, 827, 828f

Macroreentry, 1234-1235
MAGIC trial, 565
Magnetic resonance imaging

advantages of, 587, 595
arrhythmogenic right ventricular dysplasia/

cardiomyopathy diagnosis using, 595, 
596b, 596f

atrial fibrillation ablation guidance using, 
597-598

continuous, 589-591
dilated cardiomyopathy, 863
electroanatomical mapping and, 587, 588f
implantable cardioverter-defibrillators and, 

1149, 1162
interventional, 589-591, 591f
ischemic cardiomyopathy evaluations, 

596-597, 596f
late gadolinium enhancement, 595, 596f
mechanical dyssynchrony evaluations, 

599-601, 601f
myocarditis diagnosis using, 595-596
nonischemic cardiomyopathy evaluations, 

597
pacemakers and, 1176
sarcoidosis diagnosis using, 595, 596f,  

597b
summary of, 601
ventricular tachycardia ablation guidance 

using, 598, 599f

Magnetic resonance thermography, 600f
MAGUK proteins, 199-200
Mahaim fiber, 1243
Mapping

accessory pathways, 762-764
activation, 581
atrial flutter

cavotricuspid isthmus-dependent, 724
noncavotricuspid isthmus-dependent, 

729
cryomapping, 582
dilated cardiomyopathy, 861-862, 862f
electroanatomical. See Electroanatomical 

mapping
electrocardiographic imaging, 585
entrainment. See Entrainment mapping
focal atrial tachycardia, 701-702, 702f,  

1246
junctional tachycardia, 806
macroreentrant atrial tachycardia, 716, 

1245
miscellaneous approaches to, 582
pacemapping, 581
panoramic, 585
premature ventricular contractions, 

820-823
remote navigation systems, 585-586,  

586f
ventricular arrhythmias, 1309-1310

Marginal branch, 443
Markov models, 124-125
Matrix metalloproteinase 2, 460
Matrix metalloproteinase 9, 460
Maximal deflection index, 819
Maze procedure

atrial fibrillation treated with, 356, 751, 
751f

classic, 751f
miniature, 751
scar-mediated atypical atrial flutter after, 

735-736
M-clocks, 243, 247
MDR1, 1097-1098
Mechanical circulatory support, 907
Mechanical dyssynchrony, 599-601, 601f
Mechanically induced potentials, 300-301
Mechano-electric coupling, 364-365

description of, 139
functional relevance of, 139-143
manifestations of, 139
nonphysiologic rhythms

mechanical induction of, 139-141
mechanical termination of, 141-142

pacemaking, 142-143
stretch-activated ion channels and, 147

Mechanoelectrical feedback
in atrial fibrillation initiation and 

perpetuation, 364-365
ventricular tachycardia/fibrillation stability, 

364
Mechanoelectrical interaction, 1010
Mefloquine, 135
Membrane-associated guanylate kinase, 

183-184
Membrane-associated guanylate kinase 

homologs. See MAGUK proteins
Mepyramine, 134
Mercator displays, 632-633
Mesenchymal stem cells, 561-562
Metabolic memory, 239
β-Methylcyclodextrin, 201
Metoprolol, 1124t
Mexiletine, 1080, 1103
M-FACT risk score, 942, 942t
Mibefradil, 17-18
Microreentry, 700
MicroRNAs

atrial remodeling and, 454
in cardiac fibrosis treatment, 306
in cardiac remodeling, 451

Long QT syndrome (Continued) L-type calcium channels (Continued)
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Microvolt T wave alternans, 665, 667
assessment of, 669-672
classification of, 668-672
clinical studies on, 668-669, 670t-671t
current role for, 675
in depressed or preserved left ventricular 

function patients, 674-675
description of, 665, 667
electrophysiological testing versus, 669
implantable cardioverter-defibrillators, 

672-674
in left ventricular function-impaired 

patients, 672
modified moving average technique, 

668-672, 673t
noninvasive risk stratification, 669-672
in post-myocardial infarction patients, 672
spectral analysis of, 669, 670t-671t

Microwave catheter ablation, 1204-1205
MICU1, 74
Mimetic peptides, 158-159
MinK proteins, 198-199
MinK-LacZ reporter, 290
MinK-related peptide 1, 504-505, 935
MinK-related proteins, 198-199
MiR-21, 306
MiRP1, 26-27
MiRP2, 26-27, 505-506
MiRP3, 26-27
Missense mutations, 685
Mitochondria

adenosine triphosphate production by, 
71-72, 251, 323

apoptosis induced by, 74-83
bioenergetics of, 71-73
Ca2+ efflux pathways, 76
calcium influx, 71, 163-164
cystolic Ca2+ entry into, 251
disorders of, 997
function of, 78f-80f, 80-81
in heart, 78f-80f, 80-81
inner mitochondrial membrane, 71-72, 76
interfibrillar, 80-81
outer mitochondrial membrane, 71-72
proapoptotic factors released by, 82
reactive oxygen species generation by, 

73-74
structure of, 78f-80f, 80-81

Mitochondrial Ca2+ uniporter, 71, 74
Mitochondrial DNA deletions, 1040
Mitochondrial inheritance, 685
Mitochondrial ion channels

in cardiac arrhythmias, 82
in cardiac excitation-contraction, 81-82
in cardiac function and dysfunction, 80-82
historical overview of, 71
ischemia-reperfusion injury and, 82
overview of, 72f-73f, 74-83
summary of, 82-83

Mitochondrial KATP channels, 40, 77
Mitochondrial KCa channel, 77-78
Mitochondrial matrix, 72-73
Mitochondrial membrane potential, 71-74
Mitochondrial myopathy, encephalopathy, 

lactic acidosis, and strokelike episodes, 
997

Mitochondrial Na+/Ca2+ exchanger, 76
Mitochondrial oxidative stress, 82
Mitochondrial permeability transition pores, 

71, 76, 82
Mitochondrial ryanodine receptor, 74-76
Mitochondrial superoxide flash, 73-74
Mitochondrial volume control, 78
Mitogen activated protein kinases, 462
Mitral atrioventricular annulus, 711
Mitral isthmus, 1233
Mitral line, 1233
Mitral regurgitation

electroanatomical mapping of, 1291f
functional, 1184-1185

Mitral stenosis, 568, 1133
Mitral valve annulus, 711
Mitral valve disease, 1129
Mitral valve prolapse, 1082
Mitral valve surgery, 734-735, 734f
Mitsugumins, 66
Mobile telemetry, 1025
Modes of inheritance, 685, 686f
Modified moving average method, for T wave 

alternans assessment, 667-672, 668f, 673t
Modified Seldinger technique, 1214
MOG1, 181t, 185
Molecular autopsy, 688
Monomorphic ventricular tachycardia

catheter ablation for, 910, 1256
electrocardiography of, 1006f-1007f
electrograms and, 849
fast, 969
after myocardial infarction, 849, 853f
substrate for, 849
sustained, 851-852, 873
in tetralogy of Fallot, 1013

Monophasic action potential recording
accuracy of, 657
antiarrhythmic drug effect monitoring 

with, 659
in Brugada syndrome, 658-659
catheters for, 657, 658f
clinical applications of, 657-661, 658b
complex fractionated atrial electrograms, 

660-661, 662f
description of, 657
devices used in, 657, 658f
in long QT syndrome, 658-659
summary of, 662
in ventricular fibrillation, 660-661
in ventricular tachycardia, 660-661

Mother root reentry, 477-478
Mucopolysaccharidoses, 1040
Multidetector computed tomography, 595
Multi-drug resistance 1, 1097-1098
Multifocal atrial tachycardia, 1077
Multiple system atrophy, 1032
Multiwavelet hypothesis, 433
Muscarinic receptors

acetylcholine binding to, 394
description of, 132

Muscular dystrophies
Becker. See Becker muscular dystrophy
Duchenne. See Duchenne muscular 

dystrophy
Emery-Dreifuss, 994-995, 1192
facioscapulohumeral, 995-996
limb-girdle, 995, 1192
myotonic, 994, 1192

Mustard procedure, 1014
Myasthenia gravis, 997-998
Myelin protein, 1-3
Myocardial edema, 595-596
Myocardial excitability, 409-410
Myocardial fibrosis

antifibrotic gene therapies for, 306
atrial fibrillation-induced, 463
cardiac arrhythmia risks and, 305
drug therapies for, 306

Myocardial infarction. See also Acute 
myocardial infarction

β-blockers use after, 1122
catheter ablation before, 1256-1258
cell therapy for, 563-565
conduction abnormalities after, 1193
monomorphic ventricular tachycardia after, 

849
permanent pacing after, 1193
remodeling after, 1193
remodeling caused by, 410, 413f
scar substrate, 680-682
stellate ganglion neuronal hypertrophy 

after, 412
torsades de pointes and, 922

ventricular ectopy after, 1096
ventricular tachyarrhythmias after, 

1114-1115
Myocardial ischemia, 1040
Myocardial scar, 600f
Myocarditis

epicardial ablation for, 1270
magnetic resonance imaging of, 595-596

Myocardium
action potential propagation in, 156-157
atrial, 445
electrical activity in, 24f
hibernating, 565

Myoclonus epilepsy with red ragged fibers, 
997

Myocytes. See also Cardiomyocytes
atrial

action potential waveforms in, 24f
ionic currents in, 24f
T-tubules in, 161

calcium in
handling of, in rhythmicity and 

arrhythmogenesis, 168
sources and sinks of, 161-164, 162f

electrical remodeling of, 463-465
fibroblast cultured medium effects on, 

464-465
myofibroblasts and, 463-465
neonatal rat ventricular, 303, 463-464
ventricular. See Ventricular myocytes

Myofibroblasts, 298-299
arrhythmogenic effects of, 301-305
atrial fibrosis and, 459
description of, 298
discovery of, 459
fibroblasts versus, 298-299
mechanosensing channels of, 300-301
molecular markers of, 298-299, 298t
myocytes and, 463-465
paracrine factors from, 302-303
proliferation of, 459
transforming growth factor-β1 pathway 

activation in, 462f
wound healing mediation by, 463

α-Myosin heavy chain, 240
β-Myosin heavy chain, 239
Myotonic dystrophy, 994, 1192
Myotonic dystrophy protein kinase, 1039

N
Na1.5 channel

in Brugada syndrome, 95-96
in long QT syndrome, 95-96, 96f
α-subunit of, 98

Na+/Ca2+ exchanger
in atrial fibrillation, 451
calcium levels affected by, 162
in cardiomyocytes, 163f
cystolic Ca2+ excess handling by, 449-450
delayed afterdepolarizations caused by 

activation of, 523-524
description of, 76, 521
localization of, 333
Na+ inhibition of, 327
ryanodine and, 245

N-acetyl procainamide, 1096, 1103
N-acetyltransferase, 1097
Nadolol, 941
Na+/K2+ pump, 310-311
Na+/K+-ATPase

digitalis effects on, 1007
digoxin effects on, 538

Narrow complex ventricular tachycardia,  
579

Narrow QRS tachycardias
A : V ratio, 575-576
diagnosis of, 575
differential diagnosis of, 575-577

