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Barney Marriott was one of those bigger·than-life icons who populated the 20th century. 
To those who knew him at all, he was simply Barney. Born on the eve of St. Barnabas' day 
in 1917 in Hamilton, Bermuda, he was never referred to as Henry J.L. Marriott. Those who 
did were likely destined to remain strangers ... but not for long. He was never a stranger 
to me. I have had the wonderful and rare privilege of spanning the charmed lives and 
careers of both authors of this book. Galen Wagner, my mentor, friend, and colleague for 
the past nearly 40 years, has asked me to pen a reminiscence of Barney because, for the 
last 25 years of Barney's life, he and I were buddies. Therein lies a tale. 

Following his early formative years in Bermuda, this .D'onion," as Bermudans call them
selves, went to Orlord as a Rhodes scholar. He enrolled at Brasenose College. The princi
pal of Brasenose was a German named Sonnenschein (later changed to Stallybrass), about 
whom Barney painted me a picture of respect, awe, and perhaps a little disdain. Traveling 
to London during the war (not The War), he matriculated at St. Mary's as a medical stu· 
dent, then as a registrar. During our many luncheon outings together, Barney would regale 
me to stories of St. Mary's. Not uncommonly, the Germans would launch their V-1 mis
siles called "buzz bombs.D' (because of their ramjet engines) to rain terror on the English 
populous, especially London. Barney would laugh in his usually reserved guffaw as he 
told me that the medical students had been fascinated by these weapons. The V-1 missiles 
emitted a characteristic high·pitched #clack-clack-clack" as they approached the city, then 
silence as the missiles entered their final path to their target. Barney said that the clack
ing drew the students to the wide open windows of the anatomy lab on the top floor of 
St. Mary's, except for Barney, who, not quite ready to meet his maker, had dived under 
the cadaver dissection table seeking some sort of premortem protection provided by his 
postmortem colleague. Happily for all concerned, there were no acute casualties in the St. 
Mary's Medical School anatomy lab during those wartime adventures. 

In another tale of St. Mary's, Sir Alexander Fleming had performed his initial stud· 
ies into the isolation and first clinical use of penicillin in that institution. By the time of 
Barney's registrar years, the original 11penicillin lab" had become a registrar's on-call room. 
Barney was the registrar on the Penicillin Service, where he and his attending made fate
ful decisions about who was to receive the new life·saving antibiotic and who was not. 
Dr. Marriott's attending of that era was George Pickering, later knighted and a much later 
successor to Osler as Regius Professor of Medicine at the Radcliffe Infirmary at Oxford. 

Following the war, Barney came to the United States. After a fellowship year in allergy at 
Johns Hopkins Children's Center, Barney moved across town to the University of Maryland. 
As a young faculty member there and director of the Arthritis Clinic, Dr. Marriott was 
drafted into the role of teaching and supervising ECGs, a job he embraced with a fervor that 
was infectious and illuminating. By the late 1950s, Barney had grown tired of Baltimore and 
its cold, wet winters. He accepted a position at Tampa General Hospital in 1961 as director 
of Medical Education, where he remained for several years. 

In 1965, Dr. Marriott was approached by Frank LaCamera of the Rogers Heart Foundation 
to relocate across the bay to St. Petersburg, where he began his series of seminars on ECG 
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interpretation. Many greats of cardiology nationally and internationally were invited to 
speak at these seminars. Regardless, it was Barney who set the curriculum and the infor
mality that characterized his personal approach to teaching. Those landmark courses put 
Barney and his talents in front of literally tens of thousands of doctors and nurses around 
the world for the next 40 years. All the while, he published over 17 books, mostly on 
electrocardiography. His scholarly writing was not limited to books. His list of published 
scientific papers is prodigious. The New England journal of Medicine alone published papers 
spanning over 50 years of his vibrant productivity. Barney's love of language is apparent 
in one of his least well-recognized contributions. For many years, Dr. Marriott was the 
author of the Medical Etymology section of Stedman's Medical Dictionary. He reveled in and 
revered English and its many quirky words and grammatical rules. 

In addition to his visiting professorships at Emory and the University of Florida, the 
University of South Florida (USF) in Tampa was fortunate to have Barney on its volun
teer clinical faculty beginning in the 1980s. Monthly or quarterly, Barney would bring 
a mountain of carousel slide trays to our evening conferences. It was the glorious, now 
bygone era of big pharma. The fellows and faculty alike would be repeatedly skewered by 
Barney's rapier-like witticisms as he led and pushed us to be better ECG readers. His acu
men and sharpness for his task and his boundless enthusiasm were hallmarks of the con
ferences. Aphorisms such as "Every good arrhythmia has at least three possible interpreta
tionsH poured forth like the sangria that fueled raucous audience participation. Barney's 
old friends from around the United States and the world would drop by to be toasted and 
roasted by the master. David Friedberg, an immigrant to the United States from South 
Africa, was one of the first I encountered. Later, Bill Nelson joined our faculty at USF and 
became a suitable stage partner and foil for Barney. One particularly memorable evening, 
Leo Schamroth himself, from South Mrica, joined Barney, David, and me for an evening at 
Bill Nelson's home, where we argued about concealed conduction and AV block late into 
the night. 

As the decades in the Tampa Bay region wore on, Barney and his companion, Jonni 
Cooper, RN, spent more time at their place in Riverview, Florida, where he had a large 
library and workspace for his many books and teaching projects. Chief among those books 
was his personal favorite, Practical mectrocardiography, a bestseller up to today. It remained 
a single-author volume through the eight editions he wrote. He graciously facilitated Galen 
Wagner's evolution of print and electronic formats through the subsequent editions. In 
those first eight editions, beginning in 1954, Barney loved to write with his uniquely con
versational style, unlike just about any textbook that you might find in a medical book
store. Practical mectrocardiography was and remains, however, a very special, now multi
format text suitable for students of all ages and skills at ECG interpretation. 

Barney and I continued our monthly lunches as he and Bill Nelson and I put together 
his last book, Concepts and Cautions in Electrocardiography. Barney's health held on until his 
terminal bout with lung cancer; we increased the frequency of those meetings as his health 
declined. To the very end, he remained gracious, charming, curious, and firmly attached to 
his ECGs. Every week, tracings continued to come to him from former students around the 
globe. On my Thursdays with Barney, my task was to bring the Guinness so that we could 
chat, look at ECGs together, lift a few pints, and reminisce a bit. He reminded me, as his 
life ebbed away, that being bitter and holding grudges was "a useless waste of time. H It was 
a lesson for all of us. His legacy remains much more than the eponymic moniker for this 
volume. Pour me another Guinness. Cheers, Barney. 

Douglas D. Schocken, MD 
Durham, North Carolina 
July 2013 
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Barney Marriott created Practical Electrocardiography in 1954 and nurtured it through eight 
editions. After assisting him with the 8th edition/ Galen Wagner enthusiastically accepted 
the challenge of writing the subsequent editions. The 9th edition had extensive revisions 
to the text, the lOth edition had almost completely new illustrations/ and the 11th edition 
had further text and figure updates and also an accompanying DVD with interactive ani
mations. For this 12th edition, David Strauss joined Galen as coauthor. Galen and David 
have been working together on electrocardiographic teaching and research challenges for 
the past 9 years. 

One of the strengths of Marriott's Practical Electrocardiography through its more than 
50-year history has been its lucid foundation for understanding the basis for ECG interpre
tation. Again1 in this revision1 we have attempted to retain the best of the Marriott tradi
tion-emphasis on the concepts required for everyday ECG interpretation and the simplici
ties, rather than complexities, of the ECG recordings. Tobin Lim coauthored many of the 
11th edition chapters and served as the primary developer of the digital content associated 
with that edition. 

Tobin Lim's input continues into this 12th edition, and David Strauss has led even fur
ther into the electronic-based interactive learning experiences. More than 30 of the figures 
that evolved through previous editions have now been converted through the creative 
expertise of Mark Flanders into animated movies accessed via QR codes embedded in the 
book. David has also collaborated with electrocardiographic educators who are especially 
skilled in e-based education to add interactive video content to many of the 12th edition 
chapters. These include Raymond Bond and Dewar Finlay in Chapter 2, Charles (Bill) 
Olson in the new Chapter 4, and Peter van Dam in Chapter 9. 

The chapters are in the same order as in the 11th edition; however, two new chapters 
have been added. In Chapter 41 Bill Olson, Harvey Estes, Vivian Kamphuis, and Esben 
Carlsen contribute to the introduction of "The Three-Dimensional Electrocardiogram If; and 
in Chapter 8, Albert Sun presents "Inherited Arrhythmia Disorders." Each of the now 24 
chapters is divided (as indicated in the table of contents) into discrete, compact #learning 
units.,. Each learning unit begins on a new page to provide blank space for the reader's 
notes. The purpose of the learning units is to make this book easier to use by allowing the 
reader to be selective regarding the material to be considered at a particular time. Because 
the modern student of electrocardiography is primarily oriented to a visual perspective, we 
have typically begun each page with an illustration. 

The four chapters in Section I (Basic Concepts) provide an introductory orientation to 
electrocardiography. In Chapter 1 ("Cardiac Electrical Activity•), we include a basic per
spective for those with no previous experience in reading ECGs. The reader is asked to 
consider, #What can this book do for me?" and "'What can I expect from myself after I have 
completed this book?# Also in Chapter 1, the magnetic resonance images of the normal 
heart in the thorax provide orientation to the relationship between the cardiac structures 
and the body surface ECG recording sites. Animated video has been added to many of the 
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illustrations to enhance understanding of the basic electrophysiologic principles of elec
trocardiography. Jacob Simlund provided a new perspective on QT interval correction in 
Chapter 3. 

In the nine chapters of Section II (Abnormal Wave Morphology), the standard 12-lead 
ECG recordings have been modified from their typical format. Single cardiac cycles are 
included for each of the standard leads to show how the morphology of the ECG wave
forms characteristically appears in each of these 12 different views of the cardiac electrical 
activity. Ljuba Bacharova added her enthusiasm of studying left-ventricular hypertrophy to 
Chapter 5 (•Chamber Enlargement"). There have been extensive revisions of the four chap
ters on myocardial ischemia and infarction (Chapters 9 to 12) because of the many recent 
advances in understanding their electrocardiographic manifestations. A broad spectrum of 
health care providers are being challenged to learn the ECG interpretive skills required for 
rapid prehospital diagnosis and management of patients with acute coronary syndrome. 

The Marriott legacy is particularly strong in Section III (Abnormal Rhythms). Barney 
Marriott and Galen Wagner worked extensively in the preparation for the 9th edition to 
retain his methodical and innovative approach while including the more recent concepts. 
In the lOth edition, Galen organized perspectives from clinical electrophysiologists into 
a practical classification of the various tachyarrhythmias. In the 11th and 12th editions, 
in-depth electrophysiologic principles were added to enhance understanding of the basic 
pathophysiology. Ten-second rhythm strips from three simultaneously recorded ECG leads 
are typically used for the illustrations. Chapter 23 (• Artificial Cardiac Pacemakers") has 
been extensively revised by Wesley (Ken) Haisty because of the current availability of a 
wide variety of sophisticated devices. 

Marcel Gilbert, an electrophysiologist at Laval University in Quebec, provided the 
ECG illustrations for all of the chapters on tachyarrhythmias and contributed to rewrit
ing Chapter 18 ("Reentrant Junctional Tachyarrhythmias"l and Chapter 19 (•Reentrant 
Ventricular Tachyarrhythmias"). 

Ken Haisty, an electrophysiologist at Wake Forest University in Winston-Salem, 
and Tobin Lim share authorship with Galen Wagner of Chapter 23 ("Artificial Cardiac 
Pacemakers•). It had become clear that advances in pacing had made the chapter in the 
11th edition obsolete. 

We coordinated our communication with L WW personnel, which included editorial sup
port from Julie Goolsby (Acquisitions Editor) and Leanne Vandetty (Product Development 
Editor), digital media support from Freddie Patane (Art Director, Media) and Mark Flanders 
(Creative Media Director, BioMedia Communications), production support from Marian 
Bell us (Production Project Manager) and Russ Hall (Executive Director, Absolute Service, 
Inc.), and marketing support from Stephanie Manzo (Marketing Manager). 

Our goal for the 12th edition is to continue to preserve the "spirit of Barney MarriottH 
through the many changes in words and images. He had been a tough but most helpful 
critic as Galen justified the maintenance of the title Marriott's Practical Electrocardiography. 
Barney passed away during the time of production of the 11th edition, so this is the first 
edition without his own unique input. However, his long-time Tampa colleague Douglas 
Schocken provides his warm personal tribute to Barney in the foreword to this 12th edition, 
and "Dr. Marriott's Systematic Approach to the Diagnosis of ArrhythmiasH remains the 
final chapter. 
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THE BOOK: MARRIOIT'S PRACTICAL ELECTROCARDIOGRAPHY, 
12TH EDITION 

What Can This Book Do for Me? 
This 12th edition of Marriott's Practical Electrocardiography has been specifically designed 

to provide you with a practical approach to reading electrocardiograms (ECGs). No previous 
text or experience is required. You should consider how you learn best before deciding 
how to approach this book. If you are most comfortable acquiring a basic understanding of 
a subject even before you encounter a need to use the subject information, you probably 
want to read the first section (Basic Concepts) carefully. However, if you have found that 
such understanding is not really helpful to you until you encounter a specific problem, you 
probably want to quickly scan this fust section. 

All medical terms are defined in a glossary at the end of each chapter. Each individual 
upractical concept" is presented in a "Learning Unit." Each Learning Unit begins on a new 
page with a heading that is underscored with a green line. The Learning Units are listed in 
the Table of Contents for easy reference. This book will be more useful if you make your 
own annotations; blank space is provided for this purpose. 

The illustrations are fully integrated into the text, eliminating the need for extensive 
figure legends. A pink background is used for the ECG examples to provide contrast with 
the recordings, which appear in black. Because ECG reading is a visual experience, most 
of the book's illustrations are typical examples of the various clinical situations for which 
ECGs are recorded. Reference to these examples should provide you with support for accu
rately reading the ECGs you encounter in your own clinical experience. 

To better understand the basic concepts the ECG provides, we have added a digital 
content to the 12th edition to provide the learner with visuospatial orientation of common 
cardiac abnormalities. The digital content is not a stand-alone educational tool but should 
be used to visually conceptualize. 

What Can I Expect From Myself When I Haue «completed" This Book? 
This book is not intended for you to ucomplete." Rather, it is intended as a reference 

for the ECG problems you encounter. There will be evidence that this is your book, with 
dog-eared pages and your own notes in the sections you have already used. Through your 
experience with this book, you should develop confidence in identifying a "normal" ECG 
and be able to accurately diagnose the many common ECG abnormalities. You should also 
have an understanding of the practical aspects of the pathophysiologic basis for each of 
these common ECG abnormalities. 
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THE ELECTROCARDIOGRAM 

What Is an Electrocardiogram? 
An ECG is the recording (gram) of the electrical activity (electro) generated by the cells of 

the heart (cardio) that reaches the body surface. This electrical activity initiates the heart's 
muscular contraction that pumps the blood to the body. Each ECG recording electrode pro
vides one of the poles of a lead, which gives the view of this electrical activity that it "sees" 
from its particular position on the body surface. Observation of the 12 views provided by 
the routine clinical ECG allows you to Nmove around" this electrical activity just as though 
you were seeing the heart from various viewpoints. Indeed, reversal of the poles of each 
lead provides a reciprocal or mirrorlike view. You should probably have your own ECG 
recorded and then ask an experienced ECG reader to explain it to you. This experience 
removes the mystery surrounding the ECG and prepares you for the "Basic Concepts" 
section of this book. 

What Does an Electrocardiogram Actually Measure? 
The ECG recording plots voltage on its vertical axis against time on its horizontal axis. 

Measurements along the horizontal axis indicate the overall heart rate, regularity, and the 
time intervals during electrical activation that move from one part of the heart to another. 
Measurements along the vertical axis indicate the voltage measured on the body surface. 
This voltage represents the NsummationH of the electrical activation of all of the cardiac 
cells. Some abnormalities can be detected by measurements on a single ECG recording, but 
others become apparent only by observing serial recordings over time. 

What Medical Problems Can Be Diagnosed With an Electrocardiogram? 
Many cardiac abnormalities can be detected by ECG interpretation, including enlarge

ment of heart muscle, electrical conduction blocks, insufficient blood flow, and death of 
heart muscle due to a coronary thrombosis. The ECG can even identify which of the heart's 
coronary arteries contains this occlusion when it is still only threatening to destroy a region 
of heart muscle. The ECG is also the primary method for identifying problems with heart 
rate and regularity. In addition to its value for understanding cardiac problems, the ECG 
can be used to aid in diagnosing medical conditions throughout the body. For example, the 
ECG can reveal abnormal levels of ions in the blood, such as potassium and calcium, and 
abnormal function of glands such as the thyroid. It can also detect potentially dangerous 
levels of certain drugs. 

Would It Be Helpful to Have My Own Electrocardiogram Recorded? 
In the process of learning electrocardiography, it may be useful to have your own ECG 

recorded. Here is a list of possible reasons why: 

• You will be able to understand the importance of ECG lead placement and orientation 
because you have experienced the electrodes being placed on your body. 

• You can carry your ECG with you as reference if an abnormality is ever suspected. 
• You can compare it to someone else's ECG to see normal variations. 
• You can compare it at different times of your life to see how it changes. 
• You can take deep breaths to see how the resulting slight movement of your heart 

affects your ECG. 
• You can move the electrodes to incorrect positions to see how this distorts the recording. 
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ANATOMIC ORIENTATION OF THE HEART 

A 

B Long flXiB 

FIGURE 1 • 1 • A. Frontal plane magnetic resonance image. B. Chambers of the heart. LA, left 
atrium; LV, left ventricle; RA, right atrium; RV, right ventricle. 

The position of the heart within the body determines the jjview* of the cardiac electrical 
activity that can be observed from any site on the body surface. A frontal plane magnetic 
resonance image of the heart within the thorax is seen in Figure l.lA. The atria are located 
in the top or base of the heart, and the ventricles taper toward the bottom or apex. The long 
axis of the heart, which extends from base to apex, is tilted to the left at its apical end in the 
schematic drawing of this frontal plane view (see Fig. l.lB). 
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B 

FIG UR.E 1. 2. A. Transverse plane magnetic resonance image, as viewed from below. 
B. Chambers of the heart. LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle. 

However, the right atrium/right ventricle and left atrium/left ventricle are not directly 
aligned with the right and left sides of the body as viewed in the transverse plane mag
netic resonance image of the heart within the thorax (Fig. 1.2A). The schematic drawing 
shows how the right-sided chambers of the heart are located anterior to the left-sided 
chambers, with the result that the interatrial and interventricular septa form a diagonal in 
this transverse plane view (see Fig. 1.2B). s,2 
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THE CARDIAC CYCLE 
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FIGURE 1. 3. Cardiac cycle in a single myocardial cell. Top. Lightning bolt: Electrical impulse; 
+, positive ions; -, negative ions. Bottom. Horizontal line: Level of zero (0) potential, with positive ( +) 
values above and negative(-) values beneath the line. (Modified from Thaler MS. The Only EKG Book 
You'll Ever Need. Philadelphia, PA: JB Lippincott; 1988:11.) See Animation 1.1. 

The mechanical pumping action of the heart is produced by cardiac muscle (,.myocardial•) 
cells that contain contractile proteins. The timing and synchronization of contraction of 
these myocardial cells are controlled by noncontractile cells of the pace'f1lllking and conduc
tion system. Impulses generated within these specialized cells create a rhythmic repetition 
of events called cardiac cycles. Each cycle includes electrical and mechanical activation 
(systole) and recovery (diastole). The terms commonly applied to these components of the 
cardiac cycle are listed in Table 1.1. Because the electrical events initiate the mechanical 
events, there is a brief delay between the onsets of electrical and mechanical systole and of 
electrical and mechanical diastole. 

The electrical recording from inside a single myocardial cell as it progresses through a car
diac cycle is illustrated in Figure 1.3. During electrical diastole, the cell has a baseline nega
tive electrical potential and is also in mechanical diastole, with separation of the contractile 

• 
. . 

. 

. 

----------------------------------------
Table 1.1 . 

Terms Describing Cardiac Cycle 
Animation 1.1 systole Diastole 

Electrical 

Activation Recovery 

Excitation Recovery 

Depolarization Repolarization 

Mechanical 

Shortening Lengthening 

Contraction Relaxation 

Emptying Filling 
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FIGURE 1.4. Cardiac cycle in a series of myocardial cells. The symbols are the same as in Figure 1.3. 
(Modified from Thaler MS. The Only .EKG Book You'll .Ever Need. Philadelphia, PA: JB Lippincott; 1988:9.) 
See Animation 1.2. 

proteins. At top, a single cardiac cell is shown at three points in time, during which it is 
relaxed, contracted/ and relaxed again. An electrical impulse arriving at the cell allows 
positively charged ions to cross the cell membrane, causing its depolarization. This move
ment of ions initiates 11 electrical systole, 11 which is characterized by an action potential. This 
electrical event then initiates mechanical systole, in which the contractile proteins within 
the myocardial cell slide over each other, thereby shortening the cell. Electrical systole 
continues until the positively charged ions are pumped out of the cell, causing its repolar
ization. Below the cell is a representation of an internal electrical recording that returns to 
its negative resting level. The repolarization process begins with an initial brief component 
that is followed by a •plateau" that varies among myocardial cells. Repolarization is com
pleted by a rapid component. This return of *electrical diastole" causes the contractile pro
teins within the cell to separate. The cell is then capable of being reactivated when another 
electrical impulse arrives at its membrane. 

The electrical and mechanical changes in a series of myocardial cells (aligned end to end) 
as they progress through a cardiac cycle are illustrated in Figure 1.4. In Figure 1.4A, the four 
representative cells are in their resting or repolarized state. Electrically, the cells have negative 
charges; mechanically, their contractile proteins are separated. An electrical stimulus arrives 
at the second myocardial cell in Figure 1.4B, causing electrical and then mechanical systole. 

• 
. 
. 

' 

The wave of depolarization in Figure 1.4C spreads throughout all the myocardial 
cells. In Figure 1.40, the recovery or repolarization process begins in the sec
ond cell, which was the first to depolarize. Finally, in Figure 1.4E, the wave of 
repolarization spreads throughout all of the myocardial cells, and they await the 

Animation 1.2 coming of another electrical stimulus.s-6 
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FIGURE 1.5. Single-cell recording combined with an ECG. The symbols are the same as in Figure 1.3. 
(Modified from Thaler MS. The Only EKG Book You'll E11er Need. Philadelphia, PA: JB lippincott; 1988:11.) 
See Animation 1.3. 

In Figure 1.5, the relationship between the intracellular electrical recording from a 
single myocardial cell presented in Figure 1.3 is combined with an ECG recording on a 
Mlead11 that has its positive and negative electrodes on the body surface. The ECG recording 
is the summation of electrical signals from all of the myocardial cells. There is a flat base
line in two very different situations: {a) when the cells are in their resting state electrically 
and {b) when the summation of cardiac electrical activity is directed perpendicular to a 
line between the positive and negative electrodes. The depolarization of the cells produces 
a high-frequency ECG waveform. Then, between the initial transient and final complete 
phases of repola.rization, the ECG returns to the baseline. Completion of repolarization 
of the myocardial cells is represented on the ECG by a lower frequency waveform in the 
opposite direction from that representing depolarization . 

• . 

. 

Animation 1.3 
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FIGuRE 1. 6. Single-channel ECG recording. The symbols are the same as in Figure 1.3. Black 
semiovals, electrodes. (Modified from Thaler MS. The Only EKG Book You'll Ever Need. Philadelphia, PA: 
JB Lippincott; 1988:29,31.) See Animation 1.3. 

In Figure 1.6, a lead with its positive and negative electrodes has been placed on the body 
surface and connected to a single-channel ECG recorder. The process of production of the 
ECG recording by waves of depolarization and repolarization spreading from the negative 
toward the positive electrode is illustrated. In Figure 1.6A, the first of the four cells shown 
is electrically activated, and the activation then spreads into the second cell. This spread of 
depolarization toward the positive electrode produces a positive (upward) deflection on the 

ill .. 
ECG.In Figure 1.6B, all of the cells are in their depolarized state, and the BCG 
recording returns to its baseline level. In Figure 1.6C, repolarization begins in 
the same cell in which depolarization was initiated, and the wave of repolar
ization spreads into the adjoining cell. This produces the oppositely directed 

Animation 1.3 negative (downward) waveform on the ECG recording. 
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CARDIAC IMPULSE FORMATION AND CONDUCTION 

A 

Superior vena cava---l-

SA node ---+71111~:=::::::: 

~T------++---Common bundle 
(His} 

---f.1'+----4-- Mitral valve 
(bicuspid} 

\\----\1--::i.rit-\Hf--+------i'--- Bundle branches 

--fH'"-::-+.F-++--+---Interventricular 
septum 

Common bundle -~;:::::4.----,~--;;/;.ri.~:S~-----.~+~--Right 
bundle branch 

AV node 

FIGURE 1 . 7 . Special cells of the cardiac pacemaking and conduction system. In A, the anterior 
aspect of all chambers has been removed to reveal the entire AV and ventricular conduction system. 
In B, the lateral aspect of the right atrium and ventricle has been removed. InC, the lateral aspect 
of the left atrium and ventricle has been removed to reveal the right and left bundle branches, 
respectively. AV, atrioventricular; SA, sinoatrial. (Modified from Netter FH. In: Yonkman FF, ed. 
The Ciba Collection of Medical Illustrations. Vol 5: Heart. Summit, NJ: Ciba--Geigy; 1978:13,49.) 
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The electrical activation of a single cardiac cell or even of a small group of cells does not 
produce enough voltage to be recorded on the body surface. Clinical electrocardiography is 
made possible by the activation of large groups of atrial and ventricular myocardial cells, 
whose numbers are of sufficient magnitude for their electrical activity to be recorded on 
the body surface. 

Myocardial cells normally lack the ability for either spontaneous formation or rapid 
conduction of an electrical impulse. They depend on special cells of the cardiac pacemaking 
and conduction system that are located strategically through the heart for these functions 
!Fig. 1.7). These cells are arranged in nodes, bundles, bundle branches, and branching net
works of fascicles. The cells that form these structures lack contractile capability, but they 
can generate spontaneous electrical impulses (act as pacemakers) and alter the speed of 
electrical conduction throughout the heart. The intrinsic pacemaking rate is most rapid 
in the specialized cells in the atria and slowest in those in the ventricles. This intrinsic 
pacemaking rate is altered by the balance between the sympathetic and parasympathetic 
components of the autonomic nervous system.7- 10 

Figure 1.7 illustrates three different anatomic relationships between the cardiac pump
ing chambers and the specialized pacemaking and conduction system: Anterior precor
dium with less tilt !see Fig. 1. 7 A), right anterior precordium looking onto the interatrial 
and interventricular septa through the right atrium and ventricle !see Fig. 1.7B), and left 
posterior thorax looking onto the septa through the left atrium and ventricle (see Fig. 1. 7C). 
The sinoatrial(SA) or sinus node is located high in the right atrium, near its junction with 
the superior vena cava. The SA node is the predominant cardiac pacemaker, and its highly 
developed capacity for autonomic regulation controls the heart's pumping rate to meet 
the changing needs of the body. The atrioventricular (AV) node is located low in the right 
atrium, adjacent to the interatrial septum. Its primary function is to slow electrical conduc
tion sufficiently to asynchronize the atrial contribution to ventricular pumping. Normally, 
the A V node is the only structure capable of conducting impulses from the atria to the 
ventricles because these chambers are otherwise completely separated by nonconducting 
fibrous and fatty tissue.11- 13 

In the atria, the electrical impulse generated by the SA node spreads through the myo
cardium without needing to be carried by any specialized conduction bundles. Electrical 
impulses reach the AV node where the impulse is delayed before continuing to the intra
ventricular conduction pathways. 

The intraventricular conduction pathways include a common bundle (bundle of His) that 
leads from the A V node to the summit of the interventricular septum as well as the right 
and left bundle branches of the bundle of His, which proceed along the septal surfaces 
of their respective ventricles. The left bundle branch fans out into fascicles that proceed 
along the left septal endocardial surface and toward the two papillary muscles of the mitral 
valve. The right bundle branch remains compact until it reaches the right distal septal 
surface, where it branches into the interventricular septum and toward the free wall of 
the right ventricle. These intraventricular conduction pathways are composed of fibers 
of Purkinje cells, which have specialized capabilities for both pacemaking and rapid con
duction of electrical impulses. Fascicles composed of Purkinje fibers form networks that 
extend just beneath the surface of the right and left ventricular endocardium. After reaching 
the ends of these Purkinje fascicles, the impulses then proceed more slowly from endocar
dium to epicardium throughout the right and left ventricles.14

-
16 This synchronization pro

cess allows activation of the myocardium at the base to be delayed until the apical region 
has been activated. This sequence of electrical activation is necessary to achieve the most 
efficient cardiac pumping because the pulmonary and aortic outflow valves are located at 
the ventricular bases. 
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RECORDING LONG-AXIS (BASE-APEX) CARDIAC 
ELECTRICAL ACTIVITY 

F I G U R E 1. 8 . Optimal sites for recording long-axis cardiac electrical activity. Black semi-ouais 
represent the electrodes. L, left; R, right. See Animation 1.4. 

The schematic frontal plane view of the heart in the thorax is shown in Figure l.lB, 
with the negative and positive electrodes located where the long axis of the heart intersects 
with the body surface. The optimal body surface sites for recording long-axis (base-apex) 
cardiac electrical activity are located where the extensions of the long axis of the heart 
intersect with the body surface (Fig. 1.8). The negative electrode on the right shoulder 
and the positive electrode on the left lower chest are aligned from the cardiac base to apex 
parallel to the interatrial and interventricular septa. This long-axis "BCG lead • is oriented 
similarly to a lead termed "aVR• on the standard 12-lead ECG (see Chapter 2). However, 
the lead in Figure 1.8 would actually be lead -aVR because, for lead aVR, the positive elec
trode is placed on the right arm. Both the positive and negative electrodes are attached to a 
single-channel ECG recorder that produces predominantly upright waveforms on the ECG, 
as explained later in this unit (see also Chapter 2) . 

• . . Animation 1.4 
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FIGURE 1.9. Wave forms. P, atrial activation; Q. R, and S, ventricular activation; T and U, 
ventricular recovery. AV, atrioventricular; SA, sinoatrial. See Animation 1.5. 

The long-axis recording in Figure 1.8 has been magnified to illustrate the sequence of 
activation in structures of the pacemaking and conduction system (Fig. 1.9). The initial 
wave of a cardiac cycle represents activation of the atria and is called the P wave. Because 
the SA node is located in the right atrium, the first part of the P wave represents the activa
tion of this chamber. The middle section of the P wave represents completion of right-atrial 
activation and initiation of left-atrial activation. The final section of the P wave represents 
completion of left-atrial activation. Activation of the AV node begins by the middle of the 
P wave and proceeds slowly during the final portion of the P wave. The wave representing 
electrical recovery of the atria is usually too small to be seen on the BCG, but it may appear 
as a distortion of the PR segment. The bundle of His and bundle branches are activated 
during the PR segment but do not produce waveforms on the body surface ECG. 

The next group of waves recorded is termed the QRS complex, representing the simulta
neous activation of the right and left ventricles. On this long-axis recording, the P wave is 
entirely positive and the QRS complex is predominantly positive . 

• . 

Animation 1.5 
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FIGURE 1. 1 0. QRS complex waveforms and their alphabetical terms. (From Selvester RH, 
Wagner GS, Hindman NB. The development and application of the Selvester QRS scoring system for 
estimating myocardial infarct size. Arch Intern Med. 1985;145:1879, with permission. Copyright 1985, 
American Medical Association.) See Animation 1.5. 

The Q:RS complex may normally appear as one (monophasic}, two (diphasic), or three (tri
phasic) individual waveforms (Fig. 1.10). By convention, a negative wave at the onset of the 
QRS complex is called a Q wave. The predominant portion of the QRS complex recorded 
from this long-axis viewpoint is normally positive and is called the R wave, regardless of 
whether or not it is preceded by a Q wave. A negative deflection following an R wave 
is called an S wave. When a second positive deflection occurs, it is termed R' (R prime). 
A monophasic negative QRS complex should be termed a QS wave (see Fig. 1.10, left). 
Biphasic complexes are either RS or Qlt (see Fig. 1.10, center), and triphasic complexes are 
RSR' or QRS (see Fig. 1.10, right). Occasionally, more complex patterns of QRS waveforms 
occur (see Chapter 3} . 

• . 

Animation 1.5 
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FIGURE 1 • 11 • A. Action potential of left-ventricular myocardial cells. B. Long-axis body 
surlace ECG waveforms. See Animation 1.6. 

The wave in the cardiac cycle that represents recovery of the ventricles is called the 
Twave. The frontal plane view of the right and left ventricles {as in Fig. 1.7A) is presented 
along with schematic recordings from left-ventricular myocardial cells on the endocar
dial and epicardial surfaces (Fig. 1.11). The numbers below the recordings refer to the 
time (in seconds) required for these sequential electrical events. As stated in the previ
ous Learning Unit, the Purkinje fibers provide electrical activation of the endocardium, 
initiating a "wave front• of depolarization that spreads through the myocardial wall to the 
cells on the epicardial surface. Because recovery of the ventricular cells (repolarization) 
causes an ion flow opposite to that of depolarization, one might expect the T wave to be 
inverted in relation to the QRS complex, as shown in Figures 1.5 and 1.6. However, epi
cardial cells repolarize earlier than endocardial cells, thereby causing the wave of repolar
ization to spread in the direction opposite that of the wave of depolarization (epicardium 
to endocardium; see Fig. 1.11A). This results in the long-axis body surface ECG waveform 
(as in Fig. 1.9) with the T wave deflected in a similar direction as the QRS complex (see 
Fig. l.llB). The T wave is sometimes followed by another small upright wave (the source 
of which is uncertain), called the U wave, as seen in Figure 1.9 . 

. • Animation 1.6 
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FIGuRE 1. 12. Magnified cardiac long-axis viewpoint of ECG segments and time intervals. See 
Animation 1.7. 

The magnified recording from Figure 1.9 is again presented with the principal ECG 
segments (P-R and S-T) and time intervals (P-R, QRS, Q-T, and T-P) as displayed in 
Figure 1.12. The time from the onset of the P wave to the onset of the QRS complex is 
called the PR interval, regardless of whether the first wave in this QRS complex is a Q wave 
or an R wave. This interval measures the time between the onset of activation of the atrial 
and ventricular myocardium. The designation PR segment refers to the time from the end 
of the P wave to the onset of the QRS complex. The QRS interval measures the time from 
the beginning to the end of venbicular activation. Because activation of the thick left
ventricular free wall and interventricular septum requires more time than does activation 
of the right-ventricular free wall, the terminal portion of the QRS complex represents the 
balance of forces between the basal portions of these thicker regions. 

The ST segment is the interval between the end of ventricular activation and the begin
Iring of ventricular recovery. The term ST segment is used regardless of whether the final 
wave of the QRS complex is an R or an S wave. The junction of the QRS complex and the 
ST segment is called the J point. 17 The interval from the onset of ventricular activation to 
the end of ventricular recovery is called the QT interval. This term is used regardless of 

• 

whether the QRS complex begins with a Q or an R wave. 
At low heart rates in a healthy person, the PR, ST, and TP segments are at 

approximately the same level (isoelectric). The TP segment between the end of 
the T or U wave and beginning of the P wave is typically used as the baseline 

Animation 1.7 for measuring the amplitudes of the various waveforms.18-20 

16 SECTION 1: Basic Concepts 



RECORDING SHORT-AXIS (LEFT VERSUS RIGHT} 
CARDIAC ELECTRICAL ACTIVITY 

FIGuRE 1. 13. Optimal recording sites for left- versus right-sided cardiac electrical activity, as 
viewed from above. Black semi-ovals represent the electrodes LA, left atrium; LV, left ventricle; RA, 
right atrium; RV, right ventricle. See Animation 1.8. 

It is often important to determine whether an abnormality originates from the left or 
right side of the heart. The optimal sites for recording left- versus right-sided cardiac elec
trical activity are located where the extensions of the short axis of the heart intersect with 
the body surface as illustrated in the schematic transverse plane view (Fig. 1.13). The 
negative electrode on the left posterior thorax (back) and the positive electrode on the right 
anterior thorax (right of sternum) are aligned perpendicular to the interatrial and inter
ventricular septa, and they are attached to a single-channel ECG recorder. This short-axis 
"BCG leadw is oriented similarly to a lead termed "Vl11 on the standard 12-lead ECG (see 
Chapter 2). The positive electrode for lead V1 is placed on the anterior thorax in the fourth 
intercostal space at the right edge of the sternum. The typically diphasic P and T waves 
and the predominantly negative QRS complex recorded by electrodes at these positions are 
indicated on the ECG recording. 

Animation 1.8 
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FIGuRE 1. 14. Magnified cardiac shon-axis viewpoint of ECG segments and time intervals. See 
Animation 1.9 and Animation 1.10. 