Myocardial infarction (Continued)
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electrocardiographic differential diagnosis 
of, 575-577

history-taking, 575
P waves during, 576-577, 576f
physical examination of, 575
types of, 575

Nav1.5
α-1 syntrophin and, 184-185
α-actinin-2 and, 181t, 183
in adult rat ventricular myocytes, 208
α-subunits of, 180f
ankyrin-G and, 185-186
β-subunits of, 180f
Ca2+/calmodulin dependent kinase II 

regulation of, 192-193
calmodulin and, 181t, 182, 191
in cardiac cells, 180f
caveolin-3 and, 181t, 184
C-terminus of, 207
description of, 218
desmoglein2 and, 185
dystrophin/utrophin complex, 184-185
fibroblast growth factor homologous 

factors and, 181t, 182
14-3-3n protein and, 181t, 182
glycerol-3-phosphate dehydrogenase-like 

protein, 185
interacting proteins, 179-186, 181t
intercalated disc expression of, 179
intermolecular interactions involving, 

207-208
Kir2.1 and, interactions between

membrane trafficking, 209-211, 210f
as model independent, 208
as posttranslational independent, 208
reentry frequency, 211-213
SAP97 involvement in, 208, 210f
syntrophin involvement in, 208, 210f

localization of, 179
MOG1 and, 181t, 185
nitrosylation, 184-185
plakophilin2 and, 181t, 185
proteins interacting with, 179-186, 181t
protein-tyrosine-phosphatase-H1 and, 181t, 

183
SAP97 and, 181t, 207-208, 271-273
synapse-associated protein 97 and, 183-184
syntrophins and, 184-185, 207-208
telethonin and, 181t, 183

Nav channel. See Voltage-gated sodium 
channels

NavAb sodium channel, 1-4, 3f, 8
NavX mapping system, 583-584, 584f
Naxos disease, 159, 885-886
N-cadherin, 222-223
N-cadherin junctions, 305
Nedd4/Nedd4-like family, 179-182
Negative atrioventricular hysteresis, 

1170-1171
Negative filament tension, 347-348
Neonatal lupus, 1046, 1047t
Neonatal rat ventricular myocytes, 303, 

463-464
Nerve growth factor, 410-412
Nerve sprouting, 410-412
Neural remodeling

denervation and, 410
extracardiac, 412
myocardial infarction and, 410-412, 413f
nerve sprouting and, 410-412

Neurally mediated syncope, 638b, 646, 1191
Neuregulin-1, 294
Neurocardiogenic syncope, 569, 1022, 

1168-1169, 1191
Neurocirculatory asthenia, 1030
Neuromuscular disorders, 1039
Neuronal calcium-sensing proteins, 27
Neuronal nitric oxide synthase, 493, 

1318-1319

Neuropeptide-Y, 471
Neurotoxins, 8
Neurotransmitters, 1023b
Next-generation sequencing, 931
Niobe magnetic navigation system, 585-586
Nitric oxide 1 adaptor protein gene, 504, 

542-543
Nitric oxide signaling, 1318-1319
Nitric oxide synthase, 493
Nitroglycerin, head-up tilt table testing using, 

643, 647
Nkx2-5, 292-293
Nodofascicular pathways, 755
Nodo-His cells, 277
Nodoventricular pathways, 755
Nonautomatic focal atrial tachycardia, 

1076-1077
Noncaseating granulomas, 903-904
Noncoronary sinus of Valsalva, 709-710
Nonelectrode event recorders, 622, 622f-623f
Nonischemic cardiomyopathy, 597, 1250, 

1269
Nonsustained ventricular tachycardia

ambulatory screening for, 873
description of, 615-616, 873
in dilated cardiomyopathy, 864

Norepinephrine, 409, 1023b
Notch2, 293
Notch signaling, 293
N-terminal pro-brain natriuretic peptide,  

461
Nuclear factor-κB, 239, 463
Nucleosome, 235-236

O
Obesity, 449
Oblique sinus, 1263
Obstructive sleep apnea

autonomic dysfunction in, 1089
clinical features of, 1087
continuous positive airway pressure for, 

1092
epidemiology of, 1087
evaluative approach to, 1092
pathophysiology of, 1087, 1088f
sudden cardiac death and, 1089, 1091-

1092, 1091f
treatment of, 1092

Oculodentodigital dysplasia
cardiac dysfunction in, 92
description of, 159

Oligomerization, of connexins, 85
Omega-3 polyunsaturated fatty acids, 538, 

746-747, 1127
Oncocytic cardiomyopathy of infancy, 1082
1 : 1 ventriculo-atrial conduction, 842
Opsins, 550-551, 555
Optical actuators

bacteriorhodopsin, 549
cardiac function control by, 555f
characteristics of, 549
nature-derived, 549
optimization of, 551
single-unit, 549

Optical pacing, 554
Optogenetics

advantages of, 549
cardiac applications of

cardioversion, 554-555
electrophysiology, 551-552
genetic modification of cardiac tissue, 

552
light access-related challenges, 553
optical pacing, 554
optical stimulation energy for, 553-554, 

554f
overview of, 551

channelrhodopsin2, 550-551, 550f, 553
definition of, 549-550

hyperpolarizing opsins, 551
inhibitory opsins, 551
neuroscience applications of, 550
opsins, 550-551, 555
optimization of, 552
summary of, 556

Orthodromic reciprocating tachycardia
definition of, 755
electrocardiographic findings, 757
electrophysiological findings

in sinus rhythm, 758-760
in tachycardia, 760-762

initiation of, during programmed atrial 
stimulation, 760, 760f

P wave morphology in, 758
Orthostatic hypotension, 640-646
Orthostatic syncope, 645, 1022
Osborn wave, 511
Outer mitochondrial membrane

description of, 71-72
permeability of, 82
voltage-dependent anion channel at, 78-80, 

79f-80f
Outflow tract ventricular tachycardias

anatomy of, 815-816
antiarrhythmic drugs for, 1098t
cyclic adenosine monophosphate-mediated 

delayed afterdepolarizations as 
mechanism of, 817

diagnosis of, 817-819
electrocardiography of, 817-818, 817f-818f
epidemiology of, 816-817
exercise-induced, 614-615
left ventricular, 614

in children, 1079
description of, 614
diagnosis of, 818-819
epicardial ablation of, 1268
epidemiology of, 816-817
symptoms of, 816
triggers for, 816-817

management of, 820-823, 821f-823f
mechanism of, 817
medical therapy for, 820
pharmacologic therapy for, 820
prognosis for, 819-820
right ventricular, 614

in children, 1078-1079
description of, 614, 1078
differential diagnosis of, 890
electrocardiography of, 817-818, 817f
epidemiology of, 816-817
symptoms of, 816
triggers for, 816-817

symptoms of, 816
triggers for, 816-817

Oversensing
implantable cardioverter-defibrillator, 

1157-1162, 1159f
pacemaker, 1173, 1173f-1174f

Oxidative phosphorylation
calcium stimulation of, 71
as energy source in cardiomyocytes, 323

Oxidative stress, 327-328

P
Pacemaker(s). See also Pacing

accelerometer sensors, 1172
activity sensors, 1172
in adults with congenital heart disease, 794
atrial arrhythmia detection by, 1175
atrial inhibited mode of, 1169-1171, 1170f
atrioventricular block treated with, 1049
automatic mode switching by, 1175, 

1175f-1176f
automatic testing by, 1176
Becker muscular dystrophy treated with, 

1192

Narrow QRS tachycardias (Continued) Optogenetics (Continued)



1356 INDEX

biological
building of, 255-258
cell therapies used in, 257-258
cell tracking, 259, 260t
challenges for, 258-261
clinical testing of, 258, 260-261
description of, 1195
embryonic stem cells used in, 257, 259
gene constructs, 256-257
human mesenchymal stem cells for, 

257-258, 259f, 260, 261f
implantation of, 255
limitations of, 255t
preclinical testing of, 258, 260-261
rationale for developing, 255
viral vector-based delivery of constructs, 

255-256
after cardiac procedures, 1194-1195, 1194t
after cardiac surgery, 1195
collagen vascular disease treated with,  

1193
complications of, 1172, 1172b
data storage by, 1176
DDD mode of, 1170-1171, 1170f
drugs that affect, 1174
dual-sensor combinations, 1172
Duchenne muscular dystrophy treated 

with, 1192
electrocardiographic abnormalities 

associated with, 1173-1174, 1173b, 
1173f-1174f

electromagnetic interference effects on, 
1176

failure to capture by, 1173, 1173b, 1173f
failure to output by, 1173, 1173b
follow-up for, 1176
functional noncapture by, 1174
history of, 1167
hypertrophic cardiomyopathy treated with, 

1191
indications for, 1167-1169
insulation defects, 1173-1174
intrinsic conduction preference, 1175
leadless, 1195, 1196f
long QT syndrome treated with, 1191-

1192, 1192t
lower rate limit for, 1174
Lyme carditis treated with, 1193
magnetic resonance imaging effects on, 

1176
minute-ventilation sensor, 1172
modes of

atrial inhibited (AAI), 1169-1171,  
1170f

automatic switching of, 1175, 
1175f-1176f

DDD, 1170-1171, 1170f
DDDR, 1171
morbidity and mortality affected by, 

1171-1172
selection of, 1171-1172
ventricular inhibited (VVI), 1169, 1170f, 

1171
muscular dystrophies treated with, 1192, 

1192t
myocardial diseases treated with, 

1192-1193
nomenclature of, 1167, 1168b
oversensing by, 1173, 1173f-1174f
peak endocardial acceleration sensor, 1172
after percutaneous aortic valve procedures, 

1195
QT-sensing sensor, 1172
remote monitoring of, 1176
right ventricular impedance-based sensor, 

1172
sarcoidosis treated with, 1193
sensing abnormalities, 1173b, 1174, 1174f
sensors, for rate-adaptive pacing, 1172

stimulus-T sensor, 1172
troubleshooting of, 1173-1174, 1173b
undersensing by, 1174
ventricular inhibited mode of, 1169, 1170f, 

1171
Pacemaker cells

Ca2+-clocks in, 244-245
description of, 243

Pacemaker syndrome, 1171f
Pacemapping, 581
Pacing. See also Pacemaker(s)

antibradycardia, 1168b
antitachycardia, 1144, 1153-1154
biventricular

conduction blocks during, 1188
dilated cardiomyopathy treated with, 

867-868
burst, 715
drugs that affect, 1174
history of, 253, 1167
hyperkalemia effects on, 1174
implantable cardioverter-defibrillators for, 

1144
indications for, 1167-1169

atrial fibrillation, 1169
atrioventricular block, 1048-1049, 

1167-1168
Becker muscular dystrophy, 1192
carotid sinus hypersensitivity, 1169
collagen vascular disease, 1193
complete heart block, 1168
Duchenne muscular dystrophy, 1192
hypertrophic cardiomyopathy, 1169, 

1191
long QT syndrome, 941, 1191-1192, 

1192t
Lyme carditis, 1193
muscular dystrophies, 1192, 1192t
myocardial diseases, 1192-1193
neurocardiogenic syncope, 1168-1169, 