The ECG waveforms from the cardiac short-axis viewpoint (see Fig. 1.13) are magnified 
in Figure 1.14, with the principal ECG segments and time intervals indicated. The initial 
part of the P wave, representing only right-atrial activation, appears positive at this site 
because of the progression of electrical activity from the interatrial septum toward the 
right-atrial free wall and the positive electrode. The final part of the P wave, representing 
only left-atrial activation, appears negative because of progression of electrical activity 
from the interatrial septum toward the left-atrial free wall and the negative electrode. This 
activation sequence produces a diphasic P wave. 

The initial part of the QRS complex represents the progression of activation in the 
interventricular septum. This movement is predominantly from the left toward the right 
side of the septum, producing a positive (R wave) deflection at this left- versus right-sided 
recording site. The midportion of the QRS complex represents progression of electrical 
activation through the left- and right-ventricular myocardium. Because the posteriorly posi
tioned left-ventricular free wall is much thicker than the anteriorly placed right-ventricular 
free wall, its activation predominates over that of the latter, resulting in a deeply negative 
deflection (S wave). The final portion of the QRS complex represents the completion of 
activation of the left-ventricular free wall and interventricular septum. This posteriorly 
directed excitation is represented by the completion of the S wave. The T wave is typically 
biphasic in this short-axis view, and there is no U wave . 

• •
.. . . 

c . . 

. . . 
. . · . . . . . 

Animation 1.9 Animation 1.1 0 
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GLOSSARY 

Action potential: the electrical potential 
recorded from within a cell as it is activated 
by an electrical current or impulse. 

Anterior: located toward the front of the body. 
Apex: the region of the heart where the narrow

est parts of the ventricles are located. 
Atrioventricular (AVJ node: a small mass of 

tissue situated in the inferior aspect of the 
right atrium, adjacent to the septum between 
the right and left atria. Its function is to 
slow impulses traveling from the atria to the 
ventricles, thereby synchronizing atrial and 
ventricular pumping. 

Atrium: a chamber of the heart that receives 
blood from the veins and passes it along to its 
corresponding ventricle. 

Base: the broad top of the heart where the atria 
are located. 

Basellne: see Isoelectric line. 
Bundle branches: groups of Purkinje fibers that 

emerge from the common bundle (of His); the 
right bundle branch rapidly conducts electri
cal impulses to the right ventricle, while the 
left bundle branch conducts impulses to the 
left ventricle. 

Cardiac cycle: a single episode of electrical 
and mechanical activation and recovery of a 
myocardial cell or of the entire heart. 

Cardiac pacemaking and conduction system: 
groups of modified myocardial cells strategi
cally located throughout the heart and capa
ble of forming an electrical impulse and/or 
of conducting impulses particularly slowly or 
rapidly. 

Common bundle (of HisJ: a compact group of 
Purkinje fibers that originates at the AV node 
and rapidly conducts electrical impulses to 
the right and left bundle branches. 

Deflection: a waveform on the ECG; its direc
tion may be either upward (positive) or 
downward !negative). 

Depolarization: the transition in which there 
becomes minimal difference between the 
electrical charge and potential on the inside 
versus the outside of the cell. In the resting 
state, the cell is polarized, with the inside of 
the cell markedly negative in comparison 
to the outside. Depolarization is then initi
ated by a current that alters the permeabil
ity of the cell membrane, allowing positively 
charged ions to cross into the cell. 

Diastole: the period in which the electrical and 
mechanical aspects of the heart are in their 
baseline or resting state: electrical diastole is 
characterized by repolarization and mechani
cal diastole by relaxation. During mechani
cal diastole, the cardiac chambers are filling 
with blood. 

Diphaslc: consisting of two components. 
Distal: situated away from the point of attach

ment or origin; the opposite of proximal. 
E.ectrocardiogram (ECG): the recording made 

by the electrocardiograph, depicting the 
electrical activity of the heart. 

Electrode: an electrical contact that is placed on 
the skin and is connected to an ECG recorder. 

Endocardium: the inner aspect of a myocar
dial wall, adjacent to the blood-filled cavity 
of the adjacent chamber. 

Epicardium: the outer aspect of a myocardial 
wall, adjacent to the pericardia! lining that 
closely envelops the heart. 

Fascicle: a small bundle of Purkinje fibers that 
emerges from a bundle or a bundle branch to 
rapidly conduct impulses to the endocardial 
surfaces of the ventricles. 

Isoelectric line: a horizontal line on an ECG 
recording that forms a baseline; representing 
neither a positive nor a negative electrical 
potential. 

J point: junction of the QRS complex and the 
STsegment. 

Lateral: situated toward either the right or left 
side of the heart or of the body as a whole. 

Monop.h.as.ic: consisting of a single component, 
being either po.sitive or negative. 

P wave: the first wave depicted on the ECG during 
a cardiac cycle; it repte!!Jeilts atrial activation. 

PR interval: the time from onset of the P wave 
to onset of the QRS complex. This interval 
represents the time between the onsets of 
activation of the atrial and the ventricular 
myocardium. 

PR segment: the time from the end of the 
P wave to the onset of the QRS complex. 

Purklnje cells or fibers: modified myocardial 
cells that are found in the distal aspects of the 
pacemaking and conduction system, consisting 
of the common bundle, the bundle branches, 
the fascicles, and individual. strands. 

Q wave: a negative wave at the onset of the 
QRS complex. 
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QRS complex: the second wave or group of 
waves depicted on the ECG during a cardiac 
cycle; it represents ventricular activation. 

QRS interval: the time from the beginning to 
the end of the QRS complex, representing the 
duration required for activation of the ven
tricular myocardial cells. 

QS: a monophasic negative QRS complex. 
QT interval: the time from the onset of the 

QRS complex to the end of the T wave. This 
interval represents the time from the begin
ning of ventricular activation to the comple
tion of ventricular recovery. 

R wave: the first positive wave appearing in a 
QRS complex; it may appear at the onset of 
the QRS complex or following a Q wave. 

R' wave: the second positive wave appearing in 
a QRS complex. 

Repolarlzation: the transition in which the 
inside of the cell becomes markedly positive 
in relation to the outside. This condition is 
maintained by a pump in the cell membrane, 
and it is disturbed by the arrival of an electri
cal current. 

Septum: a dividing wall between the atria or 
between the ventricles. 

Sinoatrial (SA) node: a small mass of tis
sue situated in the superior aspect of the 
right atrium, adjacent to the entrance of the 
superior vena cava. It functions as the domi-
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nant pacemaker, which forms the electrical 
impulses that are then conducted throughout 
the heart. 

ST segment: the interval between the end of 
the QRS complex and the beginning of the 
Twave. 

Superior: situated above and closer to the head 
than another body part. 

Superior vena cava: one of the large veins that 
empties into the right atrium. 

Systole: the period in which the electrical and 
mechanical aspects of the heart are in their 
active state: electrical systole is characterized 
by depolarization and mechanical systole 
by contraction. During mechanical systole, 
blood is being pumped out of the heart. 

T wave: the final major wave depicted on the 
ECG during a cardiac cycle; it represents 
ventricular recovery. 

Triphasic: oonsisting of three components. 
U wave: a wave on the ECG that follows the 

T wave in some individuals; it is typically 
small and its source is uncertain. 

Ventricle: a chamber of the heart that receives 
blood from its corresponding atrium and 
pumps the blood it receives out into the 
arteries. 

Waveform: electrocardiographic representa
tion of either the activation or recovery phase 
of electrical activity of the heart. 
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THE STANDARD 12-LEAD ELECTROCARDIOGRAM 

Frontal Plane 

Lead I Lead n: Leadm 

FIGURE 2 .1. Einthoven's three original limb leads:(+) positive and(-) negative electrode pairs 
on distal limb sites. (Modified from Netter FH. The CIBA Collection of Medical Illustrations. Vol 5. Heart. 
Summit, NJ: Ciba-Geigy; 1978:51, with permission.) See Animation 2.1. 

The standard electrocardiogram (ECG) utilizes the two viewpoints presented in Chapter 1 
(see Figs. 1.8 and 1.13): base-apex (long axis) and left-right (short axis) plus 10 other view
points for recording cardiac electrical activity. Bach view is provided by recording the 
electrical potential difference between a positive and a negative pole, referred to as a lead. 
Six of these leads provide views in the frontal plane of the body and six provide views in the 
transverse (horizontal) plane of the body. A single recording electrode on the body surface 
serves as the positive pole of each lead; the negative pole of each lead is provided either by 
a single recording electrode or by a central terminal that averages the input from multiple 
recording electrodes. The device used for recording the ECG, called the electrocardiograph, 
contains the circuitry that creates the "central terminal," which serves as the negative elec
trode for the nine standard leads that are termed 11V leads. 11 

More than 100 years ago, Binthoven1 placed recording electrodes on the right and left 
arms and the left leg and called the recording an Elektrokardiogramme (BKG), which is 
replaced by the anglicized ECG throughout this book. Einthoven's work produced three 
leads (11 II, and III), each produced by a pair of the limb electrodes, with one electrode of 
the pair serving as the positive and the other as the negative pole of the lead (Fig. 2.1). The 
positive poles of these leads were positioned on the body surface to the left and inferiorly 
so that the cardiac electrical waveforms would appear primarily upright on the ECG. This 
waveform direction results because the summations of both the atrial and ventricular elec
trical forces are generally directed toward the apex of the heart. For lead I, the left arm 
electrode provides the positive pole and the right arm electrode provides the negative pole. 
Lead II, with its positive electrode on the left leg and its negative electrode on the right 
arm, provides a long-axis view of the cardiac electrical activity only slightly different from 
that presented in Chapter 1 (see Figs. 1.8, 1.91 and 1.12). Lead III has its positive electrode 
on the left leg and its negative electrode on the left arm. An electrode placed on the right 
leg is used to ground the system . 

• . 

. 

Animation 2.1 
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FIGuRE 2. 2. Leads I, II, and III with positive and negative electrode poles. A. Einthoven mangle. 
B. Einthoven mangle in relation to the schematic heart. See Animation 2.2. 

The three ECG leads (I1 n, and III) form an equiangular (60-degree) triangle known as 
the Einthoven tri.ongle (Fig. 2.2A). Consideration of these three leads so that they intersect in 
the center of the cardiac electrical activity but retain their original spatial orientation pro
vides a triaxial reference system for viewing the cardiac electrical activity (see Fig. 2.2B). 
These are the only leads in the standard 12-lead ECG that are recorded using only two 
body surface electrodes. They are typically called .~~bipolar leads," but indeed, the other 
nine leads are also bipolar. Their negative poles are provided by the central terminal. 

The 60-degree angles between leads I, II, and III create wide gaps among the three 
views of the cardiac electrical activity. Wilson and coworkers2 developed a method for fill
ing these gaps without additional body surface electrodes: They created a central terminal, 
by connecting the three limb electrodes on the right and left arms and the left leg. An ECG 
lead using this central terminal as its negative pole and a recording electrode on the body 
surface as its positive pole is termed a V lead, as stated above. 

Animation 2.2 
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Lead aVR Lead aVL Lead aVF 

FIGURE 2. 3. Positive ( +) and negative (-) poles for each of the augmented V leads (aV). 
(Modified from Netter FH. The CIBA Collection of Medical Illustrations. Vol 5. Heart. Summit, NJ: 
Ciba-Geigy; 1978:51, with permission.) See Animation 2.3. 

However, when the central terminal is connected to a recording electrode on a limb to 
produce an additional frontal plane lead, the resulting electrical signals are small. This oc
curs because the electrical signal from the recording electrode is partially cancelled when 
both the positive electrode and one of the three elements of the negative electrode are 
located on the same extremity. The amplitude of these signals may be increased or ,.aug
mented" by disconnecting the central terminal from the electrode on the limb serving as 
the positive pole. Such an augmented V lead is termed an a V lead. The alternating lines in 
the figure indicate resistors on the connections between two of the recording electrodes 
that produce the negative poles for each of the a V leads. For example, lead a VR. fills the gap 
between leads I and II by recording the potential difference between the right arm and the 
average of the potentials on the left arm and left leg (Fig. 2.3). Lead aVR, like lead II, pro
vides a long-axis viewpoint of the cardiac electrical activity but with the opposite orienta
tion from that provided by lead II, as presented in Chapter 1, Figure 1.8. The gap between 
leads II and Ill is filled by lead a VF, and the gap between leads Ill and I is filled by lead 
a VL. The three a V frontal plane leads were introduced by Goldberger. 3 

• . 

Animation 2.3 
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FIGuRE 2. 4. Frontal plane limb leads that are named according to the locations of their positive 
electrodes. See Animation 2.4. 

Figure 2.2B is reproduced with the addition of the three a V leads to the triaxial reference 
system, producing a hexaxial system (Fig. 2.4) for viewing the cardiac electrical activity in 
the frontal plane. Five of the six leads of this system are separated by angles of only 30 de
grees. The exception is lead aVR, because its positive electrode on the right arm is oriented 
to -150 degrees. This provides a 360-d.egree perspective of the frontal plane similar to the 
positions of the 2, 3, 5, 6, 7, and 10 on the face of a clock. By convention, the degrees are 
arranged as shown. With lead I (located at 0 degrees} used as the reference lead, positive 
designations increase in 30-degree increments in a clockwise direction to + 180 degrees, 
and negative designations increase by the same increments in a counterclockwise direction 
to -180 degrees. Lead ll appears at +60 degrees, lead aVF at +90 degrees, and lead lli at 
+ 120 degrees. Leads a VL and a VR have designations of -30 and -150 degrees, respec
tively. The negative poles of each of these leads complete the "clock face." 

Modem electrocardiographs, using digital technology, record leads I and ll only and then 
calculate the voltages in the remaining limb leads in real time on the basis of Binthoven 
law: I+ Ill= ll.1 The algebraic outcome of the formulas for calculating the voltages in aV 
leads from leads I, II, and Ill are: 

Thus, 

aVR= -lh(I +II) 
aVL =I- lh(II) 
aVF = II - lh(I) 

aVR + aVL + aVF = 0 • . 

Animation 2.4 
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Transverse Plane 

FIGURE 2. 5. Hean chambers, as viewed from below. LA, left atrium; LV, left ventricle; RA, 
right atrium; RV, right ventricle. Black semiovals are electrodes. (Modified from Netter FH. The CIBA 
Collection of Medical Illustrations. Vol 5. Heart. Summit, NJ: Ciba-Geigy; 1978:51, with permission.) 

The standard 12-lead ECG includes the six frontal plane leads of the hexaxial system 
and six additional leads relating to the transverse plane of the body. These additional leads, 
introduced by Wilson/ are produced by using the central terminal of the hexaxial system 
as the negative pole and an electrode placed at various positions on the anterior and left 
lateral chest wall as the positive pole. w Because the positions of these latter leads are im
mediately in front of the heart, they are termed precordial. Because the positive poles of 
these leads are provided from an electrode that is not included in the central terminal, no 
"'augmentation• of the recorded wave forms is required. The six additional leads used to 
produce the 12-lead ECG are labeled Vl through V6. Figure 2.5 shows lead V1, with its 
positive pole on the right anterior precordium and its negative pole in the center of the 
cardiac electrical activity. Therefore, this lead provides a short-axis view of cardiac electri
cal activity that is useful for distinguishing left versus right location of various abnormal 
conditions as described (see Fig. 1.13). The wavelike lines in the figure indicate resistors in 
the connections between the recording electrodes on the three limb leads that produce the 
negative poles for each of the V leads. 
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FIGURE 2. 6. Bony landmarks for electrode positions. Black circles and semicircle are elec
trodes. Dashed vertical lines are the middavicular (through lead V4) and anterior axillary (through 
lead VS) lines. (Modified from Thaler MS. The Only EKG Book You'll Ever Need. Philadelphia, PA: 
JB Lippincott; 1988:41.) 

The body surface positions of each of these electrodes is determined by bony landmarks 
on the thorax (Fig. 2.6}. The clavicles should be used as a reference for locating the first 
rib. The space between the first and second ribs is called the first intercostal space. The 
Vl electrode is placed in the fourth intercostal space just to the right of the sternum. The 
V2 electrode is placed in the fourth intercostal space just to the left of the sternum {directly 
anterior to the center of cardiac electrical activity}, and electrode V 4 is placed in the fifth 
intercostal space on the midclavicular line. Placement of electrode V3 is then halfway along 
a straight line between electrodes V2 and V 4. Electrodes V5 and V6 are positioned directly 
lateral to electrode V4, with electrode V5 in the anterior axillary line and electrode V6 in the 
midaxillary line. In women, electrodes V 4 and V5 should be positioned on the chest wall 
beneath the breast. 
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FIGURE 2. 7. Transverse plane chest leads as viewed from below. So1id red lines represent 
the six precordial leads that are named according to the locations of their positive electrodes. See 
Animation 2.5. 

Figure 2. 7 shows the orientation of the six chest leads from each of their positive elec· 
trode sites through the approximate center of cardiac electrical activity. The angles be· 
tween the six transverse plane leads are approximately the same 30 degrees as in the fron· 
tal plane (see Fig. 2.4). Their positions when viewed from above are at 11, 12, 1, 2, 3, and 
4 on the face of a clock. Extension of these lines through the chest indicates the opposite 
positions on the chest that would complete the clock face, which can be considered the 
locations of the negative poles of the six precordial leads. The same format as in Figure 2.4 
indicates the angles on the clock face . 

• 
-

. 

Animation 2.5 
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CORRECT AND INCORRECT ELECTRODE PLACEMENTS 

A ~--------------------------------------------------~ 

FIGURE 2. 8. A. Normal EGG. B. Precordial lead reversal. 

A single cardiac cycle from each of the standard 12 ECG leads of a healthy individual, 
recorded with all nine recording electrodes positioned correctly, is shown in Figure 2.8A. 
An accurate electrocardiographic interpretation is possible only if the recording electrodes 
are placed in their proper positions on the body surface. The three frontal plane electrodes 
{right arm, left arm, and left leg} used for recording the six limb leads should be placed 
at distal positions on the designated extremity. It is important to note that when more 
proximal positions are used, particularly on the left arm, 9 marked distortion of the QRS 
complex may occur. The distal limb positions provide "clean11 recordings when the indi
vidual maintains the extremities in 11resting• positions. 

There can be many errors in the placement of the 9 ECG electrodes. This includes re
versal of any pair of the six chest electrodes. Reversal of the positions of the Vl and V2 
electrodes produces the recording shown in Figure 2.8B. 
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F I G U R E 2 . 8 . (continued) C-F. limb lead reversals. 

Figures 2.8C through 2.8F present examples of ECG recordings produced by incorrect 
placement of a limb electrode on the same individual, as described. The most common 
error in frontal plane recording results from reversal of two of the electrodes. One example 
of this is reversal of the right and left arm electrodes jsee Fig. 2.8C). In this instance, lead 
I is inverted, leads II and III are reversed, leads aVR and aVL are reversed, and lead aVF 
is correct. Another example that produces a characteristic ECG pattern is reversal of the 
right leg grounding electrode with one of the arm electrodes. Extremely low amplitudes of 
all waveforms appear in lead II when the right arm electrode is on the right leg jsee Fig. 
2.80) and in lead III when the left arm electrode is on the right leg (see Fig. 2.8EJ. These 
amplitudes are so low because the potential difference between the two legs is almost zero. 
Left arm and leg electrode reversal is the most difficult to detect; lead Ill is inverted and 
leads I and II and aVL and aVF are reversed (see Fig. 2.8FJ. 

However, a more common error in transverse plane recording involves failure to place 
the individual electrodes according to their designated landmarks (see Fig. 2.6). Precise 
identification of the bony landmarks for proper electrode placement may be difficult in 
women, obese individuals, and persons with chest wall deformities. Even slight alterations 
of the position of these electrodes may significantly distort the appearance of the cardiac 
waveforms. Comparison of serial ECG recordings relies on precise electrode placement. 
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FIG U R. E 2. 9. The electrode misplacement simulation software developed by Raymond Bond. 
(A) shows the six precordial electrodes and their corresponding leads and (B) shows the four limb 
electrodes and the corresponding limb leads. Using this software, electrodes can be moved/misplaced 
while viewing the effects this has on the 12-lead ECG. See Video 2.1 and the accompanying simulation 
program can be <lirectly accessed at http://goo.gl/zlzoce . 

• . 
I 

' 

Video 2.1 

Figure 2.9 shows ECG simulation software that allows the user to inter
change and misplace electrodes. The accompanying video illustrates the ef
fects of misplacement of precordial (Fig. 2.9A) and limb (Fig. 2.9B) electrodes. 
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ALTERNATIVE DISPLAYS OF THE 12 STANDARD 
ELECTROCARDIOGRAM LEADS 

A 

FIGURE 2 • 1 0. A. Classical display. 

Alternative displays of the 12-lead ECG may also improve ECG diagnostic capability 
of the ECG to waveform morphology. Each lead provides its unique view of the car
diac electrical activity, but only the six chest leads are typically displayed in their spa
tially ordered sequence. The six limb leads are displayed in their two classical sequences 
(two columns of three leads-1, II, and III and aVR, aVL, and aVF; Fig. 2.10A). This 
limitation in the standard display becomes most clinically important for the diagnosis 
of acute myocardial ischemia and infarction; ST -segment elevation in two or more spa
tially adjacent leads is the cornerstone for an ST -segment elevation myocardial infarction 
(STEMI) (see Chapters 11 and 12). 
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Cabrera Sequence 

B 

c 
FIGURE 2.10. (continued) B. Single horizontal display. C. Parallel vertical displays. 

Only in Sweden and scattered other places are the six frontal plane leads integrated into 
the single orderly sequence from aVL to ill, as described by Cabrera.10 Note that lead aVR 
in the classical sequence is inverted to -a VR in the orderly sequence to provide another 
long-axis orientation as lead II. The "lOw position on the clock face of lead aVR is replaced 
by the M4w position of lead -aVR. This lead sequence provides six individual spatially con
tiguous leads {aVL to III) and five pairs of spatially contiguous leads {aVL and I; I and -aVR; 
-aVR and IT; II and aVF; aVF and ill) in the frontal as well as in the transverse plane. This 
alternative limb lead display was endorsed in the 2000 ESC/ACC consensus guidelines.11 

The orderly sequence of frontal plane leads followed by the transverse plane leads pro
vides a panoramic display13 of cardiac electrical activity proceeding from left {aVL) to right 
(ill) and then from right (Vl) to left (V6; see Fig. 2.10B). The Swedish version of the pan
oramic display recorded at double paper speed (50 mm per second) is shown in Figure 2.10C. 

This display of the 12-lead ECG provides orderly views covering a 150-degree arc in 
both frontal and transverse planes, which encompasses views of a majority of the left
ventricular myocardium. However, there are some left-ventricular walls in which ischemia 
and infarction can occur that lie outside these arcs, as presented in Chapter 9. 

CHAPTER 2: Recording the Electrocardiogram 35 



24-Lead Electrocardiogram 

FIGURE 2. 11. Clock faces. Top. Frontal plane, as seen from the front. Bottom. Transverse 
plane, as seen from below. See Animation 2.6. 

Just as lead -aVR in the Cabrera sequence provides an alternative to lead aVR in the 
classical sequence, the remaining inverted leads provide 11 additional views of the car
diac electrical activity. Thus, the "12-lead ECG" can potentially serve as a 1124-lead ECG." 

Figures 2.4 and 2. 7 are reproduced with all 24 positive and negative leads of 
an BCG positioned around the frontal and transverse plane clock faces (Fig. 
2.11). When a schematic view of the heart in its anatomic position is displayed 
in the center of the clock, all 24 views provide complete panoramic displays 

Animation 2.6 in each of the planes. 
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ALTERNATIVE ELECTRODE PLACEMENT 

Clinical Indications 

FIGURE 2. 12. Positive and negative poles of a single ECG lead are shown in A and C. Precordial 
V electrode locations are shown in B, D, and E. Torso locations of positive electrodes are shown in 
D and E. The vertical dashed line indicates the midclavicular line in B, D, and E. 

Several reasons exist for selecting alternative sites for placement of ECG electrodes: 
unavailable standard site(s), specific cardiac abnormalities, and continuous monitoring. 
These sites should be prominently noted on the recording. 

Standard Site(s) Unavailable 

Standard electrode placement sites may be unavailable because of patient pathology 
(e.g., amputation or burns) or other impediments (e.g., bandages). In these instances, the 
electrodes should be positioned as closely as possible to the standard sites and the lead or 
leads affected by the nonstandard electrode placement clearly designated. 

Specific Cardiac Abnormalities 

The standard electrode placement sites are not in the optimal position to detect a particular 
cardiac waveform or abnormality (e.g., P waves obscured within T waves or situs inversus 
dextrocardia). Detection of P waves requires sufficient time between cardiac cycles to provide 
a baseline between the end of the T wave and the beginning of the QRS complex. In the pres
ence of a rapid cardiac rate (tachycardia), alternative electrode placement may produce a lead 
that reveals recognizable atrial activity (Fig. 2.12A). This may be accomplished by any of the 
following methods: (a) moving the positive Vl electrode one intercostal space above its stan
dard site, (b) using this site for the positive Vl electrode and the xiphoid process of the sternum 
for the negative Vl electrode, or (c) using a transesophageal site for the positive Vl electrode. 

When the congenital position of the heart is rightward (situs inversus dextrocardia), 
the right and left arm electrodes should be reversed (and the precordial leads should be 
recorded from rightward-oriented positive electrodes progressing from VlR (V2) to V6R 
(see Fig. 2.12B). Right-ventricular hypertrophy and infarction may best be detected via an 
electrode in the V3R or V 4R position. In infants, in whom the right ventricle is normally 
more prominent, standard lead V3 is often replaced by lead V 4R. 
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Experimental studies have used body surface maps with multiple rows of electrodes on 
the anterior and posterior torso to identify specific cardiac abnormalities. This improves 
the ability to diagnose clinical problems such as left-ventricular hypertrophy or various 
locations of myocardial infarction. 13 

Continuous Monitoring 

The standard electrode placement sites are not ideal for continuous monitoring of car
diac electrical activity (e.g., standard sites produce a recording obscured by skeletal muscle 
potentials and artifacts, especially during ambulatory monitoring). Monitoring may be per
formed at the bedside, during routine activity, or during exercise stress testing. 

Monitoring 
There is currently a transition from replacing electrodes for each ECG recording to 

keeping the electrodes in place for serial recordings. Such umonitoring" has been routine 
for surveillance in cardiac arrhythmias and during stress testing. However, monitoring is 
now being adopted for ischemic surveillance. Indeed, the term diagnostic monitoring is now 
used, requiring multiple views of the cardiac electrical activity. Either three orthogonal 
leads or all 12 standard leads are used for ischemia monitoring. The ECG waveforms are 
somewhat altered by all monitoring methods. Movement of limb electrodes to torso posi
tions produces altered views for all limb leads and an altered central terminal produced 
negative pole for all chest leads. In many monitoring methods, the number of chest leads 
is reduced for efficiency of recording. The missing leads are derived from those recorded, 
creating further waveform alterations. Therefore, changes observed during monitoring 
should be viewed in relation to a baseline recording using these leads rather than the stan
dard leads. 

Clinical Situation 

BEDSIDE. When monitoring for disturbances of cardiac rhythm, electrodes should be 
placed outside the left parasternal area to allow easy access for clinical examination of the 
heart and possible use of an external defibrillator. A modified lead, modified chest lead 
Vl (MCL1), with the positive electrode in the same position as lead Vl and the negative 
electrode near the left shoulder, typically provides good visualization of atrial activity (see 
Fig. 2.12C) and differentiation of left versus right cardiac activity (see Figs. 1.13 and 1.14). 

When monitoring for evidence of ischemia, a complete set of 12 leads may be preferred 
for recording the ECG. Krucoff and associates14 described the usefulness of continuous ST
segment monitoring with 12 leads during various unstable coronary syndromes. Some of 
the major applications of this technique include detection of reoccluded coronary arteries 
after percutaneous coronary interventions, detection of reper(usion and reocclusion during 
acute myocardial infarction,15

•
16 and surveillance during acute coronary syndrome. 

ROUTINE AMBULATORY ACTIVITY. The method of continuous monitoring and record
ing of cardiac electrical activity is referred to as Holter monitoring17 after its developer. 
Originally, only one lead was used. In monitoring for abnormalities of cardiac rhythm, 
the American Heart Association recommends use of a NV1-typeu lead, with the positive 
electrode in the fourth right intercostal space 2.5 em from the sternum and the negative 
electrode below the left clavicle. Currently, three relatively orthogonal leads are used to 
provide views in all three dimensions (left-right, superior-inferior, and anterior-posterior). 
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This provides the redundancy for electrocardiographic information should one or more 
leads fail. The EASI method (described in uElectrode Placement Methods~) includes the 
software for deriving a 12-lead ECG. 

EXERCISE STRESS TESTING. ECG monitoring during exercise stress testing is typically 
performed to diagnose or evaluate cardiac ischemia owing to increased metabolic demand. 
Typically, all 12 leads are monitored with the limb leads in the torso sites, as originally 
described by Mason and Likar.18 
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Mason-Likar 
1 0 electrodes 

Less myoelectric noise 
Less auscultation area 

SMART 
6 electrodes 

Less myoelectric noise 
Greater auscultation area 

EASI 
5 electrodes 

Least myoelectric noise 
Greater auscultation area 

FIGURE 2. 13. A-C. Electrode placement methods for ECG monitoring. Circles represent the 
electrode positions. G indicates position of the ground electrode. 

Bony landmarks on the torso provide alternative sites for the right and left arm and leg 
electrodes that are required for continuous monitoring. Ideally, these sites (a) avoid skel
etal muscle artifact, (b) provide stability for the recording electrodes, and (c) record wave
forms similar to those from the limb sites. The Mason-Lik.ar18 system (see Fig. 2.120) and 
modified Mason-Likar19 system (see Fig 2.12E) have been used for continuous ST-segment 
monitoring. The resultant recordings from both, however, have some features that differ 
from the standard 12-lead recording.19•20 

Methods other than the original or modified Mason-Likar method for continuous 
12-lead ECG monitoring using alternative electrode placement and reduced electrode sites 
have emerged: (a) reduced electrode sets and (b) EASI. Both are alternative methods of 
ECG reconstruction based on bipolar orthogonal leads measured through both space and 
time, called vectorcardiography. Transformation of the vectorcardiogram to a 12-lead ECG 
conversionz1 has shown that the 12-lead ECG can be reconstructed with good approxima
tion using a mathematical transformation matrix. 

Reduced electrode sets from the standard 12-lead ECG eliminates excessive electrodes 
and electrode wires that interfere with precordial examination. This method is based 
on systematically removing precordial leads that provide redundant information. These 
fewer, selectively chosen leads contain sufficient diagnostic information for 12-lead re
construction. Removed precordial leads are reconstructed from existing limb and precor
dial leads based on general and specific patient coefficients calculated from the patient's 
existing 12-lead ECG. zz The Simon Meij Algorithm Reconstruction (SMART) methodzz uti
lizes Mason-Likar torso sites and the six electrodes required for leads I, II, V2, and V5 for 
reconstructing precordial leads V1, V3, V4, and V6 (Fig. 2.13). 

The EASI system, introduced by Dower et al,z1 uses five electrodes (see Fig. 2.13C). 
Through mathematical transformations, a reconstructed 12-lead ECG is produced.zl,za 
Positions I, E, and A are incorporated from the Frank vectorcardiographic system. E is 
placed on the inferior-most aspect of the sternal body. I and A are placed on the left and 
right midaxillary lines, respectively, in the same transverse plane as E. Sis placed on the 
superior-most aspect of the sternal manubrium. 
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Advantages in using the reconstructive lead placement method (EASI or SMART) over 
the Mason-Likar are listed in Figure 2.13B and C. Other advantages include continuous 
monitoring, clear anatomic landmarks for electrode placement (EASI), reproducibility, and 
time and cost savings (by using fewer electrodes). Thus, it is likely that both reconstruc
tive lead placement methods can be used for diagnostic ECG monitoring of myocardial 
ischemia and cardiac rhythm abnormalities. 
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OTHER PRACTICAL POINTS FOR RECORDING THE 
ELECTROCARDIOGRAM 

A 

................................................................................................................................................... ... ································································· .............................................................................. . ... ································································· .............................................................................. . ... ................................................................. ............................................. ................................. . 
B 

FIGURE 2. 14. A. Shifting baseline. Arrows show movement during the second cycle and 
between the sixth and seventh cycles. B. Noisy baseline. Arrow shows the area of maximal baseline 
defonnity. 

Care should be taken to ensw-e that technique is uniform from one ECG recording to 
another. The following points are important to consider when preparing to record an ECG. 

L 

1. Electrodes should be selected for maximum adhesiveness and minimum dis
comfort, electrical noise, and skin-electrode impedance. The standards for 
electrodes published by the American Association for Advancement of Medical 
Instrumentation24 should be followed. 

2. Effective contact between electrode and skin is essential. Sites with skin irri
tation or skeletal abnormalities should be avoided. The skin should be cleaned 
with only a dry wipe. Poor electrode contact or slight body movement may pro
duce instability of the baseline recording termed baseline wander, when the insta
bility occw-s gradually, or shifting baseline, when the instability occurs abruptly 
(Fig. 2.14A shown at half scale for illustrative purposes). 

3. Calibration of the ECG signal is typically 1 m V = 10 mm. When large QRS wave
form amplitudes require that calibration be reduced to 1 m V = 5 mm, this should 
be noted to facilitate interpretation. 

4. ECG paper speed is typically 25 mm per second, and variations used for particu
lar clinical purposes should be noted. A faster speed may be used to provide a 
clearer depiction of waveform morphology, and a slower speed may be used to 
provide visualization of a greater number of cardiac cycles to facilitate rhythm 
analysis. 

5. Electrical artifacts in the ECG may be external or internal. External artifacts 
introduced by line cWTent (50 or 60Hz) may be m;njmjzed by straightening the 
lead wires so that they are aligned with the patient's body. Internal artifacts may 
result from muscle tremors, shivering, hiccups, or other factors, producing a 
•noisy baseline• (see Fig. 2.14B). 

6. It is important that the patient remain supine during recording of the ECG. 
If another position is clinically required, notation of the altered position should 
be made. Lying on either side or elevation of the torso may change the position of 
the heart within the chest. A change in body position may affect the accuracy of 
an ECG recording25 similar to a change in electrode placement. 
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GLOSSARY 

Acute coronary syndrome: clinical symptoms 
suggestive of acute myocardial ischemia/ 
infarction of sufficient severity for an indi
vidual to seek emergency care. 

Angina: angina pectoris, precordial pressure, or 
pain caused by cardiac ischemia or lack of 
blood flow to the heart muscle. 

Angioplasty: a procedure using a balloon
tipped arterial catheter to break up athero
sclerotic plaques. 

Anterior u:lllary line: a vertical line on the thorax 
at the level of the anterior aspect of the axilla, 
which is the area where the arm joins the body. 

Artifact: an electrocardiographic waveform that 
arises from sources other than the myocardium. 

aV lead: an augmented V lead jsee below) that 
uses a modified central terminal with inputs 
from the electrode on the designated limb 
(R for right arm, L for left arm, and F for left 
footl as its positive pole, and the average of 
the potentials from the leads on the other 
two limbs as its negative pole. 

Basellne wander: a back-and-forth movement 
of the isoelectric line or baseline, interfer
ing with precise measurement of the various 
BCG waveforms; sometimes termed baseline 
shift when it is abrupt. 

Central terminal: a terminal created by Wilson 
and colleagues3 that connects all three limb 
electrodes through a 5,000-0 resistor so 
that it can serve as the negative pole for an 
exploring positive electrode to form a V lead. 

Einthoven triangle: an equilateral triangle 
composed of limb leads I, II, and III that pro
vides an orientation for electrical informa
tion from the frontal plane. 

Electrocardiograph: a device used to record 
the electrocardiogram IECG). 

Frontal plane: a vertical plane of the body {also 
called the coronal plane) that is perpendicular 
to both the horizontal and sagittal planes. 

Hypertrophy: an increase in muscle mass; 
it most commonly occurs in the ventricles 
when they are compensating for a pressure 
!systolic) overload. 

Infarct: an area of necrosis in an organ result
ing from an obstruction in its blood supply. 

Intercostal: situated between the ribs. 
Ischemia: an insufficiency of blood flow to an 

organ that is so severe that it disrupts the 
function of the organ; in the heart, ischemia 
is often accompanied by precordial pain and 
diminished contraction. 

lead: a recording of the electrical potential dif
ference between a positive and a negative 
body surface electrode. The negative elec
trode can originate from a combination of two 
or three electrodes jsee V lead and aV lead). 

Mason-Likar: a system for alternative lead 
placement used for recording from the limb 
leads while the patient is moving about or 
exercising; in this system, the electrodes are 
moved from the limbs to the torso. 

MCL
1

: a modified lead Vl used to enhance visu
alization of atrial activity. 

Mldaxillary line: a vertical line on the thorax at 
the level of the midpoint of the axilla, which 
is the area where the arm joins the body. 

Midclavicular line: a vertical line on the tho
rax at the level of the midpoint of the clavicle 
or oollarbone. 

Panoramic display: the typical BCG display of 
the precordial leads in their orderly sequence 
from right to left, with an innovative display 
of the frontal plane leads from left to right 
jaVL, I, -aVR, II, aVF, and ill). Limb lead aVR 
is inverted to obtain the same positive left
ward orientation as the other five limb leads. 

Precordial: situated on the thorax, directly 
overlying the heart. 

Proximal: situated near the point of attachment 
or origin of a limb; the opposite of distal. 

Reocclusion: a recurrence of a complete 
obstruction to blood flow. 