1191
postoperative heart block, 1084
sarcoidosis, 1193
sinus node dysfunction, 1168

mechanical modulation of, 142-143
nonbradycardiac indications for, 1169
optical, 554
outcome studies for, 1171-1172
post-myocardial infarction use of, 1193
QRS morphology during, 1249-1250
rate-adaptive, sensors for, 1172
right ventricular, 1049
supraventricular tachycardia differential 

diagnosis using, 713-715, 714t
Palpitations

arrhythmias and, 567-568
differential diagnosis of, 568b

Pannexins, 87
Panoramic mapping, 585
Papillary muscle

ablation of, 609
ventricular tachycardia, 827-828

Para-Hisian atrial tachycardias, 707-710
Para-Hisian pacing, 759-760, 759f
Parasympathetic paraganglionic neurons,  

469
Paroxysmal atrial fibrillation

antiarrhythmic drugs for, 1116
catheter ablation for, 1210t, 1216
coronary flow decreases associated with, 

445
C-reactive protein and, 461
definition of, 449
description of, 383-386, 402-403
IKACh distribution in, 383-386, 402-403
interleukin-6 and, 461
Kv1.5’s role in, 174-175
pulmonary vein firing as cause of, 471
pulmonary vein isolation for, 1301

Paroxysmal atrial tachyarrhythmias,  
402-403

Paroxysmal supraventricular tachycardia
atrioventricular reentry as cause of,  

755
electrocardiography of, 757

Partial differential equation, 343, 361
Partial dysautonomic postural orthostatic 

tachycardia syndrome, 1031-1032
Passive tilt table testing

drug-free, 642
pharmacologic provocation with,  

642-644
Patch-based monitoring systems, 622, 623f
Pathogenicity, 686
Patient-specific electromechanical modeling, 

367-368, 368f
PDZ domain proteins, 207
Peak endocardial acceleration sensor,  

1172
Pediatric arrhythmias. See also Children

accelerated ventricular rhythm, 1079
atrial fibrillation, 1077
atrial flutter, 1077
atrial tachycardia, 1075f, 1076-1077
atrioventricular block, 1083
atrioventricular nodal reentrant 

tachycardia, 1076
atrioventricular reentrant supraventricular 

arrhythmias, 1074-1077
benign, 1073
bradycardia, 1083-1084
complete heart block in, 1083-1084
concealed bypass tachycardia, 1075
ectopic atrial tachycardia, 1075f, 1076
evaluation of, 1074
fascicular ventricular tachycardia, 

1078-1079
focal atrial tachycardia, 1076-1077
genetic conditions associated with, 

1079-1083
inappropriate sinus tachycardia, 1074
junctional ectopic tachycardia, 1077
left ventricular outflow tract ventricular 

tachycardias, 1079
multifocal atrial tachycardia, 1077
permanent junctional reciprocating 

tachycardia, 1075, 1075f
premature atrial contractions, 1073
premature ventricular contractions, 1073, 

1077-1078
right ventricular outflow tract ventricular 

tachycardias, 1078-1079
sinus node dysfunction, 1083
supraventricular tachycardia, 1074, 1074b, 

1075t
symptoms associated with, 1073
ventricular, 1077-1079
ventricular fibrillation, 1082
ventricular tachycardia, 1078-1079, 1078f, 

1082-1083
Wolff-Parkinson-White syndrome, 

1075-1076
Pentamidine, 132-133, 536
Pericardial access, 892f
Pericardial effusion, 611, 1264
Pericardial sinus, 1265f
Pericardial space

accessing of, 1263-1264
anatomy of, 1263-1267
epicardial ablation in, 1268-1269
epicardial mapping in, 1268-1269
subxiphoid approach to, 1264

Pericarditis, 1264
Pericardium

anatomy of, 1263
anomalies of, 1263

Perimitral flutter, 735-736
Perimitral reentry, 1235
Perinexus, 172-173, 223, 223f

Pacemaker(s) (Continued) Pacemaker(s) (Continued)
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Periodic paralysis
in Andersen-Tawil syndrome, 951, 996
arrhythmia manifestations in, 996
clinical presentation of, 996
genetics of, 996
hyperkalemic, 996
hypokalemic, 996
pathophysiology of, 996
prognosis for, 996-997
treatment of, 996-997

Peripheral vascular disease, 1321-1322
Permanent junctional reciprocating 

tachycardia, 1075, 1075f, 1243
Peroxisome proliferator-activated receptor-τ, 

461
Persistent atrial fibrillation

coronary flow decreases associated with, 
445

criteria for, 459
definition of, 449
description of, 403-405
etiology of, 459
IKACh distribution in, 425f
inflammation and, 460-461
Kv1.5’s role in, 174-175
neural activity in, 405-406
rapid atrial pacing associated with,  

403-405
ventricular rate control during, 405-406

Persistent junctional reciprocating 
tachycardia, 1282, 1283f

Persistent left superior vena cava, 1271-1272, 
1272f

P-glycoprotein, 1097-1100
Pharmacodynamics

antiarrhythmic drugs, 1098
definition of, 541
mechanisms of, 542f, 544-545
sodium channel blockers, 1098

Pharmacogenomics
candidate gene approach, 542
definition of, 541
patient management use of, 545-546
principles of, 541-545

Pharmacokinetics
antiarrhythmic drugs, 544t, 1096-1097, 

1097t
definition of, 541
high-risk, 543-544
mechanisms of, 542f
sex-specific differences, 1056

Phase 4 depolarization, 253-254, 257
Phenotyping, 686
Phosphatases

L-type calcium channels and, 376
2A, 376

Phosphatidylinositol 4,5-bisphosphate,  
34

Phosphodiesterases
cAMP, 374-376
description of, 115, 117
PDE2, 374-375
PDE3, 374-375

Phrenic nerve injury, 1264
Pilsicainide, 1006
PIP2

activation of, 950f
IKAch gating regulated by, 388

PIP2-channel interaction, 134-136
Pirfenidone, 306
PITX2, 486, 488, 543
Pitx2c, 486-487
PKP2 mutations, 220
Plakoglobin, 217
Plakophilin2, 271-273

description of, 886
ion channel formation regulated by,  

215
mutations of, 595
Nav1.5 and, 181t, 185

Plasma membrane Ca2+ ATPase (PMCA) 
pump

activating mechanisms of, 48
calmodulin regulation of, 47-48
description of, 47-49, 207-208
in disease processes, 51
dysfunction of, 51
organization of, 47
protein partners, 48-49
tissue distribution of, 48t

Platelet derived growth factor, 303, 454
Pluripotent stem cells

epigenetics in, 237-238
induced. See Induced pluripotent stem cells

Polar displays, 632-633, 633f
Polycomb repressive complexes, 239
Polymorphic ventricular tachycardia, 1078, 

1258
Polymorphisms

definition of, 541
single-nucleotide

definition of, 541
description of, 454-455

Polyunsaturated fatty acids
atrial fibrillation treated with, 746-747
sudden cardiac death and, 1127

Pompe disease, 916
Positive atrioventricular hysteresis, 1170-1171
Posterior left atrial wall, 430f
Posteroseptal accessory pathways, 1242
Postmicturition syncope, 639
Postpacing interval, 761f, 1255
Postpacing interval–tachycardia cycle length, 

715, 724-725, 729
Postpartum period, arrhythmias in, 1058
Postural orthostatic tachycardia syndrome

activities of daily living affected by, 1030
autonomic nervous system and, 1029-1030, 

1034
classification of, 1031-1032
definition of, 1030-1031
description of, 646, 1024, 1029
desmopressin for, 1032
drugs that affect, 1031b
erythropoietin for, 1033
evaluation of, 1032-1034
family history of, 1031
gender predilection of, 1031
history of, 1030
hyperadrenergic form of, 1031, 1033-1034
inappropriate sinus tachycardia versus, 

1032
incidence of, 1030
management of, 1032-1034, 1033t
orthostatic intolerance associated with, 

1030
partial dysautonomic, 1031-1032
pyridostigmine for, 1032-1033
reconditioning for, 1032
secondary, 1031-1032
serotonin reuptake inhibitors for, 1033
treatment of, 1033t
in women, 1031

Postventricular atrial refractory period, 1170
Postviral myocarditis, 904
Potassium channel(s)

acetylcholine-activated
cellular localization of, 38
channelopathies associated with, 38-39
function of, 37-38
membrane localization of, 38
pharmacology of, 38
regulation of, 38
structure of, 37-38

ATP-sensitive
cellular localization of, 39-40
channelopathies, 40
drugs that affect, 40
function of, 39
membrane localization of, 39-40

pharmacology of, 40
pore-forming subunit of, 39f
rectification of, 39
regulation of, 40
in smooth muscle, 40
structure of, 39, 39f

biophysical properties of, 201
cell membrane repolarization affected by, 

319
clustering of, 201
function of, 501
G-protein–activated inwardly rectifying, 

383
inwardly rectifying

cellular localization of, 35-36
channelopathies in, 36-37
description of, 26, 29
functions of, 33-35
membrane localization of, 35-36
pharmacology of, 36
polyamine-induced rectification, 34
rectification properties of, 34-35
regulation of, 36
structure of, 33-35
α-subunit proteins, 34t

Kvβ family, 197-198
lipid environment embedding of, 200
membrane cholesterol and, 201
mitochondrial KATP, 77
mutated, 501-502
two-pore α-subunits, 30t

Potassium channel blockers
amiodarone, 535
antiarrhythmic effects of, 533-535
dronedarone, 535
mechanism of action, 533

Potassium channel diseases
catecholaminergic polymorphic ventricular 

tachycardia, 507
inheritable, 502t
long QT syndrome. See Long QT 

syndrome
loss-of-function in, 503f
miscellaneous types of, 507-508
short QT syndrome. See Short QT 

syndrome
sudden infant arrhythmia death syndrome, 

507
Precordial thump, 141
Predictive genetic testing, 686
Preexcitation

atrial fibrillation, 756f
example of, 757f
ventricular, 756f

Preganglionic neurons, 409
Pregnancy

arrhythmias in, 1058
atrial fibrillation in, 1058
ventricular tachycardia in, 1058

Pregnenolone sulfate, 136
Preimplantation genetic diagnosis, 689
Premature atrial complexes, 801, 802f
Premature atrial contractions, 1073
Premature ventricular beats, 140f
Premature ventricular complexes

biventricular pacing insufficiency as cause 
of, 810

catheter ablation for, 811-812, 820
clinical management of, 810-812
clinical presentation of, 810
compensatory pause after, 567
congestive heart failure and, 810
diagnosis of, 810
electroanatomical mapping of, 811f
electrocardiography of, 810
epidemiology of, 809
focal, 1250
frequency of, 809
high-frequency, 809

Potassium channel(s) (Continued)
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historical description of, 809
initiation of, 809
left ventricular function impairments and, 

810
left ventricular outflow tract, 823
mechanism of, 809
multiform, 572
pharmacotherapy for, 811
prognosis for, 809-810
treatment of, 810-812
ventricular fibrillation caused by, 810
ventricular tachycardia and, 809