Reperfusion: the restoration of blood circula
tion to an organ or tissue upon reopening of a 
complete obstruction to blood flow. 

Rhythm: the pattern of recurrence of the car
diac cycle. 

Situs inversus dextro~ardia: an abnormal 
condition in which the heart is situated on 
the right side of the body and the great blood 
vessels of the right and left sides are reversed. 

Sternum: the narrow, flat bone in the middle of 
the anterior thorax; breastbone. 

Tachycardia: a rapid heart rate with a fre
quency above 100 beats per minute. 

Transverse plane: the horizontal plane of the 
body; it is perpendicular to both the frontal 
and sagittal planes. 

V lead: an BCG lead that uses a central termi
nal with inputs from leads I, II, and III as its 
negative pole and an exploring electrode as 
its positive pole. 

Xiphoid process: the lower end of the ster
num; it has a triangular shape. 
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ELECTROCARDIOGRAPHIC FEATURES i1 

1mm= 
0.04 s 

rA1 

5mm= 
0.2 s 

~ 

FIGURE 3 • 1 • Grid lines on standard ECG paper. 

10mm= 
1.0mV 

Every electrocardiogram (ECG) has nine features that should be examined systematically: 

1. Rate and regularity; 
2. P-wave morphology; 
3. PR interval; 
4. QRS complex morphology; 
5. ST-segment morphology; 
6. T-wave morphology; 
7. U-wave morphology; 
8. Q:rc interval; and 
9. Rhythm. 

Rate, regularity, and rhythm are commonly grouped together. However, to accW'ately 
assess rhythm, it is necessary to consider not only rate and regularity but also the various 
waveforms and intervals. 

Determination of the ECG features requires understanding of the grid markings pro
vided on the ECG paper (Fig. 3.1}. The paper shows thin lines every 1 mm and thick lines 
every 5 mm. The thin lines, therefore, form small (1 mm) squares and the thick lines 
form large ( 5 mm} squares. The horizontal. lines facilitate measurements of the various 
intervals and determination of cardiac rate. At the standard paper speed of 25 mm per 
second, the thin lines OCCW' at 0.04-second (40-millisecond) intervals and thick lines occur 
at 0.20-second (200·millisecond) intervals. The vertical lines facilitate measW'ements of 
waveform amplitudes. At the standard calibration of 10 mm per mV, the thin lines are at 
0.1-mV increments and the thick lines are at 0.5·mV increments. Therefore, each small 
square is 0.04 second X 0.1 mV, and each large square is 0.20 second X 0.5 mV. 
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Much of the information provided by the ECG is contained in the morphologies of 
three principal waveforms: (a) the P wave, (b) the QRS complex, and (c) the T wave. It is 
helpful to develop a systematic approach to the analysis of these waveforms by consider
ing their: 

1. General contours, 
2. Durations, 
3. Positive and negative amplitudes, and 
4. Axes in the frontal and transverse planes. 

The guidelines for measuring and estimating these four parameters for each of the three 
principal ECG waveforms are presented in this chapter. The definitions of the various 
waveforms and intervals were presented in Chapter 1 in the context of describing ECG 
recordings of base-to-apex and left- versus right-sided cardiac activity. 
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RATE AND REGULARITY 

FIGURE 3. 2. Lead II. bpm, beats per minute. 

The cardiac rhythm is rarely precisely regular. Even when electrical activity is initiated 
normally in the sinus node, the rate is affected by the autonomic nervous system. When an 
individual is at rest, minor variations in autonomic balance are produced by the phases of 
the respiratory cycle. A glance at the sequence of cardiac cycles is sufficient to determine 
whether the cardiac rate is essentially regular or irregular. Normally, there are equal num
bers of P waves and QRS complexes. Either of these may be used to determine cardiac rate 
and regularity. When in the presence of certain abnormal cardiac rhythms, the numbers of 
P waves and QRS complexes are not the same. Atrial and ventricular rates and regularities 
must be determined separately. 

H there is essential regularity in the cardiac rhythm, cardiac rate can easily be determined 
by counting the number of large squares between cycles. Because each square indicates one 
fifth of a second and there are 300 fifths of a second in a minute (5 X 60), it is necessary 
only to determine the number of large squares between consecutive cycles and divide this 
number by 300. It is most convenient to select the peak of a prominent ECG waveform that 
occurs on a thick line and then count the number of large squares until the same waveform 
recurs in the following cycle. When this interval is only one fifth of a second (0.2 second), 
the cardiac rate is 300 beats per minute; if the interval is two fifths of a second (0.4 second), 
the cardiac rate is 150 beats per minute; if the interval is three fifths of a second (0.6 second), 
the cardiac rate is 100 beats per minute, and so forth. Lead II is displayed in Figure 3.2 with 
the second QRS complex following the onset of the initial QRS complex after four large 
squares (heart rate= 75 beats per minute). 
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FIGURE 3 . 3 • Intervals between ECG waveforms can be used to estimate cardiac rate. 

When the cardiac rate is < 100 beats per minute, it is sufficient to consider only the 
large squares on the ECG paper. When the rate is >100 beats per minute (tachycardia), 
however, small differences in the observed rate may alter the assessment of the underlying 
cardiac rhythm, and the number of small squares must also be considered (Fig. 3.3). This 
illustrates the importance of considering the small squares (0.04 second or 40 milliseconds) 
rather than the large squares (0.2 second or 200 m.il1.iseconds) for estimating rates in the 
tachycardic range, where small differences in the number of intervals between cardiac 
cycles result in large differences in the estimated rate. Because there are five small squares 
in each large square, the number of small squares between successive waveforms of the 
same type must be divided into 1,500 (6 squares= 250 beats per minute, 7 squares = 
214 beats per minute, etc.). Rate determination is facilitated by the use of cardiac 11rate 
rulers, tl which are easily obtained from pharmaceutical company representatives. 
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FIGURE 3. 4. Many ECG tracings have convenient 3-second interval markers (arrows). 

If there is irregularity of the cardiac rate, the number of cycles over a particular interval 
of time should be counted to determine the average cardiac rate. Many electrocardiographic 
recordings conveniently provide markers at 3-second intervals (Fig. 3.4). A simple and quick 
method for estimating cardiac rate is to count the number of cardiac cycles in 6 seconds 
and to multiply by 10. Displayed in Figure 3.4, a single BCG lead shows an irregular ven· 
tricular rate and no visible P waves (atrial activity represented by an undulating baseline). 
The heart rate is estimated at 100 beats per minute because there are 10 BCG waveforms 
in 6 seconds. 
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P-WAVE MORPHOLOGY 
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FIGuRE 3. s. Typical normal P wave. A. Long-axis lead. 
B. Short-axis lead. LA, left atrium; RA, right atrium. 

At either slow or normal heart rates, the small, rounded P wave is clearly visible just 
before the taller1 more peaked QRS complex. At more rapid rates, however, the P wave 
may merge with the preceding T wave and become difficult to identify. Four steps should 
be taken to define the morphology of the P wave, as follows. 

General Contour 

The P-wave contour is normally smooth and is either entirely positive or entirely negative 
(see Fig. 1.9; monophasic} in all leads except Vl and possibly V2. In the short-axis view pro-
vided by lead Vl, which best distinguishes left- versus right-sided cardiac activity, the diver
gence of right- and left-atrial activation typically produces a biphasic P wave (see Fig. 1.14). 
The contributions of right- and left-atrial activation to the beginning, middle, and end of the 
P wave are indicated in Figure 3.5. Typical appearances of a normal P wave in a long-axis 
lead such as n (see Fig. 3.5A) and a short-axis lead such as Vl (see Fig. 3.5B) are illustrated. 

P-Wave Duration 

The P-wave duration is normally <0.12 second. Displayed in Figure 3.5, the P-wave 
duration is divided into thirds (vertical lines) to indicate the relative times of activation in 
the right and left atria. 

Positive and Negative Amplitudes 
The maximal P-wave amplitude is normally no more than 0.2 mV in the frontal plane 

leads and no more than 0.1 m V in the transverse plane leads. 

Axis in the Frontal and Transverse Planes 
The P wave normally appears entirely upright in leftward- and inferiorly oriented leads 

such as I, II, aVF, and V4 to V6. It is negative in aVR because of the rightward orienta
tion of that lead and is variable in other standard leads. The direction of the P wave, or 
its axis in the frontal plane, should be determined according to the method for determin
ing the axis of an BCG waveform presented later in the section .aMorphology of the QRS 
Complex." The normal limits of the P-wave axis are between 0 degrees and +75 degrees.1 
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THE PR INTERVAL 

R 

J 
I 

T 
p u 

I 
I Q I 
I : 
I 1 
I I 

: s: 
I I 
I I 

I 
I 14---- -'I 
14 .. 1 : 14 .. , 

P-R segment: l S-Tsegment 

: QRS interval 
P-R interval 1 Q-T interval 1 T-P interval 

+-------~-------------'· •' 
Magnified cardiac long-a:lds viewpoint of ECG segments and time intervals. 

The PR interval measW'es the time required for an electrical impulse to travel from the 
atrial myocardium adjacent to the sinoatrial (SA) node to the ventricular myocardium adja
cent to the fibers of the PW'kinje network (see Fig. 1.12, repeated here). This dW'ation is 
normally from 0.10 to 0.21 second. A major portion of the PR interval reflects the slow con
duction of an impulse through the atrioventricular (A V} node, which is controlled by the 
balance between the sympathetic and parasympathetic divisions of the autonomic nervous 
system. Therefore, the PR interval varies with the heart rate, being shorter at faster rates 
when the sympathetic component predominates, and vice versa. The PR interval tends to 
increase with age!: 

In childhood: 0.10 to 0.12 second 
In adolescence: 0.12 to 0.16 second 
In adulthood: 0.14 to 0.21 second 
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MORPHOLOGY OF THE QRS COMPLEX 

• 
FIGURE 3. 6. Normal 12-standard 
ECG presented in the classical format. 
Arrows, small Q waves; asterisk, minute 
Qwave. 

In developing a systematic approach to waveform analysis, the following steps should 
be taken to determine the morphology of the QRS complex. 

General Contour 

The QRS complex is composed of higher frequency signals than are the P and T waves, 
thereby causing its contour to be peaked rather than rounded. Positive and negative com
ponents of the P and T waves are simply termed positive and negative deflections, whereas 
those of the QRS complex are assigned specific labels, such as uQ wave (see Fig. 1.10). 

Q Waues 

In some leads (Vl, V2, and V3), the presence of any Q wave should be considered abnor
mal, whereas in all other leads (except rightward-oriented leads III and aVR), a unormal" 
Q wave is very small. The upper limit of normal for such Q waves in each lead is illustrated 
in Figure 3.6 and indicated in Table 3.1.3 

-- -----------------------

Table 3.1. 

Normal Q-Wave Duration Limits 

Limb Leads Precordial Leads 

Lead Upper Limit(s) Lead Upper Limit(s) 

<0.03 V1 AnyQa 

II <0.03 V2 AnyQa 

III None V3 AnyQa 

aVR None V4 <0.02 

aVL <0.03 vs <0.03 

aVF <0.03 V6 <0.03 

•rn these leads, any Q wave is abnormal. 

Modified from Wagner GS, Freye C], Palmeri ST, et al. Evaluation of a QRS scoring system for estimating 

myocardial infarct size. I. Specificity and observer agreement. Circulation. 1982;65:345, with permission. 
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FIGURE 3. 7. Panoramic display of the precordial leads. 

The absence of small Q waves in leads V5 and V6 should be considered abnormal. 
A Q wave of any size is normal in leads III and a VR because of their rightward orienta
tions (see Fig. 2.4). Q waves may be enlarged by conditions such as local loss of myocardial 
tissue (infarction), enlargement (hypertrophy or dilatation) of the ventricular myocardium, 
or abnormalities of ventricular conduction. 

R Waves 

Because the precordial leads provide a panoramic view of the cardiac electrical activ
ity progressing from the thinner right ventricle across the thicker left ventricle, the posi
tive R wave normally increases in amplitude and duration from lead Vl to lead V 4 or V5 
(Fig. 3. 7). Reversal of this sequence, with larger R waves in leads Vl and V2, can be pro
duced by right-ventricular hypertrophy, and accentuation of this sequence, with larger 
R waves in leads V5 and V6, can be produced by left-ventricular hypertrophy. Loss of 
normal R-wave progression from lead Vl to lead V 4 may indicate loss of left-ventricular 
myocardium, as occurs with myocardial infarction (see Chapter 12). 

5 Waves 

The S wave also has a normal sequence of progression in the precordial leads. It should 
be large in Vl, larger in V2, and then progressively smaller from V3 through V6 (see 
Fig. 3. 7). As with the R wave, this sequence could be altered by hypertrophy of one of the 
ventricles or myocardial infarction. 
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QRS Complex Duration 

FIGURE 3. 8. QRS complexes. Vertical grid lines, 0.04-second time intervals. 

The duration of the QRS complex is termed the QRS interval, and it normally ranges 
from 0.07 to 0.11 second (see Fig. 1.12). The duration of the complex tends to be slightly 
longer in males than in females.4 The QRS interval is measured from the beginning of the 
first-appearing Q orR wave to the end of the last-appearing R, S, R', or S' wave. Figure 3.8 
illustrates the use of three simultaneously recorded limb leads (I, II, and III) to identify the 
true beginning and end of the QRS complex. An isoelectric period of approximately 0.02 
second is apparent in lead II at the beginning of the QRS complex, and an isoelectric period 
of approximately 0.01 second is apparent in lead III at the end of the QRS complex. Note 
that only lead I reveals the true QRS duration (0.12 second). 

Such multilead comparison is necessary; either the beginning or the end of the QRS 
complex may be isoelectric (neither positive nor negative) in a particular lead, causing an 
apparently shorter QRS duration. This isoelectric appearance occurs whenever the sum
mation of ventricular electrical forces is perpendicular to the involved lead. The onset of 
the QRS complex is usually quite apparent in all leads, but its ending at the junction with 
the ST segment (termed the J point) is often indistinct, particularly in the precordial leads. 
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FIGURE 3. 9. Magnified QRS complex. Vertical grid lines, 
0.04-second time intervals. Double-headed arrow, length indi
cates the duration (0.05 second of intrinsicoid deflection). 

The QRS interval has no lower limit that indicates abnormality. Prolongation of the QRS 
interval may be caused by left-ventricular hypertrophy, an abnormality in intraventricular 
impulse conduction, or a ventricular site of origin of the cardiac impulse. 

The duration from the beginning of the earliest appearing Q or R wave to the peak 
of the R wave in several of the precordial leads has been termed the intrinsicoid deflec
tion (Fig. 3.9). Electrical activation of the myocardium begins at the endocardial inser
tions of the Purkinje network. The end of the intrinsicoid deflection represents the time at 
which the electrical impulse arrives at the epicardial surface as viewed by that particular 
lead. The deflection is called an intrinsic deflection when the electrode is on the epicardial 
surface and an intrinsicoid deflection when the electrode is on the body surface.5 

Positive and Negative Amplitudes 
The amplitude of the overall QRS complex has wide normal limits. It varies with age, 

increasing until about age 30 years and then gradually decreasing. The amplitude is gen
erally larger in males than in females. Overall QRS amplitude is measured between the 
peaks of the tallest positive and negative waveforms in the complex. It is difficult to set an 
arbitrary upper limit for normal voltage of the QRS complex; peak-to-peak amplitudes as 
high as 4 mV are occasionally seen in normal individuals. Factors that contribute to higher 
amplitudes include youth, physical fitness, slender body build, intraventricular conduction 
abnormalities, and ventricular enlargement. 

An abnormally low QRS amplitude occurs when the overall amplitude is no more than 
0.5 mV in any of the limb leads and no more than 1.0 mV in any of the precordial leads. 
The QRS amplitude is decreased by any condition that increases the distance between the 
myocardium and the recording electrode, such as a thick chest wall or various intratho
racic conditions that decrease the electrical signal that reaches the electrode. 

Axis in the Frontal and Transverse Planes 
The QRS axis represents the average direction of the total force produced by right- and 

left-ventricular depolarization. Although the Purkinje network facilitates the spread of 
the depolarization wavefront from the apex to the base of the ventricles (see Chapter 1), 
the QRS axis is normally in the positive direction in the frontal plane leads (except aVR) 
because of the endocardial-to-epicardial spread of depolarization in the thicker walled left 
ventricle. 
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FIGURE 3.10. Identifying the QRS complex frontal plane axis. A. Vertical line without arrow: 
Frontal plane QRS transitional lead location. A-c. Long horizontal line with arrow: 90 degrees movement 
away from the transitional lead in the djrection of the tallest R wave. Vertical line with arrow: axis 
location, +15 degrees in A; +90 degrees in B; and -30 degrees in C. 

In the frontal plane, the full360-degree circumference of the hexa:xial reference system 
is provided by the positive and negative poles of the six limb leads (see Fig. 2.4); in the 
transverse plane, it is provided by the positive and negative poles of the six precordial 
leads (see Fig. 2. 7). It should be noted that the leads in both planes are not separated by 
precisely 30 degrees. In the frontal plane, the scalene Burger triangle has been shown more 
applicable then the equilateral Einthoven triangle.6 Of course, body shape and electrode 
placement determine the spacing between contiguous leads. 

Identification of the frontal plane axis of the QRS complex would be easier if the six 
leads were displayed in their orderly sequence (see Fig. 2.10B and 2.10C) than in their 
typical classical sequence. A simple method for identifying the QRS complex frontal plane 
axis with the limb leads in orderly sequence is illustrated in Figure 3.10.7 Note that there 
is no truly transitional lead in Figure 3.10A, indicating that the QRS transition is located 
between leads a VF and III. 
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When the classical frontal plane ECG display is used, a three-step method is required for 
determining the overall axis of the QRS complex: 

1. Identify the transitional lead (the lead perpendicular to the waveform axis) by 
locating the lead in which the QRS complex has the most nearly equal positive 
and negative components. These positive and negative components may vary 
from miniscule to quite prominent. 

2. Identify the lead that is oriented perpendicular to the transitional lead by using 
the hexaxial reference system (Fig. 3.11, top left). 

3. Consider the predominant direction of the QRS complex in the lead identified in 
step 2. If the direction is positive, the axis is the same as the positive pole of that 

L 
lead. If the direction is negative, the axis is the same as the negative pole of the 
lead. Note that the positive poles of each lead are labeled with the lead name in 
Figure 3.11. 

The frontal plane axis of the QRS complex is normally directed leftward and either 
slightly superiorly or inferiorly in the region between -30 degrees and +90 degrees (see 
Fig. 3.11, top right). Therefore, the QRS complex is normally predominantly positive in 
both leads I and II (see Fig. 3.11A). However, if the QRS complex is negative in lead I but 
positive in lead II, its axis is deviated rightward, to the region between + 90 degrees and 
::±: 180 degrees (right-axis deviation; see Fig. 3.11B). If the QRS complex is positive in lead I 
but negative in lead II, its axis is deviated leftward to the region between -30 degrees and 
-120 degrees (left-axis deviation; see Fig. 3.11C, D). Right-ventricular enlargement may pro
duce right-axis deviation and left-ventricular enlargement may produce left-axis deviation 
of the QRS complex. The axis of the QRS complex is rarely directed completely opposite to 
its normal direction (-90 to ::±: 180 degrees) with a predominantly negative QRS orientation 
in both leads I and II (extreme axis deviation; see Fig. 3.11E). 

Using this method for determining the direction of the axis of the QRS complex in the 
frontal plane permits no more than a 11roundingH of the direction to the nearest multiple 
of 30 degrees. Although automated ECG analysis provides axis designation to the nearest 
degree, the manual method described here is sufficient for clinical purposes. 

The normal frontal plane axis of the QRS complex is rightward in the neonate, moves 
to a vertical position during childhood, and then moves to a more leftward position during 
adulthood. 8 In normal adults, the electrical axis of the QRS complex is almost parallel to 
the anatomic base-to-apex axis of the heart in the direction of lead II. However, these axes 
are more vertical in thin individuals and more horizontal in heavy individuals. This same 
normal growth-dependent rightward-to-leftward movement of the QRS axis that is seen in 
the frontal plane is also apparent in the transverse plane, but the transverse plane shows 
the anterior-to-posterior movement of the axis that is not visible in the frontal plane. In the 
adult, the transitional lead is usually V3 or V4, and the lead oriented perpendicular to this 
transitional lead is therefore lead V6 or V1, respectively. Because the normal predominant 
direction of the QRS complex is positive in lead V6 and negative in lead Vl, the axis of 
the QRS complex in the transverse plane in the adult is typically between 0 degrees and 
- 60 degrees. 
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MORPHOLOGY OF THE ST SEGMENT 
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The ST segment represents the period during which the ventricular myocardium pro
ceeds through the preliminary two phases of repolarization: Phases 1 and 2, following its 
depolarization in Phase 0 (see Chapter 1, Fig. 1.3). These are the phases considered: early 
repolarization. At its junction with the QRS complex 1J point), the ST segment typically 
forms a distinct angle with the downslope of the R wave or upstroke of the S wave, and 
then proceeds nearly horizontally until it curves gently into the T wave. The length of the 
ST segment is influenced by factors that alter the duration of ventricular activation. Points 
along the ST segment are designated with reference to the number of milliseconds beyond 
the J point, such as "J + 20," uJ + 40,- and uJ + 60." 

The first section of the ST segment is normally located at the same horizontal level as the 
baseline formed by the TP segment that fills the space between electrical cardiac cycles jFig. 
3.12A). Slight upsloping, downsloping, or horizontal depression of the ST segment may occur 
as a normal variant (see Fig. 3.12B). Another normal variant of the ST segment appears when 
there is altered early repolarization within the ventricles. 9 This causes displacement of the 
ST segment by as much as 0.1 mV in the direction of the ensuing T wave (see Fig. 3.12C). 
Occasionally, the ST segment in young males may show even greater elevation in leads V2 
and V3(see Fig. 3.12D).9 The appearance of the ST segment may also be altered when there 
is an abnormally prolonged QRS complex (see Fig. 3.12E). 
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T-WAVE MORPHOLOGY 

In continuing the systematic approach to waveform analysis, the steps taken in examining 
the morphology of the T wave are as follows. 

General Contour 
Both the shape and axis of the normal T wave resemble those of the P wave I see Figs. 1. 9 

and 1.14). The waveforms in both cases are smooth and rounded and are positively directed 
in all leads except aVR, where they are negative, and Vl, where they are biphasic !initially 
positive and terminally negative). Slight ,,peaking" of the T wave may occur as a normal 
variant. 

T-Waue Duration 
The duration of the T wave itself is not usually measured, but it is instead included in 

the QT interval discussed in the •QTc Interval" learning unit. 

Positiue and Negatiue Amplitudes 
The amplitude of the T wave, like that of the QRS complex, has wide normal limits. 

It tends to diminish with age and is larger in males than in females. T-wave amplitude 
tends to vary with QRS amplitude and should always be greater than that of the U wave if 
the latter is present. Twaves do not normally exceed 0.5 mV in any limb lead or 1.5 mV in 
any precordial lead. In females, the upper limits ofT-wave amplitude are about two thirds 
of these values. The T -wave amplitude tends to be lower at the extremes of the panoramic 
views !see Fig. 2.10B) of both the frontal and transverse planes. The amplitude of the wave 
at these extremes does not normally exceed 0.3 mV in leads aVL and III or 0.5 mVin leads 
Vl and V6.8 

Axis in the Frontal and Transuerse Planes 
The axis of the T wave should be evaluated in relation to that of the QRS complex. 

The rationale for the similar directions of the waveforms of these two ECG features, despite 
their representing the opposite myocardial electrical events of activation and recovery, has 
been presented in Chapter 1. The methods presented earlier for determining the axis of 
the QRS complex in the two ECG planes should be applied for determining the axis of the 
Twave. The term QRS-Tangle is used to indicate the number of degrees between the axes 
of the QRS complex and the T wave in the frontal and transverse planes.10 
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F I G U R E 3 . t 3 . A. Young child. B. Young adult. C. Elderly adult. Solid arrows, directions of 
QRS axis. Dashed line arrows, directions ofT axis. 

The axis of the T wave in the frontal plane tends to remain constant throughout life, 
whereas the axis of the QaS complex moves from a vertical toward a horizontal position, 
as shown at the top of Figure 3.13.8 Therefore, during childhood, the T-wave axis is more 
horizontal than that of the QRS complex, but during adulthood, the T -wave axis becomes 
more vertical than that of the QaS complex. Despite these changes, the Q.RS-T angle in the 
frontal plane does not normally exceed 45 degrees. 10 

In the normal young child, the T -wave axis in the transverse plane may be so posterior 
that the T waves may be negative in even the most leftward precordial leads V5 and V6 
jsee Fig. 3.13, bottom). During childhood, the T-wave axis moves anteriorly, toward the 
positive pole of lead V5, and the QaS axis moves posteriorly, toward the negative pole of 
lead V1, where these two axes typically remain throughout life. The QaS-T angle in the 
transverse plane normally does not exceed 60 degrees in the adult.10 
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U-WAVE MORPHOLOGY 
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The U wave is normally either absent from the ECG or present as a small, rounded wave 
following the T wave (see Figs. 1.9 and 1.12, repeated here). It is normally oriented in the 
same direction as the T wave, has approximately 10% of the amplitude of the latter, and is 
usually most prominent in leads V2 or V3. The U wave is larger at slower heart rates, and 
both the U wave and the T wave d;m;nish in size and merge with the following P wave 
at faster heart rates. The U wave is usually separated from the T wave, with the TU junc
tion occurring along the baseline of the ECG. However, there may be fusion of the T and 
U waves, making measurement of the QT interval more difficult. The source of the U wave is 
uncertain. Three possible theories regarding its origin are (a) tardy repolarization of the sub
endocardial Purkinje fibers. (b) prolonged repolarization of the midmyocardium (11M cells"), 
and (c) after-potentials resulting from mechanical forces in the ventricular wall. 11 
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QTc INTERVAL 
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FIGURE 3 . 14. Tangential method used for determining end of the T wave. 

The QT interval measures the duration of electrical activation and recovery of the ven
tricular myocardium. Currently used in determining the end of the T wave for QT interval 
measuring is the tangential method. This is defined as a tangent line that is drawn at the 
end of the T wave's steepest portion of its terminal point crossing the isoelectric line12 

(Fig. 3.14). In addition, the QT interval varies inversely with the cardiac rate. To ensure 
complete recovery from one cardiac cycle before the next cycle begins, the duration of 
recovery must decrease as the rate of activation increases. Therefore, the "normality~ 
of the QT interval can be determined only by correcting for the cardiac rate. The corrected 
QT interval (QTc interval) rather than the measured QT interval is included in routine 
ECG analysis. Bazett13 developed the following formula for performing this correction: 

QTc = QT/jRR 

RR is defined as the interval duration between two consecutive R waves measured in 
seconds. The modification of Bazett's formula by Hodges and coworkers,14•15 as follows, 
corrects more completely for high and low heart rates: QTc = QT + 0.00175 (ventric
ular rate -60). The upper limit of QTc interval duration is approximately 0.46 second 
(460 milliseconds). The QTc interval is slightly longer in adult females than males and 
increases slightly with age. Adjustment of the duration of electrical recovery to the rate 
of electrical activation does not occur immediately, but it requires several cardiac cycles. 
Thus, an accurate measurement of the QTc interval can be made only after a series of regu
lar, equal cardiac cycles. 
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CARDIAC RHYTHM 

FIGURE 3 • 15 • Sinus arrhythmia. 

Assessment of the final electrocardiographic feature named at the beginning of this 
chapter, the cardiac rhythm, requires consideration of all eight other electrocardiographic 
features. Certain irregularities of cardiac rate and regularity 1 P-wave morphology 1 and the 
PR interval may in themselves indicate abnormalities in cardiac rhythm, and certain irreg
ularities of the remaining five electrocardiographic features may indicate the potential for 
development of abnormalities in cardiac rhythm. 

Cardiac Rate and Regularity 
The normal cardiac rhythm is called sinus rhythm because it is produced by electri

cal impulses formed within the SA node. The rate of sinus rhythm is normally between 
60 and 100 beats per minute during wakefulness and at rest. When <60 beats per minute, 
the rhythm is called sinus bradycardia, and when >100 beats per minute it is called sinus 
tachycardia. However, the designation of 4 normal11 requires consideration of the individual's 
activity level: Sinus bradycardia with a rate as low as 40 beats per minute may be normal 
during sleep, and sinus tachycardia with a rate as rapid as 200 beats per minute may be 
normal during exercise. Indeed, a rate of 90 beats per minute would be 4 abnormal11 during 
either sleep or vigorous exercise. Sinus rates in the bradycardic range may occur normally 
during wakefulness, especially in well-trained athletes whose resting heart rates range at 
30 beats per minute and often <60 beats per minute even with moderate exertion. 

As indicated, normal sinus rhythm is essentially but not absolutely regular because of 
continual variation of the balance between the sympathetic and parasympathetic divi
sions of the autonomic nervous system. Loss of this normal heart rate variability may be 
associated with significant underlying autonomic or cardiac abnormalities. 16 The term sinus 
arrhythmia describes the normal variation in cardiac rate that cycles with the phases of 
respirationj sinus rate accelerates with inspiration and slows with expiration (Fig. 3.15). 
Occasionally, sinus arrhythmia produces such marked irregularity that it can be confused 
with clinically important arrhythmias. 
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FIGURE 3. 16. Vertical gri.d lines. 0.2-second time intervals. Note that in A, the PR interval is 
0.2 second {the upper limit of normal). See Animation 3.1. 

The normal frontal plane axis of the P wave was discussed in the section on 11P-Wave 
Morphology". Alteration of this axis to either < + 30 degrees or > + 75 degrees may indicate that 
the cardiac rhythm is being initiated from a site low in the right atrium, AV node, or left atrium. 

PR Interval 
The normal relationship between the P wave and QRS complex (the PR interval} is presented 

schematically in Figure 3.16A, and various abnormal relationships between the P wave and 
QRS complex are illustrated in Figure 3.16B-F. An abnormal P-wave axis is often accompanied 
by an abnormally short PR interval, because the site of impulse formation has moved from the 
SA node to a position closer to the AV node (see Fig. 3.16B). However, a short PR interval in the 
presence of a normal P-wave axis (see Fig. 3.16C) suggests either an abnormally rapid conduc
tion pathway within the AV node or the presence of an abnormal bundle of cardiac muscle con
necting the atria to the Bundle of His (an unusual source of ventricular preexcitation; see Chapter 
7). This is not in itself an abnormality of the cardiac rhythm; however, the pathway either 
within or bypassing the A V node that is responsible for the preexcitation creates the potential 
for electrical reactivation or reentry into the atria, thereby producing a tachyarrhythmia. 

An abnormally long PR interval in the presence of a normal P-wave axis indicates delay of 
impulse transmission at some point along the normal pathway between the ab.ial and ventricu
lar myocardium (see Fig. 3.16D). When a prolonged PR interval is accompanied by an abnor
mal P-wave contour, it should be considered that the P wave may actually be associated with 
the preceding rather than with the following QRS complex because of reverse activation from 

• ' 

the ventricles to the atria (see Fig. 3.16E). This occurs when the cardiac impulse 
originates from the ventricles rather than the atria. In this case, the P wave might 
only be identified as a distortion of the T wave. When the PR interval cannot be 
determined because of the absence of any visible P wave, there is obvious abnor

Animation 3.1 mality of the cardiac rhythm (see Fig. 3.16F). 
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Morphology of the QRS Complex 

A 

B 

c 

D 

FIGURE 3. 1 7. A. Nonnal. B-D. Abnormal. Vertical grid Hnes, 0.2-second time intervals. See 
Animation 3.2. 

Figure 3.16A is presented again as Figure 3.17 A for reference to atypical, normally 
appearing QRS complex with Q, R, and S waves present. Various causes of abnormal QRS
complex morphology are presented in Figure 3.17B-D. 

A normal P-wave axis with an abnormally short PR interval is accompanied by a normal 
morphology of the ~ complex when there is no AV nodal bypass directly into the ven
tricular myocardium (see Fig. 3.16C). When such a bypass directly enters the ventricular 
myocardium, it creates abnormality in the morphology of the QRS complex (see Fig. 3.17B). 
This ventricular .,pre-excitation"' eliminates the isoelectric PR segment and creates a fusion 
between the P wave and the QRS complex. The initial Q or R wave begins slowly (in what 
is termed a delta wave), prolonging the duration of the QRS complex. 

Abnormally slow impulse conduction within the normal intraventricular conduction 
pathways also produces abnormalities of QRS complex morphology (see Fig. 3.17C}. The 
cardiac rhythm remains normal when the conduction abnormality is confined to either the 
right or left bundle branch. However, if the process responsible for the slow conduction 
spreads to the other bundle branch, the serious rhythm abnormality of partial or even total 
failure of AV conduction could suddenly occur. 

An abnormally prolonged QRS duration in the absence of a preceding P wave suggests 
that the cardiac rhythm is originating from the ventricles rather than from the atria (see 
Fig. 3.17D} . 

• 
. . 

. 
Animation 3.2 
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ST Segment, T Wave, U Wave, and QTc Interval 
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FIGuRE 3. 18. QRS-to-T relationship. A. Normal. B-E. Abnonnal. See Animation 3.3. 

Marked elevation of the ST segment (Fig. 3.18B), an increase or decrease in T-wave 
amplitude (see Fig. 3.18C, E), prolongation of the QTc interval (see Fig. 3.18D), or an 
increase in U-wave amplitude (see Fig. 3.18E) may be indications of underlying cardi
ac conditions that may produce serious abnormalities of cardiac rhythm.17 Each example 
begins with the completion of a TP segment and ends with the initiation of the following TP 
segment. These abnormal QRS-to-T relationships are discussed in Chapters 11 (Fig. 3.18B, 
C) and 13 (Fig. 3.18C-E) . 

• . 
Animation 3.3 
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GLOSSARY 

Amplltude: the vertical magnitude of a wave
form extending from the isoelectri.c baseline 
to the waveform peak. 

Autonomic nervous system: the nervous sys
tem that spontaneously controls involuntary 
bodily functions; it innervates glands, smooth
muscle tissue, blood vessels, and the heart. 

Axis: direction of an ECG waveform in the fron
tal or horizontal plane, measured in degrees. 

Bradycardia: a slow heart rate, <60 beats per 
minute. 

Contour: the general shape of a waveform
peaked or flat. 

Deflections: ECG waveforms moving either 
upward (positive deflection) or downward 
(negative deflection) with respect to the 
baseline. 

Duration: the interval in milliseconds between 
the onset and offset of a waveform. Because 
the apparent duration may vary in an indi
vidual lead because either the initial or ter
minal portion of the wave is perpendicular to 
that lead and is therefore isoelectric, the true 
waveform duration extends from the earliest 
onset to the latest offset in multiple simulta
neously recorded ECG leads. 

Extreme axis deviation: deviation of the frontal
plane QJ\S axis from normal, with the axis locat
ed between -90 degrees and :!: 180 degrees. 

Fusion: merging together of waveforms (i.e., 
P and T waves). 

Heart rate varlablllty: the normal range of 
variability of heart rates observed while an 
individual is in the resting state. 

Intrlnsicoid deflection: the time interval 
between the beginning of the QRS complex 
and the peak of the R wave; this represents 
the time required for the electrical impulse to 
travel from the endocardial to the epicardial 
surfaces of the ventricular myocardium. 

Left-Dis deviation: Deviation of the frontal 
plane QRS axis from normal, with the axis 
located between -30 degrees and -90 degrees. 

QRS-T angle: the number of degrees between 
the QRS complex and T-wave axes in the 
frontal and horizontal planes. 

QTc interval: the corrected QT interval; it 
represents the duration of activation and 
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recovery of the ventricular myocardium; the 
correction is applied by using a formula that 
takes into consideration the ventricular rate. 

Rate: a measure of the frequency of occurrence 
of cardiac cycles; it is expressed in beats per 
minute. 

Reentry or reactivation: passage of the car
diac electrical impulse for a second time or 
an even greater number of times through a 
structure such as the A V node or the atrial 
or ventricular myocardium, as the result 
of a conduction abnormality in that area of 
the heart. Normally, the cardiac electrical 
impulse, after its initiation in specialized 
pacemalring cells, spreads through each area 
of the heart only once. 

Regularity: an expression for the consistency 
of the cardiac rate over a period of time. 

Right-axis deviation: deviation of the frontal 
plane QJ\S axis from normal, with the axis locat
ed between +90 degrees and :!: 180 degrees. 

Sinus arrhythmia: the normal variation in 
sinus rhythm that occurs during the inspira
tory and expiratory phases of respiration. 

Sinus rhythm: the normal cardiac rhythm 
originating via impulse formation in the SA 
or sinus node. 

Tachycardia: a rapid heart rate of > 100 beats 
per minute. 

Transitional lead: the lead in which the posi
tive and negative components of an ECG 
waveform are of almost equal amplitude, 
indicating that that lead is perpendicular to 
the direction of the waveform. 

TP junction: the merging point of the T and 
P waves that occurs at faster heart rates. 

TU junction: the point of merging of the T and 
U wavesi it is sometimes on and sometimes 
off of the isoelectric line. 