Premature ventricular contractions
in arrhythmogenic right ventricular 

cardiomyopathy, 820
catheter ablation of, 820-823
in children, 1073, 1077-1078
electrocardiography of, 820-821, 821f
idiopathic ventricular fibrillation triggered 

by, 967
left ventricular outflow tract, 818-819
mapping of, 820-823
right ventricular outflow tract, 817-818, 

819t, 967, 971
short-coupled, 819
torsade de pointes triggered by, 819

Presyncope
ambulatory monitoring during, 621, 622f
arrhythmias and, 568-569

PRKAG2, 1038
Proarrhythmias

definition of, 1099
digoxin toxicity as cause of, 1099-1100
drug-induced torsades de pointes, 1099t, 

1100-1102
impulse propagation and, 1115
sodium channel block as cause of, 1102

Procainamide, 1056, 1103-1104
Programmed cell death. See Apoptosis
Programmed electrical stimulation

dilated cardiomyopathy treated with, 
864-865, 865t

tetralogy of Fallot application of, 1013
transposition of the great arteries 

application of, 1015
ventricular tachycardia response to, 

854-856, 1312
Progressive conduction system disease

autoimmune disorders, 1039-1040
calcific valve disease, 1040
causes of, 1036b, 1037t-1038t
clinical presentation of, 1035
definition of, 1035
dilated cardiomyopathy, 1040
familial sick sinus syndrome, 1035
genetic causes of, 1037t-1038t
genetic testing for, 1041
idiopathic isolated conduction disease, 

1035-1036
infective disorders, 1040
management of, 1040-1041
mechanisms of, 1036f
myocardial ischemia, 1040
palpitations associated with, 568b
pathophysiology of, 1035
progression of, 994
proteins associated with, 1036f
SCN5A mutations associated with, 492f, 

495, 1035
Wolff-Parkinson-White syndrome, 1038

Progressive familial heart block types IA and 
IB, 1035-1036

Proinflammatory cytokines, 460
Propafenone

adverse effects of, 1105
atrial fibrillation treated with, 530
clinical efficacy of, 1105
pharmacokinetics of, 1105
ryanodine receptor-2 affected by, 536-537

PROTECT-AF trial, 1330-1331
Protein kinase, 374
Protein kinase A

AKAP9-bound, 116
cAMP activation of, 324-325
cell signaling affected by, 324-325
description of, 61, 98, 108-109
excitation-contraction coupling affected by, 

325f
inhibitor of, 184
phosphorylation of, 116, 371

Protein kinase Ca2+

constitutively active IKAChc and, 389f
inhibition of, 388-389
phosphorylation of, 452

Protein phosphatase 1, 115-116
Protein-tyrosine-phosphatase-H1, 181t,  

183
Proton fluxes, 78
Proton leak, 78
Proximal ventricular conduction system, 

293-294
Psychotropic drugs, 1007
Pulmonary valve cusps, 815
Pulmonary valve replacement, 797, 

1010-1013
Pulmonary vein

anatomy of, 1227f
arrhythmogenesis, 739-741, 1227
atrial fibrillation caused by rapid 

depolarizations from, 739
autonomic nervous system in, 1232
in Cox maze procedure, 1298
focal atrial tachycardia, 703-704, 711,  

712f
laser catheter isolation of, 592f
left atrium-pulmonary vein junction, 591, 

592f
reentry, after atrial fibrillation ablation, 

735f, 736
right inferior, 607f
right superior, 606, 607f
stenosis of, intracardiac echocardiography 

as cause of, 611
visualization of, before atrial fibrillation 

ablation, 606, 607f
Pulmonary vein ganglia

ablation of, 395, 397
atrial fibrillation and, 396-397
heart rate stimulation affected by, 395f
nerve fibers from, 395
neuroanatomy of, 394-395, 394f
radiofrequency ablation of, 395, 397

Pulmonary vein isolation
in adults with congenital heart disease,  

797
antral, 747-748
arrhythmia recurrence after, 1228
atrial fibrillation and, 739-741, 1226-1228, 

1300-1301, 1301f
laser catheter, 592f
pulmonary vein stenosis after, 611
results of, 1300-1301
surgical technique for, 1300, 1301f

Pulmonary vein potentials, 1226-1227
Pulseless electrical activity, 987
Pump dyssynchrony, 365-366
Pure autonomic failure, 1032
Purkinje fibers

aftercontractions in, 243-244
afterdepolarizations in, 243-244
description of, 294-295
idiopathic ventricular fibrillation triggered 

by, 967
Ito,f in, 24-25
in ventricular fibrillation, 478-480

Purkinje-muscle junctions
description of, 88, 91
schematic diagram of, 91f
signal transfer in, 90-91

PY motifs, 179-182
Pyridostigmine, 1032-1033

Q
QRS alternans, 758
QT dispersion, 1053
QT prolongation

in Andersen-Tawil syndrome, 947, 948f, 
996

cocaine as cause of, 1008
description of, 922-923, 937, 969
drug-induced, 1002, 1005b
sex differences, 1053

QTc interval, 1053
Quarks, 332-333
Quinacrine, 134-135
Quinidine, 536, 930, 1102-1103

R
Rab11, 201
RADAR-AF trial, 429
Radiofrequency ablation. See also Ablation; 

Catheter ablation
accessory pathways

concealed, 763f
septal, 795

atrial fibrillation
atrial perfusion during, 447
description of, 1297

Brugada syndrome treated with, 930
catheters

design of, 1201, 1201f
irrigated, 1202
tissue contact, 1200, 1200b, 1217

coronary artery injuries during, 447f
energy sources for, 1199-1201, 1200t, 

1217, 1280-1282, 1297
heat transfer to tissue during, 1199-1201
irrigated catheters for, 1202
left bundle branch block treated with,  

845f
lesion formation with, 1200b
limitations of, 1201-1202
power-guided mode, 1200
of pulmonary vein ganglia, 395, 397
recent developments in, 1202
temperature-guided mode, 1200
ventricular tachycardia treated with, 1311

Ramipril, 1124t
Ranolazine, 531-532, 1113-1114
Rapid atrial pacing, 462-463
Reaction-diffusion partial differential 

equation, 361
Reactive nitrogen species

cell damage caused by, 73
mitochondrial production of, 73

Reactive oxygen species
Ca2+/calmodulin dependent kinase II 

activation by, 190
in cardiomyocytes, 81-82
cell damage caused by, 73
mitochondrial production of, 73-74
nicotine adenine dinucleotide phosphate-

oxidase–derived, 460
Recruitment model, of cardiac conduction 

system development, 288, 289f
Rectifying controller, 132-133
Reduced repolarization reverse, 1100-1101, 

1101f
Reentrant ventricular tachycardia, 677-679, 

680f, 1143
Reentry

anatomical, 345
atrial fibrillation caused by, 419-420, 423f, 

450, 453f
description of, 1105
determinants of, 453f
double wave, 726-727, 729

Premature ventricular complexes (Continued)
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figure-of-eight, 346
functional, 345f
interfascicular, 831, 832f, 836f-837f, 838, 

839f
intraisthmus, 726, 729
ionic basis of, in atrium, 314-316
lower loop, 726, 729
mother root, 477-478
multiple wavelet hypothesis, 739
right atrial free wall, 718
scar-related, 1250-1256, 1251f-1252f
sodium channel blockers as cause of,  

618
spiral wave, 345-346
upper loop, 731
wandering wavelet, 478

Reentry frequency, 211-213
Reflex syncope, 1022
Refractoriness, 341
REM sleep, 1087
Remodeling

antiinflammatory agents for, 537-538
left ventricular, 1048, 1317
post-myocardial infarction, 1193
prevention of, 1193
therapies that target, 537-538

Remote monitoring
of implantable cardioverter-defibrillators, 

1148, 1157
of pacemakers, 1176

Remote navigation systems, 585-586, 586f
Renal outer medullary K+ channel, 77
Renin-angiotensin-aldosterone system

activation of, 747
angiotensin-converting enzyme inhibitors, 

1123-1125
description of, 306, 536
inhibitors of, 538, 746-747, 906

Repolarization
antiarrhythmic drugs effect on, 1111
early afterdepolarizations before, 168
sinoatrial node cells, 253
spatial coupling effects on, 343
triggered, 343

Residual risk, 991
Resistive heating, 1199
Resting membrane potential

delayed afterdepolarizations effect on,  
475

description of, 304
Resynchronization therapy. See Cardiac 

resynchronization therapy
Retrograde conduction, 280
Retrograde trafficking, of ion channels,  

174
Reverse modeling, 1184
Reverse use-dependence, 533
R389G, 544
RGK proteins, 110
Rheumatic heart disease

atrial fibrillation caused by, 1132-1133
electroanatomical mapping of, 1291f

Rheumatoid arthritis, 1039
Rhythmia mapping system, 584-585, 584f
Rhythmicity, 168
Rice-Jafri-Winslow model, 323, 324f
Right atrial appendage

anatomy of, 705
focal atrial tachycardia arising from, 

705-706
Right atrial free wall atrial flutter, 730-731, 

731f
Right atrial free wall reentry, 718
Right atrial macroreentrant flutters, 718
Right atrium

action potential duration in, 311
asynchrony, 1179
coronary arteries of, 443

Right bundle branch ablation, 843f-844f

Right bundle branch block, 578, 615, 1084
Right bundle branch potential, 842
Right coronary artery

anatomy of, 443
mapping of, 821-823

Right ventricular apical pacing, 1169
Right ventricular cardiomyopathies, 1258
Right ventricular outflow tract

anatomy of, 815, 816f-817f
coronary arteries and, 815, 816f
cryoablation of, 821
description of, 475, 607-608
dysmorphic, 888-889
electroanatomical mapping of, 822f
idiopathic ventricular tachycardia 

originating from, 1269
obstruction of, 1014
premature ventricular contractions, 

817-818, 819t, 967, 971
Right ventricular outflow tract ventricular 

tachycardias
in children, 1078-1079
description of, 614, 1078
differential diagnosis of, 890
electrocardiography of, 817-818, 817f
epidemiology of, 816-817
symptoms of, 816
triggers for, 816-817

Right ventricular pacing, 1049
Right ventricular remodeling, 1048
Rivaroxaban, 744, 1131, 1131f, 1132t
Robotic catheter ablation, 1205
Romano-Ward syndrome, 501, 935-938
R-on-T phenomenon, 937-938
Rotational angiography, 587-588, 590f
Rotors

atrial fibrillation, 741-742
cable phenomena, 343
cellular phenomena, 341-343
characteristics of, 348
description of, 341
scroll waves in, 347f
sheet phenomena, 344-347, 344f
slab phenomena, 347-348
summary of, 348
whole-heart geometry, 348

RRESEI, 208
Ruthenium red, 63t
Ryanodine

chemical structure of, 63t
description of, 62
Na+/Ca2+ exchanger and, 245
negative chronotropic effect of, 243-244

Ryanodine receptor(s)
caffeine effects on, 62
calcium effects on, 58
calcium fluxes, 56
calmodulin regulation of, 192
calsequestrin colocalization with, 333
in chronic atrial fibrillation, 313-314
confocal imaging of, 56
in couplons, 332
definition of, 55
delayed afterdepolarizations caused by, 