Ventricular preexcitation: an event that 
occurs when a cardiac activating impulse 
bypasses the AV node and Purkinje system 
owing to an abnormal bundle of muscle fibers 
connecting the atria and ventricles. Normally, 
the electrical impulse must spread through 
the slowly conducting AV node and rapidly 
conducting Purkinje system to travel from the 
atrial to the ventricular myocardium. 
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PERSPECTIVE 

The initial four chapters are intended for the student of electrocardiography to learn to 
read a standard 12-lead electrocardiogram IECG) and to decide whether or not it is normal. 
Increasingly, the ECG is obtained by an instrument capable of electronically determin
ing measurements, applying diagnostic algorithms and delivering a diagnostic statement. 
However, these automated ECG analysis systems are not infallible and require expert 
human interpretation to provide optimal clinical decision support. 

The human ECG reader is no longer required to measure intervals, plot axes, and so 
forth. The availability of this automated analysis has led to diminished attention to ECG 
interpretation in medical education and medical practice, but its availability also presents 
the opportunity to explore new information and new methods of presenting old informa
tion. The purpose of this final chapter in this introductory section is to introduce the stu
dent to three-dimensional presentations of the cardiac electrical information, and because 
this information is closely related to that seen in the standard ECG, it can be transformed 
from one to the other. This chapter also shows that the fundamental electrical process at 
the myocardial cellular level is the basis for all of the electrical information transmitted to 
the body surface. The three-dimensional vectorcardiogram IVCG) is closely related to and 
easily derived from the cellular activity making the diagnosis more intuitive and accurate. 
Having the additional three-dimensional rendering of real time electrical cardiac informa
tion to assist the decision-making process is invaluable. 

In this chapter, the electrical forces generated by the heart and their transmission to 
the body surface are presented in more detail than in Chapter 1 using a three-dimensional 
approach. The VCG is introduced as a different three-dimensional form of recording, with 
some advantages over the standard ECG. 
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THREE-DIMENSIONAL ELECTROCARDIOGRAPHY 

The three-dimensional approach provides a better understanding of the electrical forces 
producing the ECG by linking these forces (a) to depolarization and repolarization of myo
cardial cells, (b) to the spread of these forces through the layers of myocardium, and (c) to 
recording techniques such as the spatial VCG. This approach is not new and can be traced 
back to Waller in the 19th century. It is based on the concept that the forces recorded by 
the ECG can be represented at any point in time by a single vector, whose magnitude and 
direction can be represented by a vector originating at the center of the heart. 1 The change 
in the magnitude and direction of this vector during each heart cycle can be visualized as 
a loop, one for each of the ECG waveforms. Although the P and T loops are also recorded, 
most attention is directed to the QRS loop, and it is this loop that is used in this chapter to 
demonstrate the relationships between the spatial VCG and the conventional12-lead ECG. 

In the mid-20th century, this perspective was described and formalized as uspatial vec
tor electrocardiography" by Grant,2 who demonstrated that this method could lead to a 
better understanding of the forces generating the ECG and the changes in its waveforms 
induced by disease. This will also enable the reader to understand the changes that are 
produced by disease states in each of the 12 standard ECG leads and predict those which 
would occur in the VCG. An added benefit of using the vector loop instead of the 12-lead 
ECG is that the memorization of normal and abnormal waveforms in each of the 12 leads 
is no longer necessary. 
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DEPOLARIZATION-THE Q.RS VECTOR LOOP 
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FIGURE 4. 1. This shows the four quadrants of the left ventricle folded out from the apex at 
the center. The anterior and posterior papillary muscles are shown as well as the initial excita
tion points of the Purkinje fibers. LBB Fascicles: S, Superior also Anterior; M, Middle; I, Inferior also 
Posterior. (From Wagner NB, White RD. Wagner GS, et al. The 12lead ECG and the extent of myocar
dium at risk of acute infarction. In: Califf RM, Mark DB, Wagner, GS, eds. Acute Coronary Care in the 
Thrombolytic Era. Chicago, IL: Yearbook; 1988:22, with permission.) 

Chapter 1 considers the normal activation of the ventricles, beginning from the atrio
ventricular node and continuing through the common bundle (His), the left and right bun
dle branches, and the peripheral Purkinje fibers. Figure 4.1 shows the distribution and 
termination of the left bundle and its branches and the transition to Purkinje fibers in the 
endocardial layers near the apex of the left ventricle (LV).3 The important points to note 
are the wide, fanlike branching of the left bundle and the wide distribution of these fibers 
to the area at the top of the apex, the base of both papillary muscles, and the septal wall 
of the LV. The early arrival of activation in these locations is thought to ensure the early 
tension of the papillary muscles and the mitral valve and the early contraction of the apex, 
directing blood to the outflow track at the base of the heart. 

Activation of the bundle branches and Purldnje fibers also generates electrical forces, but 
these are too small to be detected by conventional ECG recording devices, hence the isoelectric 
line between the P wave and QRS complex. The earliest forces are those spreading in a semicir
cular ring in the endocardial septal surface between the papillary muscles. The early excitation 
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FIGURE 4. 2. On the left, in a segment of the left-ventricular wall, there is endocardial to epi
cardial spread of the activation front. The depolarized cells are shown in dark pink and the polar
ized cells in light pink. On the right, the activation front is seen proceeding through three individual 
cells. Firing Cell means Depolarizing Cell. (Modified from Olson CW, Warner RA, Wagner GS, et al. 
A dynamic three dimensional display of ventricular excitation and the generation of the vector and 
electrocardiogram. J Electrocardiol. 2001;34(suppl):7-16, with permission.) 

of the papillary muscles provides an initial vector superiorly along the long axis of the LV. As 
the activation process spreads through the ventricular wall, more cells are recruited, and a vis
ible record can be detected on the body surface, the beginning of the QRS complex. 

The electrical stimulus then spreads into a wider area of endocardial layers of the myo
cardium by the Purkinje cell network and continues to spread from the endocardium out
ward toward the epicardial surface. Figure 4.2 shows this activation front in a segment of 
the left-ventricular wall as it is moving from its endocardial location across the wall.4 The 
boundary mar king the activation front is seen as a curved black line, with the cells already 
depolarized on the left (dark pink) and the still polarized cells on the right (light pink). The 
expanded diagrammatic view on the right shows the process as it proceeds from cell to cell, 
with the boundary seen as a vertical line. At the activation front, ions are rapidly moving 
across the cell wall. It is this ionic movement that induces the potential difference we re
cord in the VCG and ECG. The electrical forces in each cell undergoing this process can be 
represented by a small vector (the unit vector). The sum vector is the vectoral sum of all 
unit vectors at a given instant. 
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FIGURE 4. 3. A 3-D model of the ventricles presented at one instant in the depolarization phase 
(between 20 and 40 milliseconds}. The black arrows represent the unit vectors from which the sum 
vector (blue arrow) is determined. The sum vector originates at the electrical center of the heart (yellow 
dot). The length of the arrows represents the magnitude and the arrowhead indicates the positive pole. 
(Modified from Loring Z, Olson CW, Maynard C, et al. Modeling vectorcarcliograms based on left ven
tricle papillary muscle position. J Electrocardiol. 2011;44:58~589, with permission.)5 

Figure 4.3 shows these same forces in a form more closely resembling the process seen 
in the heart. As the activation boundary moves from endocardium to epicardium, there are 
many cells undergoing depolarization at any instant in time. Bach cell contributes a small 
unit vector, directed perpendicular to the wave front. Again, the sum of all unit vectors act
ing at that instant can be represented as a single sum vector. As seen in Figure 4.3, not all 
unit vectors have the same direction as the overall sum vector. These opposing unit vectors 
pointing in the opposite direction reduce the magnitude of the sum vector; this phenom
enon is referred to as cancellation. 
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THE VECTORCARDIOGRAM 
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FIGURE 4. 4 • Five sum vectors at selected time intervals during the depolarization phase of the 
cardiac: cycle indicated by a color code. (Moclified from Olson CW. Lange DM, Chan JK, et al. 3D heart: 
a new visual training method for electrocardiographic analysis.] .Electrocardioi. 2007;40:457 .et-457 .e7, 
with permission.)6 

Figure 4.4 shows the sum vectors at five selected time intervals during the depolariza
tion phase of the cardiac cycle. Note that this cycle could have been divided into 50 in
tervals, and each would have a sum vector indicating the magnitude and direction of the 
sum vector at that instant. As you can see, connecting the tips of these sum vectors forms a 
loop-shaped figure, which returns to the point of origin at the end of the cycle (80 millisec
onds}. Like the 12-lead ECG, this loop can be directly recorded from conventional points 
on the body surface. Note that the loop is located in space and does not have a fixed rela
tionship with body anatomy. The VCG is recorded as the projection of the loop on three 
defined leads: the X, Y, and Z leads. These leads are shown in Figure 4.5. 

CHAPTER 4: The Three-Dimensional Electrocardiogram 81 



FIGURE 4. 5. The X, Y, and Z leads of the vectorcardiogram. The X lead is similar to both leads 
I and vs, theY lead is similar to lead aVF, and the z lead is similar to lead V2 Omage from Viewpoint 
Data Labs International, Inc, with pennission.) 

The transmission of these forces to the body surface was studied in detail by Frank.,7•8 

whose experimental work with a cw-rent dipole in the center of anatomic models of the 
human torso made it possible to design new leads (X, Y, and Z leads) that are used to 
record the VCG from the body surface, which are at right angles to each other (orthogonal) 
and intersect at the center of the heart, as shown in Figure 4.5. These and similar studies 
also show us how to transform signals from one lead to another, including those in the 
conventional12-lead ECG. 
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FIGURE 4. 6 . The projection of the QRS vector loop can be considered as a shadow cast by the 
loop onto each of the three orthogonal planes (frontal, sagittal, horizontal), as shown for the hori
zontal plane (X versus Z lead) in this figure. (Modified from Olson CW, Wagner GS, Selvester RH, et 
al. A model for simulating bundle branch and fascicular block. Computers in Cardiology. 2007:333-336, 
with permission.) See Video 4.1. 

The Q.RS loop in a single cardiac cycle can be represented as a projection onto each of 
the three orthogonal planes as shown in Figure 4.6. This projection can be considered as a 
shadow cast by the vector loop onto each of the planes. Only the initial half of the vector 
loop to the point of the overall sum vector at 40 milliseconds is included in this figure. The 
relationships between depolarization events in the ventricle and the inscription of the loop 
are available to the reader in video form, in which the vector loop will be seen in motion 
and described in more detail . 

• Video4.1 
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RECORDING A VECTORCARDIOGRAM 

The VCG is usually recorded from a special set of electrodes, such as that designed by 
Frank7•8 (above), which enable us to measure forces along three axes which are at right an
gles to each other (orthogonal), with the center at the intersection of the three planes in the 
center of the heart. The design of the Frank7

•
8 and similar lead systems used in recording 

the VCG is complex and will not be discussed here, but it is important to understand that 
the relationships between the X, Y, and Z leads used in recording a VCG and each of the 
12 standard ECG leads is known, and mathematical transformations allow us to convert 
information from lead systems designed for recording the VCG to the standard 12leads of 
the ECG. Information from one can be predicted from the other, and information about the 
loop can be derived from the 12-lead ECG. 
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THE VECTORCARDIOGRAM AND THE ELECTROCARDIOGRAM 

I l l 11 1 11 1111 1 I I 

L8adi(X) 
I 
I 

Frontal Plane: X ¥8 Y · Horlzorrtai-Piane: x ¥8 z - Sagittal Plane: Y vs Z 
-z - -Y 

-Y 

·-X •+X 

I• -
-X I ) +X 

I 
+Z . -z 

~ ~Lead I (X) 

'""'--, ~ 

""Lead I Lead V2(Z) l 
~ / 

(X) 

-

Lead a.VF (Y) ·+Y 
LeaciV2(Z) +Z 

LeadaVF(Y) +Y 

COLOR CODE 
0 20 40 60 80 

milliseconds 

FIGuRE 4. 7. The relationship between ECG (top) and VCG (bottom) recor<lings. The red, blue, 
green, and purple colors indicate the four successive 20-millisecond intervals during the SO-millisec
ond duration of this example QRS complex on both the ECG and VCG recordings, as indicated by the 
color code bar. Each of the three orthogonal leads has both ECG and VCG names: right to left, I and 
X; superior to inferior, aVF andY; and anterior to posterior, V2 or Z. Each of the VCG loops is a plot 
of two of these three orthogonal leads: frontal plane, X versus Y, horizontal plane, X versus Z; and 
sagittal plane, Y versus Z. 

Understanding the relationship between the VCG and the ECG provided the basis for 
Grant's spatial vector method of interpretation of the ECG. He pointed out that the ECG 
reader can gain information, not only about the mean forces represented by the P, QRS, 
and T waves but also that these waves can be broken into early, mid, and late components 
with each of these forces visualized as segments of loops. The QRS complex can be visual
ized in its loop or vector form in the frontal plane using the six limb leads and in the hori
zontal plane using the six chest leads. As illustrated in Figure 4.7, the right- to left-oriented 
X lead is approximated by frontal plane lead I, as shown in Figure 4. 7, and horizontal plane 
V5. The anterior-posterior-oriented Z lead is approximated by horizontal plane lead V2, 
and the superior-inferior-oriented Y lead is approximated by frontal plane lead aVF. The 
frontal plane loop is seen when a Frank ~~x~~ lead is plotted against a Frank ,.Y, lead. The 
frontal plane loop can also be seen by plotting their ~~"equivalents," leads I and aVF {with 
some mathematical corrections) against each other at right angles. 
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Note that the vector loop is a plot of electrical force in one axis against electrical force in 
another axis at a 90-degree angle, whereas the ECG is a plot of electrical force (voltage) in 
the vertical axis against time in the horizontal axis. Time is not a component of the vector 
loop, but it can be introduced by interrupting the course of the loop at a regular interval. 
In this figure it is introduced by using different colors. By counting the interruptions, the 
reader can gain information about the timing of the loop. The timing of the maximum point 
in the loop and the half maximum points on each side of the maximum is quite repeat
able for the normal heart and a practical way of recognizing the normal cardiac electrical 
activity. This is lost in the ECG presentation. A VCG presentation is also better at visual
izing the phase relationships between forces in one direction and those in another. Small 
changes in direction or in rotation of the loop are better appreciated as perturbations in the 
direction of the loop. 
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VISUALIZING VECTOR LOOPS FROM THE 
ELECTROCARDIOGRAM 

Reading an ECG using spatial techniques begins with the determination of the mean axis 
of the three major waves of the ECG in the frontal plane, which is described in Chapter 3. 
As a brief review, the broad principle is to identify the frontal plane lead (limb lead) in 
which the area under the contour of the ECG wave is closest to zero. The mean axis vector 
direction for that wave is perpendicular to that lead. This direction is thus narrowed to one 
of the two possible directions at right angles to that lead. Inspection of any lead parallel to 
that vector quickly establishes which of the two possibilities fits with the true vector. This 
method is used for the frontal plane direction of P, QRS, and T vectors. 

The anterior-posterior direction of these vectors is determined using the same general 
method, utilizing the precordial leads to identify the wave in which the area under the 
curve most closely approaches zero. The chest is visualized as a cylinder, with the heart 
vector located at its center. The presence of an electrical force, represented by the heart 
vector at that instant of time, divides the torso into two electrical fields: one in which the 
surface recording generates a positive wave on the recording instrument and the other in 
which it generates a negative wave. These are separated by a plane in which the recorded 
wave is a net zero. This plane is at right angles to the direction of the vector at the center 
of the heart. The frontal plane direction is known (from the above process using the limb 
leads). The reader must now visualize the anterior or posterior tilt which must be added 
to make this plane fit the null complex as seen in the precordial leads as they are arrayed 
across the left anterior chest. 

It is emphasized that this chapter is not intended to prepare the reader of ECGs to inter
pret VCGs, but it is intended as an introduction to the concept of three-dimensional infor
mation which can be obtained from the ECG and how this relates to the electrical events 
within the heart. The application of vector methods to the conduction defects of the heart 
is analyzed in Olson et al. 9 
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GLOSSARY 

Null Plane: the plane which separates the posi
tive and negative fields within a volume con
ductor (the torso). This plane generally lies 
perpendicular to the vector loop at the center 
of the volume conductor. 

Vector: a representation of the magnitude and 
direction in three-dimensional space. The 
electrical cardiac vectors are typically dis
played on orthogonal frontal, horizontal and 
left sagittal planar views as arrows with their 
lengths indicating magnitude and their spa
tial orientations indicating direction. A tilt 
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of the arrowhead can be added to indicate 
direction in the third dimension. 

Vector loop: a line connecting the tips of the 
arrowheads of the electrical vectors at se
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FIGURE 5. 1. Dashed lines indicate chamber enlargements. 

Cardiac chamber enlargement may occur because of either an increase in the volume 
of blood within the chamber or an increase in the resistance to blood flow out of it. The 
former condition is termed volume overload or diastolic overload and the latter is termed 
pressure overload or systolic overload.1 The increase in blood volume causes dilation of the 
chamber, and the increase in resistance causes thickening of the myocardial wall of the 
chamber (hypertrophy). 

The short-axis-oriented recording (see Fig. 1.14) provides the key electrocardiographic 
view for identifying enlargement of one of the four cardiac chambers and localizing the 
site of a delay in ventricular activation (Fig. 5.1). Right-atrial enlargement produces an 
abnormally prominent initial part of the P wave (see Fig. 5.1A), whereas left-atrial enlarge
ment produces an abnormally prominent terminal part of the P wave (see Fig. 5.1B). Right
ventricular enlargement produces an abnormally prominent R wave (see Fig. 5.1CJ, where
as left-ventricular enlargement produces an abnormally prominent S wave (see Fig. 5.1D). 
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ATRIAL ENLARGEMENT 

II VI 

A Normal __/\_ ~ 
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FIGURE 5. 2. P-wave morphology typical of atrial enlargement in leads II and V1. LAE, left-atrial 
enlargement; RAE, right-atrial enlargement; RAE+ LAE, biatrial enlargement. 