449-450
functions of, 57-58
[3H]ryanodine binding as index of activity, 

56-57
mitochondrial, 74-76
refractoriness, 166-168
structural arrangements of, 55-56
three-dimensional surface representation 

of, 57f
Ryanodine receptor-1

Cav1.1 communication with, 164-165
expression of, 57-58

Ryanodine receptor-2
arrhythmogenesis mediation by, 64
arrhythmogenic right ventricular 

cardiomyopathy associated with, 523

Ca2+/calmodulin dependent kinase II 
regulation of, 193-194

caffeine effects on, 60-61
calmodulin effects on, 192
calmodulin kinase phosphorylation of,  

525
dysregulation of, 536
expression of, 57-58
flecainide effects on, 536-537
knockout, spontaneous Ca2+ release affected 

by, 245
molecular structure of, 57-58
mutations of

cardiomyopathy and, 524
catecholaminergic polymorphic 

ventricular tachycardia and, 
521-522, 524, 896-897, 898f, 899

phosphorylation of, by beta-adrenoceptor 
activation, 451

systolic Ca2+ release through, 449-450
tetramers of, 164-165

Ryanodine receptor-2 channel
accessory proteins of, 58
calcium regulation of, 58-61, 59f
in catecholaminergic polymorphic 

ventricular tachycardia, 64-65, 524, 
616

characteristics of, 524
cytosolic modulators of, 62
in disease processes, 64-66
exogenous ligands of, 62-64, 63t
in heart disease, 65
modulation of, 61-62
monovalent cation channels, 65-66
nitrosylation of, 61
oxidation of, 61
phosphorylation of, 61
in situ regulation of, 59-60
stabilization of, 525

Rycals, 536

S
S107, 64, 900
S1700, 373-374
SAP97, 199-200

Kir2.1 interactions with, 208, 271-273
Nav1.5 and, 181t, 207-208, 271-273

Sarcoidosis
cardiac involvement in, 1039
cardiomyopathy caused by, 903-904
description of, 890
diagnostic criteria for, 597b
dilated cardiomyopathy versus, 595
epicardial ablation for, 1270-1271
magnetic resonance imaging of, 595, 596f, 

597b
pacing for, 1193
sudden cardiac death caused by, 903-904

Sarcolipin, 45
Sarcoplasmic reticulum

calcium in
depletion of, 60
flux of, 164
leak of, 166, 451
movement of, x-ray microanalysis of,  

57
release of. See Sarcoplasmic reticulum 

calcium release
release threshold, 521
sex-specific cellular Ca2+ regulation, 

1052
chloride channels, 66
description of, 55
structural arrangement of, 55

Sarcoplasmic reticulum Ca2+ ATPase pump
description of, 43-46, 50
factors that affect, 314
functions of, 314

Reentry (Continued) Ryanodine receptor-2 (Continued)
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Sarcoplasmic reticulum calcium release
dantrolene effects, 526
delayed afterdepolarizations and, 168
description of, 60-61, 63t, 144, 161, 

164-166
excretional, 164
INCX activation by, 169f
spontaneous, 165, 168, 248, 523-524
termination of, 166

Sarcoplasmic reticulum ion channels
confocal imaging of, 56
recording of, 56-57

Satellite cells, 559
Saxitoxin, 8
Scaffolding proteins

ankyrin-B. See Ankyrin-B
definition of, 229
functional roles of, 229
ion channels and, 229
in long QT syndrome, 229-233

Scalar electrocardiogram, 573
Scar-related reentry, 1250-1256, 1251f-1252f
SCN5A gene

disorders of, 492b
expression of, 277
H558R polymorphism, 928, 978
mutations

in Brugada syndrome, 492f, 494-495, 
497, 927

conduction system disease associated 
with, 492f, 495, 1035

description of, 293, 483, 492f
in dilated cardiomyopathy, 492f, 

496-497, 904
D1275N, 497
in left ventricular noncompaction, 917
in long QT syndrome, 492f, 493-494, 

687, 935, 942, 1001-1002
overlap syndromes associated with, 497
sinus node disease caused by, 694
sinus node dysfunction associated with, 

496
Nav1.5, 218
structure of, 492f
transcription of, 491
variants of

arrhythmia susceptibility with, 494
loss-of-function, 95-96, 453

SCN1B mutations, 1036, 1038
Scroll waves, 347f, 365f
Second-degree AV block

in acute myocardial infarction setting,  
1047

in children, 1083
description of, 570
type 1, 1043-1045, 1045f
type 2, 1045, 1045f

Sensei robotic navigation system, 586
Septal accessory pathways

catheter ablation of, 795, 1242
description of, 755

Septal scar, 1308f
SERCA pump

Ca2+ uptake, 521
cytosolic domain of, 45f
description of, 43
in disease processes, 50
functions of, 43
genes, 44
membrane domain of, 45f
structure of, 44f

SERCA1 pump, 50
SERCA3 pump, 44, 50
SERCA2a pump, 44-45
SERCA2b pump, 45-46
Serotonin, 1023b
Serotonin reuptake inhibitors, 1033
Serum amyloid A, 460-461
Serum-inducible kinase 1, 502-503
Severe autonomic failure, 653-655, 655f

Shaker channels, 199
Short QT syndrome, 506-507

in children, 1080
clinical presentation of, 944
description of, 132-133
diagnosis of, 944
electrocardiographic findings, 944, 944f
genetics of, 943-944
history of, 506
implantable cardioverter defibrillators for, 

944-945
KCNJ2 mutations, 29-30
KCNQ1 mutations, 506, 943
molecular genetics of, 943-944
pharmacologic treatment of, 537t
treatment of, 537t, 944-945
type 1, 506
type 2, 506
type 3, 206, 507, 943

Short RP’ tachycardia, 573
Shox2, 291
Sick sinus syndrome

Brugada syndrome and, 928
congenital, 495-496, 927-928

SCN5A mutations, 495
familial, 1035

Single-nucleotide polymorphisms
definition of, 541
description of, 454-455

Single-nucleotide variants, 685
Sink effect, 266
Sinoatrial node

action potential of, 253, 254f
activation pattern, modulation of, 396,  

396f
adenosine effects on, 538
aging effects on, 253
autonomic regulation of, 393-394
cardiac ganglia around, 393
conduction system functions of, 287
description of, 253, 287
development of, 290-292
electrical impulse generated from, 275
embryologic development of, 287
fibroblasts in, 297
ion currents in, 245t
left-sided, 291
pacemaker functions of, 253-255
passive electrical properties of, 89, 89f
pathologies that affect, 254-255
physiology of, 253
primordium of, 287
pulmonary vein ganglia effects on 

stimulation of, 395-396
right-sided, 291
Shox2’s role in development of, 291
Thx18’s role in formation of, 291-292

Sinoatrial node cells
adenylyl cyclase activation, 248
automaticity of, 248
beat-to-beat Ca2+-dependent regulation of, 

248
Ca2+ in, 244
description of, 243
ion currents in, 245t
mitochondrial function in, 250-251
repolarization of, 253
SERCA2 immunolabeling in, 244

Sinoatrial node tissue, 251
Sinus node, 691

aging effects on, 695
anatomy of, 691, 692f
firing rate of, 649
remodeling of, 695-696
sex differences in functioning of, 1053

Sinus node disease
atrial abnormalities in, 693
atrial arrhythmias and, 696
causes of, 691-692
definition of, 691-692

electroanatomical mapping in, 693, 693f
electrophysiological abnormalities, 692, 

693t
familial sick node disease, 693-695
HCN4 mutations associated with, 

694-695
mutations associated with, 694-695
SCN5A mutations associated with, 694
signs and symptoms of, 692
structural abnormalities, 692, 693t

Sinus node dysfunction
in children, 1083
laboratory tests for, 572-573
pacing for, 1168
sex differences in, 1053

Sinus node modification, 605-606, 606f
Sinus node reentrant tachycardia,  

711-712
Sinus of Valsalva, 1308-1309
Sinus rhythm

atrial activation during, 354
electrophysiological findings during, 

758-760
Sinus tachycardia
β-blockers for, 533
focal atrial tachycardia arising from crista 

terminalis versus, 705
inappropriate, 712, 1032, 1053, 1074, 1267, 

1267f
palpitations associated with, 568b
sex differences in, 1053
sinus node modification for, 606f

Sjögren’s syndrome, 1039
Skeletal muscle

Cav1.1 in, 164-165
satellite cells, cell therapy use of, 559

SkM1, 257
S45L, 126
S1570L mutation, AKAP9, 118
Sleep apnea, 1040

arrhythmias in
atrial fibrillation, 1089-1091
bradyarrhythmias, 1089-1090
epidemiology of, 1090-1091
mechanisms of, 1088-1091
ventricular, 1089, 1091-1092

central
clinical features of, 1088
continuous positive airway pressure for, 

1092
epidemiology of, 1088
pathophysiology of, 1087-1088
treatment of, 1092

evaluative approach to, 1092
obstructive

autonomic dysfunction in, 1089
clinical features of, 1087
continuous positive airway pressure for, 

1092
epidemiology of, 1087
evaluative approach to, 1092
pathophysiology of, 1087, 1088f
sudden cardiac death and, 1089, 

1091-1092, 1091f
treatment of, 1092

sudden cardiac death and, 1089,  
1091-1092

treatment of, 1092
Slide helix, 34
Slow gate, 86, 86f
Slow inactivation, of sodium channels, 6-8,  

7f
Slow pathways

anteroseptal, 771-776
catheter ablation of, 1239-1240
description of, 277-278
inferolateral left atrial, 771-776, 777f
in non-atrioventricular nodal reentrant 

tachycardia individuals, 776-777

Sinus node disease (Continued)
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Slow/fast atrioventricular nodal reentrant 
tachycardia

ablation of, 779, 780f-781f
A-H interval during, 779
atrial activation during, 769f, 772f
atrial potentials during, 772f
description of, 767
diagnostic features of, 777-778, 778f
fast pathway in, 778
H-A interval, 778-779
inferolateral left atrial, 781, 782f
leftward inferior extension, 779, 780f-781f
rightward inferior extension, 779
slow pathways in, 778
ventricular pacing for, 775f

Slow/slow atrioventricular nodal reentrant 
tachycardia, 775f, 785f-787f

Smad2, 302
Smad3, 302
Sodium channel(s)

activation of, 4-5, 491-492
antiarrhythmic drug effects on, 8
β-subunits, 1, 218, 222
blockade of, 8
cardiac, 9
cardiac excitation and, 205-206
in cardiac myocytes, 9
composition of, 1
description of, 491
desmosomal molecules needed for function 

of, 219-221
as drug targets, 8
fast inactivation of

activation coupled to, 6
description of, 5-6, 6f

function of, 3-8, 491-492
genes, 8-9, 9f
Nav1.5. See Nav1.5
Navβ subunits, 9
NavAb, 1-5, 3f, 8
neurotoxin targeting of, 8
normal function of, 491-492
outer pore and selectivity filter, 3-4
in plasma membrane, 491
pore opening in, 5
SCN5A, 491
sex hormones effect on, 1051
slow inactivation of, 6-8, 7f
subunits of, 1, 2f
three-dimensional structure of, 1-3, 3f
voltage-dependent activation of, 4-5
voltage-sensing domain of, 5f

Sodium channel blockers
antiarrhythmic effects of, 532-533
atrial fibrillation conversion to atrial  

flutter by, 1004-1005
in Brugada syndrome, 1102
description of, 530-531
disopyramide, 1104
late Na+ channel inhibition by, 531-532
lidocaine, 1104
mechanism of action, 529-530
pharmacodynamics of, 1098
procainamide, 1056, 1103-1104
quinidine, 1102-1103
receptor sites for, 8
reentry caused by, 618
toxicity caused by, 1004-1005
types of, 1102-1105

Sodium channel diseases
consequences of, 492
delayed repolarization caused by, 493-494
description of, 491
impulse propagation impairments caused 

by, 494-496
intracellular ion homeostasis alterations 

caused by, 496-497
Sotalol, 544, 794, 892, 910, 1096-1097, 

1107-1108
Sparklets, 332-333

Spatial coupling, 343
SPCA pump

description of, 46
in disease processes, 50-51
structure of, 46f

SPCA1 pump, 46
Spectral method, for T wave alternans 

assessment, 666-667, 667f
Spinal cord stimulation

angina treated with, 1321
atrial arrhythmia effects, 1322-1323
cardiac effects of, from preclinical studies 

in animal models, 1322-1323
chronic pain syndromes treated with, 1321
devices used in, 1321
electrical conduction effects of, 1322
human clinical trials of, 1323-1324, 1323f
implantation methodologies, 1321
leads for, 1321
left ventricle systolic function effects, 

1322-1323
peripheral vascular disease treated with, 

1321-1322
ventricular arrhythmia effects, 1322-1323

Spiral waves
in atrial fibrillation, 436f
description of, 314-316
left atrial, 436f
meandering of, 345-346
reentry, 345-346
right atrial, 436f

Spironolactone, 1125-1126
Sprouty-1, 454
SQT syndrome

characteristics of, 37
forms of, 37
KCNJ2 mutations in, 37

ST segment, 925, 926t
ST segment myocardial infarction, 629
Statins

antiarrhythmic effects of, 538
antifibrotic effects of, 305t, 306
atrial fibrillation treated with, 746-747
sudden cardiac death rates affected by, 1126

Steady-state inactivation, 15, 103-104, 109f
Stellate ganglion neuronal hypertrophy, 412f
Stem cell antigen 1, 297-298
Stem cells

description of, 118
embryonic. See Embryonic stem cells

Stochastic attrition, 60
Store overload-induced Ca2+ release, 524
Stress cardiomyopathy. See Takotsubo 

cardiomyopathy
Stress testing, 572
Stretch-activated channels

description of, 364
recruitment of, 365f

Stretch-activated ion channels
activation of

atrial fibrillation prevention by, 
1113-1114

cell-level responses, 145-147
description of, 144
manifestations of, 145-147
organ-level effects, 147
tissue-level effects, 147

blockers of, 145
description of, 536
discovery of, 144
mechano-electric coupling and, 147
nontranssarcolemmal channels, 144
pharmacologic probes for studying, 145
transsarcolemmal channels, 143-144

Stroke, in atrial fibrillation
elderly and, 1134
predictors of, 1326t
prevention of

antithrombotic agents for, 1129-1130
apixaban, 1132, 1132t

aspirin and clopidogrel for, 1130
aspirin for, 1129
cardioversion for, 1135
dabigatran, 1131, 1131f, 1132t, 1135
description of, 1325
edoxaban, 1132t
factor Xa inhibitors, 1131-1132, 1132t
left atrial appendage closure for, 

1134-1135
mechanical approaches for, 1331
oral anticoagulants for, 1131-1132, 

1131f, 1132t
rivaroxaban, 1131, 1131f, 1132t
thrombin inhibitors for, 1131, 1131f, 

1132t
vitamin K antagonist therapy for, 1130, 

1133, 1135
warfarin for, 1130, 1132t

risk stratification for, 743b, 1129, 1325
Stroke syndromes, 998
ST-segment elevation

coved-type, 513
sodium channel blockers effect on, 513

Subarachnoid hemorrhage, 998
Subcellular modeling, 332, 334-337
Subcutaneous implantable cardioverter-

defibrillators, 1147f, 1148-1149, 1164
Subendocardial resection, 849-850
Submembrane spaces, 164-165
Substituted cysteine accessibility method, 

151-152
Sudden cardiac death

age-related risks, 984f
amiodarone effects on, 535
antiarrhythmic drugs effect on, 1121-1122
in aortic stenosis, 1009, 1016
in athletes

automated external defibrillators for, 
1070

commotio cordis, 1066-1068, 1068f
echocardiographic changes, 1065-1066, 

1067f, 1068
electrocardiogram for, 1064-1065, 1065t
epidemiology of, 1061, 1062f
etiology of, 1061-1066
resuscitation for, 1070
screening for, 1068-1069
summary of, 1070
supplements and, 1069-1070
triggers, 1062-1063

β-blockers for prevention of, 1122-1123
bradyasystolic mechanisms of, 987-988
in Brugada syndrome, 929-930
calcium’s role in, 1114
cardiac sarcoidosis as cause of, 903-904
catecholaminergic polymorphic ventricular 

tachycardia as cause of, 616, 
1098-1099

causes of, 569
in children, 1082
in congenital heart disease, 1009
coronary anomalies as cause of, 614
coronary artery disease as substrate for, 

968, 982-985, 1055
definition of, 981, 1121
description of, 341
differential diagnosis of, 969t
in dilated cardiomyopathy, 860, 862-865, 

982-983, 985, 987
early repolarization associated with, 

1061-1062
exercise as trigger for, 1062
expression risks, 982-984
genetic disorders associated with, 983
genetic testing in, 688
heart failure as risk factor for, 1055
in hypertrophic cardiomyopathy

description of, 596, 615, 982-983, 1081
mechanisms of, 874-876

Stroke, in atrial fibrillation (Continued)
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prevention of, 876-880
risk factors for, 878b

implantable cardioverter-defibrillator 
implantation in survivors of, 1013, 
1057

in implantable cardioverter-defibrillator 
patients, 1018

incidence of, 569, 981, 982f, 1121
interventional epidemiology of risk for, 

990-991
left ventricular ejection fraction and, 

674-675
mechanisms of, 987-988, 1121
mortality rates for, 475, 569, 1095
myocardial pathology associated with, 985
National Center for Health Statistics, 981
in nonischemic dilated cardiomyopathy, 

987
obstructive sleep apnea and, 1089, 

1091-1092
pathologic substrates for, 984-985
pathophysiology of, 1122f
plaque disruption risks, 986-987
polyunsaturated fatty acids and, 1127
prediction of, 672-674, 985-990, 986f, 

987t, 988b, 1081
prevention of

angiotensin II-receptor blockers for, 
1124t, 1125

angiotensin-converting enzyme inhibitors 
for, 1123-1125

β-blockers for, 1122-1123, 1124t
description of, 985-986, 1121

as public health burden, 981-982
pulseless electrical activity as mechanism 

of, 987
risk for

epidemiologic paradigms, 988-990
genetic epidemiology of, 988b
inherited basis of, 988
interventional epidemiology of, 990-991
prediction of, 672-674, 985-987, 986f, 

987t, 988b
residual, 991
stratification of, 929-930, 984f
ventricular ectopy after myocardial 

infarction, 1096
sex differences in, 1055
sleep apnea and, 1089, 1091-1092
statins effect on, 1126
substrates for, 982-985, 1122
systemic conditions associated with, 983
tachyarrhythmic mechanisms of, 987-988
in tetralogy of Fallot, 1012t, 1013
in transposition of the great arteries, 1015
triggers of, 928, 1062-1063
ventricular fibrillation as cause of, 539, 

1095, 1121, 1319
ventricular tachycardia as cause of, 475, 

539, 1121, 1319
viral myocarditis and, 983
in women, 1055

Sudden infant arrhythmia death syndrome, 
507

Sudden infant death syndrome
arrhythmias and

frequency of, 977-978
linking of, 975-976
triple risk hypothesis of, 978
types of, 976-977

Brugada syndrome and, 976-977
channelopathies in, 978
definition of, 975
genotype in, 976f
heads-up tilt table testing, 646
incidence of, 975
long QT syndrome and, 494, 940-941, 

976-978
near-mis, 975

phenotype in, 976f
QT prolongation and, 940-941
screening for, 978

Sudden unexplained death in epilepsy, 969
Sudden unexplained death syndrome, 494
Sulfonylurea receptors, 30
Sulfonylureas, 132
Superior left ganglionated plexus, 395, 469
Superior right atrial isolation, 1303
Superior vena cava, focal atrial tachycardia 

arising from, 705-706, 706f
Superior vena cava-atrial junction, 471-472
Superior vena cava-right atrium junction, 

705-706
Superoxide

description of, 73-74
production of, 72f-73f

Supplements, 1069-1070
Supravalvular aortic stenosis, 1016
Supraventricular tachycardia. See also 

Ventricular tachycardia
adenosine used in diagnosis of, 713
atrial pacing used in differential diagnosis 

of, 715
atrial tachycardia versus, 713-715
atrioventricular nodal reentrant 

tachycardia. See Atrioventricular nodal 
reentrant tachycardia

bundle branch block during, 760
in children, 1074, 1074b, 1075t
classification of, 573
differential diagnosis of, 713-715, 841
entrainment of, 760
epicardial ablation of, 1267-1268
focal atrial tachycardia versus, 713-715
His-synchronous ventricular extrastimulus 

during, 761f
implantable cardioverter-defibrillator 

detection of, 1156, 1160
left bundle branch block during, 762f
long RP’, 573
pacing used in differential diagnosis of, 

713-715, 714t
palpitations associated with, 568b
in pregnancy, 1058
sex differences in, 1053-1055
short RP’, 573
termination of, 762f
treatment of, 757, 1075t
ventricular preexcitation with, 757

SUR2A, 39
SUR2B, 39
Surgical ablation

atrial fibrillation treated with
development of, 1295-1296
future directions in, 1302
ganglionated plexus ablation, 1301-1302
high-intensity focused ultrasound, 

1297-1298
indications for, 1298
left atrial lesion sets, 1299-1300
radiofrequency energy, 1297
technology used in, 1296-1298

complications of, 1312-1313
future of, 1313
history of, 1307
limitation of, 1313
long-term expectations of, 1313
summary of, 1313-1314
ventricular tachycardia treated with

access approaches, 1308-1309, 
1310f-1311f

complications of, 1312-1313
endpoints, 1312
energy sources, 1310-1312
history of, 1307
indications for, 1307-1308
limitations, 1313
long-term expectations, 1313

mapping, 1309-1310
postsurgical management, 1312

Surgical septal myectomy, 1194-1195
SURX channel proteins, 130-131
Sustained monomorphic ventricular 

tachycardia, 851-852, 873, 1258
SW1/SNF complexes, 239
Sympathetic innervation

anatomy of, 409
myocardial excitability, 409-410

Sympathetic nervous system
arrhythmias affected by denervation of, 

413-414
denervation of, 413-414
stimulation of

description of, 115
proarrhythmic effects of, 412-413

Synapse-associated protein 97, 183-184
Syncope

cardiac, 568, 1022-1023, 1023b
cardioinhibitory, 569
characteristics of, 637
definition of, 1021
diagnosis of, 638, 1023, 1056
electrocardiography of, 1024-1025
electrophysiological testing for, 572, 1025
epidemiology of, 1021
evaluation of, 1056
history-taking, 1023-1024
Holter monitoring of, 1025
hospitalization for, 1026
implantable loop recorders for, 1025
laboratory tests for, 572
loss of consciousness and, 1021-1022
mobile telemetry for, 1025
monitoring of, 621
neurally mediated, 638b, 646
neurocardiogenic, 569, 1168-1169, 1191
noncardiac, 568
orthostatic, 645, 1022
outcome of, 1056
pathophysiological classification of, 1022
physical examination of, 1023-1024
postmicturition, 639
prevalence of, 1021
prognosis for, 1026
reflex, 1022, 1025-1026
risk stratification for, 1026
sex differences in, 1056
signs and symptoms of, 568-569
tilt table testing for, 1025
transient loss of consciousness caused by, 

637, 646
treatment of, 1023, 1025-1026, 1056
vasodepressor, 569
vasovagal, 638-646, 638b
in women, 1056

Syntrophin(s)
α-1. See α-1 Syntrophin
definition of, 233
Kir2.1 and, 208
Nav1.5 and, 181t, 207-208
pleckstrin homology domains of, 233
structure of, 233

Syntrophin unique domain, 233
Systemic lupus erythematosus, 1039
Systemic sclerosis, 1039

T
T wave alternans

assessment of
modified moving average method for, 

667-672, 668f, 673t
spectral method for, 666-667, 667f

cellular mechanisms of, 665-666
concordant, 666f
description of, 660
discordant, 666f

Sudden cardiac death (Continued) Sudden infant death syndrome (Continued) Surgical ablation (Continued)
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historical description of, 665
in long QT syndrome, 937, 937f
mechanisms underlying, 665-666
microvolt

assessment of, 669-672
classification of, 668-672
clinical studies on, 668-669, 670t-671t
current role for, 675
in depressed or preserved left ventricular 

function patients, 674-675
description of, 665, 667
electrophysiological testing versus,  

669
implantable cardioverter-defibrillators, 

672-674
in left ventricular function-impaired 

patients, 672
modified moving average technique, 

668-672, 673t
noninvasive risk stratification, 669-672
in post-myocardial infarction patients, 

672
spectral analysis of, 669, 670t-671t

pathophysiology of, 665, 666f
T wave inversions, in Takotsubo 

cardiomyopathy, 919-920
Tachycardia

atrial. See Atrial tachycardia
atrioventricular nodal reentrant. See 

Atrioventricular nodal reentrant 
tachycardia

atrioventricular reciprocating, 614-615
atrioventricular reentrant. See 

Atrioventricular reentrant tachycardia
concealed bypass, 1075
cycle length variability of, 715
junctional. See Junctional tachycardia
narrow QRS. See Narrow QRS 

tachycardias
sinus. See Sinus tachycardia
ventricular. See Ventricular tachycardia
wide QRS. See Wide QRS tachycardia

Tachycardia-related cardiomyopathy, 905
Tafazzin gene, 917
Takotsubo cardiomyopathy

catecholamine excess as cause of, 923
characteristics of, 919
clinical characteristics of, 919, 920f
description of, 904
electrocardiographic findings, 919-920
incidence of, 919
left ventricular dysfunction associated with, 

919
QT prolongation, 922-923
recurrence rate of, 923
repolarization changes in, 920
subacute phase of, 920
summary of, 923
T wave inversions in, 919-920
torsades de pointes associated with, 

920-922
ventricular arrhythmias in

description of, 920-921
management of, 922-923
pathogenesis of, 921-922

Tamoxifen, 135
Tandem-cell-unit, 551
TASK-1, 30
T-box transcription factors, 290
Telethonin, 181t, 183
Tendon of Todaro, 275-276, 767, 774f
Tenidap, 36
Tertiapin, 133
Tertiapin-Q, 133
Tetracaine

chemical structure of, 63t
voltage-dependent sodium channels 

blocked by, 62-64
Tetrahydrogestrinone, 1070

Tetralogy of Fallot
anatomy of, 1009-1010, 1011f
atrial tachyarrhythmias in, 792
developmental aspects of, 1009-1010
implantable cardioverter-defibrillator in, 

1013
incidence of, 1009
intraoperative cryoablation for, 1010-1013
isthmus, 1011f
monomorphic ventricular tachycardia in, 

1013
programmed electrical stimulation 

applications in, 1013
propagation map in, 1290f
pulmonary valve replacement in, 797, 

1010-1013
sudden cardiac death in, 1012t, 1013
surgical repair of, 792, 1010
ventricular arrhythmias in

pulmonary valve replacement effects on, 
1010-1013

surgical repair effects on, 1010
ventricular tachycardia in, 1012t

Tetrodotoxin
description of, 8-9
neurotoxin receptor site 1 binding of, 8

Thiopental, 136
Third-degree AV block, 1045-1046
Thoracic vein arrhythmogenesis, 739-741
Thrombin inhibitors, 1131, 1131f, 1132t
Thromboembolism, 742-745, 1135
Thx2, 292
Thx3, 288, 290-292
Thx5, 290, 292
Thyrotoxicosis, 568
Tilt table testing. See Head-up tilt table 

testing
Timothy syndrome
β-blockers for, 957
CACNA1C mutations in, 955-957
calcium-calmodulin kinase II in, 956
clinical features of, 953, 954f, 954t
description of, 107-108, 110-111, 935-936, 

953, 1080
genetics of, 955
genotype correlations in, 955
history of, 953
induced pluripotent stem cells used to 

study, 956-957
mortality rate of, 953
mosaicism in, 955
mouse models of, 956
natural history of, 953
phenotype of, 953, 955
summary of, 957
treatment of, 957
variants of, 954t
ventricular tachyarrhythmias in, 953-955

Tissue inhibitor of matrix metalloproteinases
1, 460
3, 460

Tissue synchronization index, 599-601
TM11, 45-46
Torsades de pointes

definition of, 1002
description of, 121, 658, 819, 1096
drug-induced, 533, 545, 940, 1002-1004, 

1003t, 1005b, 1056, 1098t, 1100-1102, 
1101t

myocardial infarction and, 922
pause-dependent, 923
prevention of, 1004
risk factors for, 1101, 1101t
Takotsubo cardiomyopathy, 920-922
treatment of, 1080

Trandolapril, 1124t
Transcatheter aortic valve replacement,  

1195
Transcoronary ethanol ablation, 1258-1259
Transcription factor 5, 1038

Transcription factors
Brg1 interaction with, 239
regulatory networks, 290-295, 291f

Transforming growth factor-β1
in atrial fibrillation, 461-462
in cardiac fibrosis, 454
heart failure and, 462-463

Transient ischemic attacks, 646
Transient loss of consciousness, 637, 646, 

1024, 1024f
Transient outward voltage-regulated 

potassium channels
description of, 23-25
molecular determinants of, 28

Transient receptor potential channels, 18-20, 
144

biophysical properties of, 18
in cardiac fibroblasts, 18-20
cardiac hypertrophy and, 18
definition of, 18, 300-301
fibroblasts, 300-301
structure of, 18
topology of, 19f
types of, 18

Transisthmus conduction interval, 728
Transitional cells

description of, 275-276
molecular characteristics of, 277

Transmembrane action potential, 657
Transmembrane protein 43, 886
Transposition of the great arteries, 790-791

anatomy of, 1014
arterial switch operation for, 790-791, 797, 

1014-1015
complete, 790-791
complex, 1014
congenitally corrected, 1009, 1017
developmental aspects of, 1014
implantable cardioverter-defibrillator in, 

1015-1016
Mustard procedure for, 1014
programmed electrical stimulation 

applications, 1015
simple, 1014-1015
sudden cardiac death in, 1015
surgical repair of, 1014-1015
ventricular arrhythmias in, 1014-1016
ventricular septal defects and, 1014

Transsarcolemmal channels, 143-144
Transseptal puncture, 606-607, 608f
Transverse-axial-tubular system, 331
TREK-1, 30
Triadin, 521, 525
Triangle of Koch, 275, 276f, 708
TRIC-A, 66
TRIC-B, 66
Tricuspid atrioventricular annulus, 705
Triggered repolarization, 343
Trimeric intracellular cation channel, 65
Troponin C, 161, 189-190
TRPM4 gene, 1036
Truncation mutations, 685
T-tubules

in atrial myocytes, 161
CaV1.2 channel clustering in, 521
definition of, 331
description of, 9, 55
excitation-contraction coupling regulation 

by, 335-336
geometric modeling of, 337
in heart failure, 161
illustration of, 97f
L-type calcium channel localization to, 173
membrane of, 165, 165f
microanatomy of, 335-336, 337f
remodeling of, 338-339
subcellular Ca2+ signals affected by, 

337-338
3D imaging of, 337
in ventricular myocytes, 161
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T-type calcium channels, 16-18
biophysical properties of, 16-17
in cardiac conduction, 17-18
encoding of, 103
expression patterns of, 17
functions of, 162
in heart disease, 17-18
L-type calcium channels versus, 16-17
molecular composition of, 16-17
in pacemaking, 17-18
pharmacologic properties of, 17

Tumor necrosis factor-α, 1318
ionic currents affected by, 463
secretion of, 303

Tunneling nanotubes, 305
Tuohy needle, 1264, 1266f
2 : 1 atrioventricular conduction, 1282
Tyrosine hydroxylase, 399

U
Ubiquitination, of Nedd4/Nedd4-like family, 

179-182
Ubiquitin-protein ligases, of Nedd4/

Nedd4-like family, 179-182
Ultrasound

advantages of, 588
collimated, 589, 590f
high-intensity focused, 1204, 1297-1298

Uncoupling proteins, 78
Univentricular heart

description of, 1017-1018
Fontan surgery for, 791, 791f

Upper limit of vulnerability, 1145
Upper loop reentry, 731, 1245-1246
Upright posture, 1029

orthostatic hypotension caused by, 640
physiology of, 638-639

V
Vagal nerve stimulation, 1193-1194

animal models of, 1315-1317
antiinflammatory effects of, 1318
description of, 1315
equipment used in, 1316f
heart failure treated with, 1315, 1317-1319
heart rate reduction caused by, 1318
left ventricular function affected by, 

1315-1317
studies of, 1319
ventricular arrhythmias treated with,  

1319
Vagal tone

description of, 399-400
ventricular arrhythmias controlled by 

increases in, 406-407
Valsartan, 1124t
Valve of Vieussens, 816
Valvular heart disease, ventricular tachycardia 

in, 1258
Variants of uncertain significance, 686
Varicosities, 409
Vasoactive intestinal peptide, 471
Vasodepressor response, 639-640
Vasodepressor syncope, 569
Vasodilators, 865
Vasovagal reflex, 639
Vasovagal syncope, 638-646, 638b, 1191
Vectorcardiography, 630-632
Vein of Marshall, 1268
Ventricles. See also specific left ventricle entries; 

specific right ventricle entries
conductive systems of, 90-91
working systems of, 90-91

Ventricular arrhythmias
after cardiac transplantation, 910-911
exercise-induced, 613-614, 618, 899
in heart failure. See Heart failure, 

ventricular arrhythmias in

mapping of, 1309-1310
sex differences in, 1055
surgical ablation of, 1313
in Takotsubo cardiomyopathy

description of, 920-921
management of, 922-923
pathogenesis of, 921-922

in transposition of the great arteries, 
1014-1016

vagal nerve stimulation for, 1319
in ventricular assist devices, 911

Ventricular assist devices
dilated cardiomyopathy treated with, 

868-869
left

implantable cardioverter-defibrillators 
affected by, 1162-1163

ventricular arrhythmia management in 
patients with, 911

ventricular arrhythmia management in 
patients with, 911

Ventricular conduction delay, 1183
Ventricular conduction system

description of, 287
formation of, 288-289, 289f
proximal, 293-294

Ventricular ectopy, 572, 613, 615, 1010
Ventricular fibrillation

action potential in, 1112f
in children, 1082
commotio cordis caused by, 1066
description of, 341
idiopathic

description of, 960t, 961-963, 967
diagnosis of, 963, 967-971, 968f
echocardiographic findings, 969-970
electrocardiographic findings, 960f, 967, 

968f
familial sudden death associated with, 

963
family screening for, 972
follow-up for, 971-972
history of, 967
implantable cardioverter-defibrillator for, 

971
J wave in, 511, 963
premature ventricular contractions as 

trigger of, 967, 971
treatment of, 971-972
triggers of, 967, 971

ischemic, 959, 1127
long duration, 478, 479f, 481f
maintenance of, 476-480
mechanically induced, 140-141
mechanisms of, 476f
mechanoelectrical feedback’s role in 

stability of, 364
monophasic action potential recording in, 

660-661
mother root reentry and, 477-478
premature ventricular complexes as cause 

of, 810
Purkinje fiber activity, 478-480
stages of, 476
sudden cardiac death caused by, 539, 1095, 

1121, 1319
in Timothy syndrome, 953-955
ventricular tachycardia transition to, 

475-476
wandering wavelet reentry and, 478

Ventricular filling, 161
Ventricular ischemia, 445-446
Ventricular myocytes

action potential waveforms in, 24f
cardiac alternans in, 167f
computational models of, 319-322
description of, 9
electrophysiological structure of, 331-332
electrophysiology of, 321t-322t

human models of, 322
ICa,L conductance in, 13-14
ionic currents in, 24f
Ito,f in, 24-25
L-type calcium channels in, 333
mitochondrial Ca2+ flux in, 251
models of, 323
neonatal rat, 303, 463-464
sarcolemma of, 331
species-specific models of, 322
T-tubules of, 161
wild type, 30

Ventricular preexcitation, 756f
Ventricular premature beats, 895-896
Ventricular premature complexes, 614
Ventricular premature depolarizations

description of, 829-830
treatment of, 831-833

Ventricular remodeling, 1123, 1182f
Ventricular septal defects, 1014
Ventricular tachycardia. See also 

Supraventricular tachycardia
activation mapping of, 1254-1255
acute treatment of, 1082-1083
in arrhythmogenic right ventricular 

dysplasia/cardiomyopathy, 891-892
asymptomatic presentation of, 567
bidirectional, 616, 830-831, 832f, 955
bundle branch reentry. See Bundle branch 

reentry ventricular tachycardia
cardiac rhabdomyomas as cause of, 1082
catecholaminergic polymorphic. See 

Catecholaminergic polymorphic 
ventricular tachycardia

catheter ablation of
arrhythmic drugs and, 1221-1222
in arrhythmogenic right ventricular 

dysplasia/cardiomyopathy, 891-892
in children, 1083
computed tomography guidance during, 

587, 589f, 598, 599f
in congenital heart disease, 1013, 1014t
description of, 869-870
endpoints, 1219
image integration for, 587
intracardiac echocardiography uses for, 

607-610
left ventricular outflow tract, 607-609, 

609f
magnetic resonance imaging guidance 

during, 598, 599f
mortality rates after, 1258
recurrence after, 1212f, 1221
repeat procedures, 1222
studies of, 1257t
substrate mapping, 1251-1254
targets, 1217-1219
targets of, 1256

in children, 1078-1079, 1078f, 1082-1083
description of, 341
in dilated cardiomyopathy, 860-862, 1258
drug-induced

genetic predisposition for, 1001-1002
overview of, 1001
pharmacokinetic risk factors, 1001

ectopic foci as cause of, 475
electroanatomical mapping of, 1251-1252, 

1253f
electrocardiographic imaging of, 677-680, 

678f
electrophysiological study of, 1083
entrainment mapping of, 1255-1256
epicardial reentry, 601f
exercise-induced, 614-615
fascicular, 615

antiarrhythmic drugs for, 1098t
catheter ablation of, 828-829, 831-833
clinical presentation of, 827
description of, 615

Ventricular arrhythmias (Continued) Ventricular myocytes (Continued)



INDEX 1365

electrocardiography of, 827-828, 829f
left posterior, 827-829
macroreentrant, 827, 828f
mechanisms of, 827, 828f
substrate for, 827
summary of, 831-833
treatment of, 828-829
verapamil-sensitive, 827-828

focal, 475, 677, 679f
focal-origin, 1250
idiopathic

in children, 1078
definition of, 1269
description of, 815
epicardial sites of, 816
left, 615
perivascular sites of, 816

implantable cardioverter-defibrillator for, 
856, 1156

induced, 1250
inducibility of, 864-865
inducible, 853f
initiation of, 677, 678f, 681f, 853f
irregular, 579
left bundle branch block, 615
left ventricular aneurysms as cause of,  

1082
long-term management of, 856
maintenance of, 475
mapping of, 1249-1250, 1254-1256
mechanisms of, 476f
mechanoelectrical feedback’s role in 

stability of, 364
mitral valve prolapse as cause of, 1082
monomorphic

catheter ablation for, 910
electrocardiography of, 1006f-1007f
electrograms and, 849
fast, 969
after myocardial infarction, 849, 853f
substrate for, 849
sustained, 851-852, 873
in tetralogy of Fallot, 1013

monophasic action potential recording in, 
660-661

narrow complex, 579
nonsustained

ambulatory screening for, 873
description of, 615-616, 873
in dilated cardiomyopathy, 864

onset of, 475
outflow tract. See Outflow tract ventricular 

tachycardias
pacemapping of, 581
palpitations associated with, 568b
papillary muscle, 827-828
patterns of, 677-679
polymorphic, 1078
post-myocardial infarction, 849, 853f,  

856
postoperative congenital heart disease, 

1079
in pregnancy, 1058
premature ventricular complexes and, 809
presystolic activation, 1254-1255
prognosis for, 1083
programmed electrical stimulation 

response, 854-856, 1312
Purkinje-related, 841

QRS morphology during, 1249-1250
recurrence of, 1212f
reentrant, 677-679, 680f, 854f-855f, 1219
scar-related reentry, 1250-1256, 

1251f-1252f
sudden cardiac death caused by, 475, 539, 

1121, 1319
surgical ablation of

access approaches, 1308-1309, 
1310f-1311f

complications of, 1312-1313
endpoints, 1312
energy sources, 1310-1312
history of, 1307
indications for, 1307-1308
limitations, 1313
long-term expectations, 1313
mapping, 1309-1310
postsurgical management, 1312

termination of, 680, 681f
in tetralogy of Fallot, 1012t
in Timothy syndrome, 953-955
treatment of, 1075t, 1082-1083
in valvular heart disease, 1258
ventricular fibrillation transition of, 

475-476
verapamil-sensitive, 615

Verapamil, 535, 900, 1058
Verapamil-sensitive ventricular tachycardia

description of, 615
fascicular ventricular tachycardia, 827-828

Vernakalant, 1113
Viral myocarditis, 983
Viral vectors, 259-260
Virtual electrode polarization, 367
Visceral pericardium, 1263
Vitamin K antagonists, 1130, 1133, 1135
Voltage-dependent anion channel, 74, 78-80, 

79f-80f
Voltage-gated calcium channels

in action potential, 162
description of, 103
gating of, 105-107
structure of, 105-107

Voltage-gated potassium channels, 191-192
Voltage-gated sodium channels

action potential initiation by, 1
action potential upstroke in, 23
α-subunits of, 1, 9f
in arrhythmias, 95-97
biophysical properties of, 98
Ca2+/calmodulin-dependent pathway 

regulation of, 98-99
in diseases, 95-97
functions of, 1, 95
in health, 95-97
inactivation of, 103-104
at intercalated disc, 217-218
pore-forming α-subunits of, 95
posttranslational regulation of, 98-99
stabilization of, in health and disease,  

97-98
subcellular heterogeneity of, 218
tetracaine effects on, 62-64
trafficking of, in health and disease, 97-98
transient outward, 23

Voltage-regulated potassium channels
accessory subunits of, 26-28
auxiliary subunits of, 26-28

delayed rectifier, 25-26, 28-29
description of, 23
inwardly rectifying, 26, 29
pore-forming subunits of, 26, 27f
summary of, 30-31
transient outward, 23-25, 28

Volume-activated channels, 143-144
V1-sensitive gates

fast, 86, 86f
loop, 86, 86f
slow, 86, 86f
types of, 86

W
Wandering wavelet reentry, 478
WAPSO study, 1134
Warfarin, 1130, 1132t, 1213, 1218f
Watchman device, 1329-1330
Waterston groove, 734-735
Wavebreaks, 346
Wavelength, 343
Wenckebach periodicity, 281-282
Wenckebach phenomenon, 281-282
Wenckebach point, 88
Whole-heart geometry, 348
Wide QRS tachycardia

in children, 1078
differential diagnosis of, 577, 577b
electrocardiographic differential diagnosis 

of, 577-579, 577f-578f
history-taking, 577
left bundle branch block, 578
physical examination of, 577
right bundle branch block, 578

Wnt signaling, 217
Wolff-Parkinson-White syndrome, 1074

accessory pathways in, 1241
adenosine test for, 970
catheter ablation of, 764, 1280-1282
in children, 1075-1076, 1277-1282, 1278b, 

1281f
description of, 755, 757
familial, 1038, 1211
treatment of, 1076

Women
acquired long QT syndrome in, 1057
antiarrhythmic drug use in, 1056-1057
arrhythmogenic right ventricular dysplasia/

cardiomyopathy in, 1056
atrial fibrillation in, 1054
cardiomyocytes in, 1051
pharmacokinetic differences in, 1056
postural orthostatic tachycardia syndrome 

in, 1031
sudden cardiac death in, 1055
thromboembolism risks in, 1054

Wrist recorders, 622
W-W–like domain, 231-232

X
X-linked cardiomyopathy, 859-860

Z
Zofenopril, 1124t
Zonula Occludens-1, 175, 199, 223
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