The thinner-walled atrial chambers generally respond to both of these overloads with 
characteristic changes in the electrocardiogram (ECG). The usual terms for enlargement 
of the atria are right-atrial enlargement (RAE) and left-atrial enlargement (LAB). Indeed, 
"overload• rather than "enlargement• might be a more accurate general term for the ECG 
changes seen with enlargement because electrical effects may occur before measurable 
dilation or hypertrophy of the affected chamber (as can be seen by echocardiography). 
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FIGURE 5 . 3 . A-C. ECGs of patients with atrial enlargement. Note the prolonged PR interval (0.28 
second) in A. Arrows, P-wave changes in right atrial enlargement; asterisks, left-atrial enlargement. 
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FIGURE 5. 3. (continued) 

The ECG evaluation of RAE and LAE is facilitated by the differing times of initiating 
activation of the two atria and by the differing directional spread of activation in each. 
As indicated in Figure 2.5, the optimal lead for differentiating left versus right cardiac 
activity is Vl, with its positive electrode in the fourth intercostal space at the right sternal 
border (see Fig. 2.6). Right-atrial activation begins first. It proceeds from the sinoatrial 
(SA) node in an inferior and anterior direction and produces the initial deflection of the 
P wave, which has a positive direction in all leads except aVR (Fig. 5.2). Left-atrial activa
tion begins later. It proceeds from high in the interatrial septum in a left, inferior, and pos
terior direction. This produces the final deflection of the P wave, which is positive in long
axis lead II but negative in short-axis lead Vl (see Fig. 5.2). Therefore, RAE is characterized 
by an increase in the initial deflection (see Figs. 5.2B and 5.3AJ and LAE by an increase in 
the fmal deflection of the P wave (see Figs. 5.2C and 5.3B). In most of the other standard 
leads, both the right- and left-atrial components of the P wave appear as similarly directed 
deflections. An increase in both the initial and final aspects of the P wave suggests biatrial 
enlargement (see Figs. 5.2D and 5.3C). 
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SYSTEMATIC APPROACH TO THE EVALUATION OF 
ATRIAL ENLARGEMENT 

The systematic approach to waveform analysis introduced in Chapter 3 can be applied 
to the evaluation of atrial enlargement (see Fig. 5.2). 

General Contour 
The smooth, rounded contour of the P wave is changed by RAE, which gives the wave 

a peaked appearance. LAE causes a notch in the middle of the P wave, followed by a 
second "hump." In leads such as II, the P waves of RAE have an A-like appearance (termed 
P pulmonale), and the changes of LAE have an M-like appearance (termed P mitrale). 

P-Waue Duration 
RAE does not affect the duration of the P wave. LAE prolongs the total P-wave duration 

to >0.12 second. It also prolongs the duration of the terminal, negatively directed portion 
of the P wave in lead V1 to >0.04 second. 

Positiue and Negatiue Amplitudes 
RAE increases the maximal amplitude of the P wave to >0.20 mV in leads II and aVF 

and to >0.10 mV in leads V1 and V2. Usually, LAE does not increase the overall amplitude 
of the P wave but increases only the amplitude of the terminal, negatively directed portion 
of the wave in lead V1 to >0.10 mV. 

Axis in the Frontal and Transuerse Planes 
Estimate the axes of the P wave in the two electrocardiographic planes. RAE may cause 

a slight rightward shift and LAE may cause a slight leftward shift in the P -wave axis in the 
frontal plane. However, the axis usually remains within the normal limits of 0 degrees to 
+75 degrees. 

With extreme RAE, the P wave may be inverted in lead V1, creating the illusion of LAE. 
With extreme LAE, the P-wave amplitude may increase and the terminal portion of the 
wave may become negative in leads II, III, and aVF. Biatrial enlargement produces charac
teristics of RAE and LAE (see Figs. 5.2D and 5.3C). 
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Table 5.1. 

Echocardiographic Evaluation of Electrocardiographic (ECG) Criteria for 
Left-Atrial Enlargement 

ECG Criteria 

Duration of terminal negative P-wave deflection in lead V1 >0.04 s 

Amplitude of terminal negative P-wave deflection in lead V1 >0.10 mV 

Duration between peaks of P-wave notches >0.04 s 

Maximal P-wave duration >0.11 s 

Ratio of P-wave duration to PR-segment duration >1:1.6 

%True 
Positivea 

83 

60 

15 

33 

31 

•Percentage of patients with LAE by echocardiogram who meet the ECG criterion for LAE. 
bPercentage of patients without LAE by echocardiogram who do not meet the ECG criterion for LAE. 

%True 
Negative~> 

80 

93 

100 

88 

64 

Modified from Munuswamy K, Alpert MA, Martin RH, Whiting RB, Mechlin N]. Sensitivity and specificity of com

monly used electrocardiographic criteria for left atrial enlargement determined by M-mode echocardiography. 

Am J Cardiol. 1984;53(6):829-832, with permission. 

Munuswamy and colleagues,z using echocardiography as the standard for determining 
LAE, have evaluated the percentage of patients with truly positive and truly negative ECG 
criteria for LAE (Table 5.1). They found that the most sensitive criterion for LAE is an 
increased duration (>0.04 second) of the terminal, negative portion of the P wave in lead 
Vl, whereas the most specific criterion for LAE is a wide, notched P wave that resembles 
the P wave seen in the case of an intra-atrial block. 
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VENTRICULAR ENLARGEMENT 

Right ventricle 

Left ventricle 

A B 
FIGURE 5 .4. A. Volume load. Thick upward arrow, direction of blood flow: thin downward arrow, 

regurgitant blood. B. Pressure load. Thin upward arrow, direction of blood flow through narrowed 
outflow valve. (Adapted from Rushmer RF. Cardiac compensation, hypertrophy, myopathy and 
congestive heart failure. In: Rushmer RF, ed. Cardiovascular Dynamics. 4th ed. Philadelphia, PA: WB 
Saunders: 1976:532-565, with permission.) 

The thick-walled ventricles dilate in response to receiving an excess volume of blood 
during diastole, and they become hypertrophied in response to exerting excess pressure 
in ejecting the blood during systole (Fig. 5.4). Volume overload in the ventricles may be 
caused by regurgitation of blood through a leaking outflow valve back into the partial
ly emptied ventricle (see Fig. 5.4A). Pressure overload caused by obstruction to ejection 
through a narrowed outflow valve is displayed in Figure 5.4B. Enlargement of the right 
or left ventricle is commonly accompanied by enlargement of its corresponding atrium. 
Therefore, ECG findings that meet the criteria for atrial enlargement should be considered 
suggestive of ventricular enlargement. 
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FIGURE 5. 5. QRS complex typical of ventricular enlargement in leads I and V1. LVE, left
ventricular enlargement; RVE, right-ventricular enlargement; RVE + L VE, biven tricular enlargement. 

Figure 5.5 illustrates the typical changes in the QRS waveforms that occur with enlarge
ment of the ventricles. In the absence of either right- or left-ventricular enlargement, a 
predominantly positive QRS complex appears in lead I and a predominantly negative QRS 
complex appears in lead Vl (see Fig 5.5A). These QRS complexes increase in amplitude 
but do not change in direction with left-ventricular enlargement (see Fig. 5.5B). With right
ventricular enlargement, however, the directions of the overall QRS waveform reverse to 
predominantly negative in lead I and predominantly positive in lead Vl (see Fig. 5.5C). 
With combined right- and left-ventricular enlargement, a hybrid of these waveform abnor
malities results (see Fig. 5.5D). 
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RIGHT-VENTRICULAR DILATION 

The right ventricle dilates either during compensation for volume overload or after its 
hypertrophy eventually fails to compensate for pressure overload. Because of this dilation, 
the right ventricle takes longer to activate than is normally the case. Instead of completing 
its activation during the midportion of the QRS complex (see Chapter 1), the dilated right 
ventricle contributes anterior and rightward forces during the time of completion of left
ventricular activation. Thus, the frontal plane QRS axis shifts rightward and an RSR' 
pattern appears in leads Vl and V2, with an appearance similar to that in incomplete right
bundle-branch block (RBBB; see Chapter 6). The duration of the QRS complex may become 
so prolonged that the ECG changes occurring in right-ventricular dilation mimic those in 
complete RBBB. These ECG changes may appear during the early or compensatory phase of 
volume overload or during the advanced or failing phase of pressure overload.3 

98 SECTION II: Abnormal Wave Morphology 



RIGHT-VENTRICULAR HYPERTROPHY 

FIGURE 5. 6. A-C. ECGs of patients with RVH. Arrows, RVH in the QRS complex; asterisk: 
ST-and T-wave in right-ventricular strain. 

The right ventricle hypertrophies because of compensation for pressure overload. The 
final third of the QRS complex is normally produced solely by activation of the thicker 
walled left ventricle and interventricular septum. As the right ventricle hypertrophies, 
it provides an increasing contribution to the early portion of the QRS complex and also 
begins to contribute to the later portion of the complex. 

Lead Vl, with its left-to-right orientation, provides the optimal view of the competition 
between the two ventricles for electrical predominance. As shown in Figure 5.5A, the nor
mal QRS complex in the adult is predominantly negative in lead Vl, with a small R wave 
followed by a prominent S wave. When the right ventricle hypertrophies in response to 
pressure overload, this negative predominance may be lost, producing a prominent R wave 
and a smallS wave (see Fig. 5.5C). In mild right-ventricular hypertrophy (RVH), the left 
ventricle retains predominance, and there is either no ECG change or the QRS axis moves 
rightward (Fig. 5.6A). Note the S > R amplitude in lead I, indicating that the frontal plane 
axis is slightly >+90 degrees, meeting the threshold presented in Chapter 3 for right-axis 
deviation (RAD). With moderate RVH, the initial QRS forces are predominantly anterior 
(with an increased R wave in lead Vl), and the terminal QRS forces may or may not be pre
dominantly rightward (see Fig. 5.6B). These changes could also be indicative of myocardial 
infarction in the lateral wall of the left ventricle (see Chapter 12). With severe RVH, the 
QRS complex typically becomes predominantly negative in lead I and positive in lead Vl, 
and the delayed repolarization of the right-ventricular myocardium may produce negativ
ity of the ST segment and aT-wave pattern indicative of so-called right-ventricular strain in 
leads such as Vl to V3 (see Fig. 5.6C).4 
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F I G U R E 5 • 6 • (continued) 
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FIGURE 5 . 7 . Healthy neonatal EGG. Arrow, normal RV predominance. 

In the neonate, the right ventricle is more hypertrophied than the left because there 
is greater resistance in the pulmonary circulation than in the systemic circulation during 
fetal development {Fig. 5. 7}. Right-sided resistance is greatly diminished when the lungs fill 
with air, and left-sided resistance is greatly increased when the placenta is removed.5 From 
this time onward, the ECG evidence of right-ventricular predominance is gradually lost as 
the left ventricle becomes hypertrophied in relation to the right. Therefore, hypertrophy, 
like dilation, may be a compensatory rather than a pathologic condition. 6 A pressure over
load of the right ventricle may recur in later years because of increased resistance to blood 
flow through the pulmonary valve, the pulmonary circulation, or the left side of the heart. 
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LEFT-VENTRICULAR DILATION 
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FIGuRE 5 • 8 • A and B. ECGs of patients with left-ventricular dilation. Arrows, increased leftward 
posterior and upward QRS waveforms; asterisks, ST -segment and T -wave changes in left-ventricular strain. 
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The left ventricle dilates for the same reasons indicated previously for the right ventricle. 
Two factors affect the resultant ECG patterns in left-ventricular dilation: the change in size 
and anatomic shape of the left ventricle and the alteration in the impulse propagation 
velocity in the left ventricle. 3 •4 The longer time required for the spread of an electrical 
impulse across the dilated left ventricle may produce an ECG pattern similar to that of 
incomplete left-bundle-branch block (LBBB; see Chapter 6). The duration of the QRS complex 
may become so prolonged that the ECG changes in left-ventricular dilation mimic those in 
complete LBBB. 

Dilation enlarges the area of the activation front in the left ventricle, which increases 
the amplitudes of leftward and posteriorly directed QRS waveforms5 (Fig. 5.8). The S-wave 
amplitudes are increased in leads V2 and V3, and the R-wave amplitudes are increased in 
leads I, aVL, V5, and V6 (see Fig. 5.5B). The T-wave amplitudes may also be increased in 
the same direction as the amplitudes of the QRS complex (see Fig. 5.8A), or the T waves 
may be directed away from the QRS complex, indicating left-ventricular "strain" (see 
Fig. 5.8B). Figure 5.8A illustrates ECG changes indicating mild to moderate left-ventricular 
dilation, and Figure 5.8B shows more severe changes, including abnormally prominent 
Q waves in many leads and left-ventricular strain. 
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LEFT-VENTRICULAR HYPERTROPHY 

FIGURE 5. 9. A and B. ECGs of patients with left-ventricular hypertrophy. A. Arrows, intraven
tricular conduction delay. B. Arrows, ST -segment depression and T -wave inversion. 
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As discussed, the left ventricle normally becomes larger than the right ventricle after the 
neonatal period. Abnormal hypertrophy, which occurs in response to a pressure overload, 
produces exaggeration of the normal ECG pattern of left-ventricular predominance. Like 
dilation, hypertrophy enlarges the area of the activation front in the left ventricle, which 
increases the voltages of leftward and posteriorly directed QRS waveforms, thereby caus
ing similar shifts in the frontal and transverse plane axes. 

As in left-ventricular dilation, two factors affect the resultant ECG patterns: the change 
in size and anatomic shape of the left ventricle and the alteration in the impulse propaga
tion velocity in the left ventricle.3.4 Thus, with left-ventricular hypertrophy ILVHJ, a longer 
period is required for spread of electrical activation from the endocardial to the epicardial 
surfaces of the hypertrophied myocardium, prolonging the intrinsicoid deflection !time to 
peak R wave) !see Fig. 3.9), as well as for total left-ventricular activation. Because of the 
disproportion between the activation of the left and right ventricles, an interventricular 
conduction delay mimicking incomplete or even complete LBBB may occur with L VH as 
with left-ventricular dilation (Fig. 5.9A). 

Pressure overload causes sustained delayed repolarization of the left ventricle, produc
ing a negative ST segment and T wave in leads with leftward orientation ji.e., V5 to V6); 
this condition is termed left-ventricular strain !see Fig. 5.9B).6 The epicardial cells no longer 
repolarize early, reversing the spread of recovery so that it proceeds from endocardium to 
epicardium. The mechanism responsible for the strain is uncertain, but it is related to the 
increased pressure !overload) in the left-ventricular cavity. The development of strain has 
been shown to correlate with increasing left-ventricular mass as determined with echocar
diography.7 Computer simulation studies show that the delayed depolarization of the left 
ventricle can also contribute to the changes in ST segment and Twave.4 
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VENTRICULAR ENLARGEMENT 

FIGURE 5. 1 0. A-D. ECGs of patients with biventricular hypertrophy. A. Arrows, high-voltage 
biphasic RS complexes. Band C. Arrows, S > R in lead I, prominent R in lead V1, and increased Sin 
lead V3. D. Arrows, prominent R precordial leads. A and B. Asterisks, typical P-wave abnormalities 
of RAE and LAE. C. Asterisks, typical P-wave abnormalities of RAE. Note that waveforms for lead V6, 
shown in A, are displaced rightward only for illustrative purposes. 

Although the two varieties of right- and left-ventricular enlargement-dilation and hyper
trophy-have somewhat different effects on ECG waveforms as discussed, no specific sets 
of criteria for dilation versus hypertrophy have been developed. The term enlargement 
has currently been accepted with regard to the atria, but the term hypertrophy is still used 
instead of "enlargementH with regard to the ventricles. Therefore, the systematic approach 
to waveform analysis introduced in Chapter 3 is applied here to 11ventricular hypertrophy. H 
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F I G U R E 5 . 1 0 . (continued) 
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FIGURE 5 .10. (continued) 
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General Contour 
Prolongation of the intrinsicoid deflection by the hypertrophied ventricular myocardium 

diminishes the slope of the initial waveforms of the QRS complex. As activation of the 
ventricular myocardium spreads, the smooth contour of the mid-QRS waveforms may be 
disrupted by indentations or notches (Fig. 5.10A). The terminal portions of the prolonged 
QRS complexes have low-frequency, smooth waveforms. 

The contour of the ECG baseline may be altered. Ventricular hypertrophy shifts the 
J point off the horizontal baseline formed by the PR and TP segments and causes the 
ST segment to slope in the direction of the T wave (see Figs. 5.6C and 5.9B). When this 
occurs in the rightward precordial leads, it is referred to as right-ventricular strain; in the 
left precordial leads, it is referred to as left-ventricular strain. 

QRS Complex Duration 
Hypertrophy of the left ventricle may cause prolongation of the QRS complex beyond its 

normal limit of 0.07 to 0.11 second, but hypertrophy of the right ventricle usually does not 
prolong the duration of the QRS complex. RVH can cause slight prolongation of the QRS 
complex when there is marked right-ventricular dilation. However, hypertrophy of the left 
ventricle, even without dilation, may prolong the duration of the QRS complex to 0.13 or 
0.14 second. 

Figure 5.11 shows ECGs from a patient who developed progressive L VH with corre
sponding QRS prolongation at a rate of 6.2 milliseconds per year over a period of 6.5 years. 
It is important to note that the ECG at 6.5 years with a QRS duration of 0.142 second would 
meet conventional ECG criteria for LBBB (discussed in Chapter 6); however, this progres
sive QRS prolongation is characteristic of hypertrophy rather than bundle-branch block 
(where there should be a sudden onset in QRS prolongation). A key distinguishing factor 
between left-ventricular hypertrophy and LBBB block is that LBBB block ECGs should 
have mid-QRS notching/slurring (discussed in Chapter 6), which is not present in the ECGs 
in Figure 5.11. When complete LBBB is present in a patient with L VH, QRS duration may 
even extend to 0.20 second. 

Positive and Negative Amplitudes 
The amplitude of the QRS complex is normally maximal in the left posterior downward 

direction. The left posterior direction is accentuated by LVH and opposed by RVH, and the 
electrical axis of the heart in frontal plane is shifted to the left (i.e., upward). The criteria 
for LVH reflect these changes. The Sokolow-Lyon criteria8 consider transverse plane leads 
(V1, V5/6), that is, the left and posterior waveform amplitudes, whereas the Comell crite
ria9 and the Romhilt-Estes criteria10 consider both transverse plane leads and frontal plane 
leads (aVL, electrical axis), that is, the left- (upward) axis deviation. 

The Sokolow-Lyon criteria for RVH contain thresholds for rightward and anterior ampli
tudes in the transverse plane leads.11 Butler-Leggett criteria12 require that the combination 
of maximal anterior and maximal rightward amplitudes exceeds the maximal leftward pos
terior amplitude by a threshold voltage difference. 

Axis in the Frontal and Transverse Planes 
RVH shifts the frontal plane QRS axis rightward, to a vertical or rightward position, and 

shifts the transverse plane QRS axis anteriorly (see Fig. 5.6C). LVH shifts the frontal plane 
QRS axis leftward and the transverse plane QRS axis posteriorly (see Fig. 5.3C). 
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FIGURE 5. 11 . ECGs from a patient who developed progressive LVH. The sea tterplot 
(A) shows QRS duration measurements over time from 42 ECGs from the same patient. The 
patient's QRS duration increased linearly at a rate of 6.2 milliseconds per year. ECGs are shown 
at baseline (B) and after 1.5 years (C), 5 years (D), and 6.5 years (E). Although later ECGs (D and 
E) meet conventional ECG criteria for LBBB (QRS duration 2:0.12 second with an LV conduction 
delay), review of the serial ECGs shows that QRS morphology did not change as the QRS prolonged. 
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FIGURE 5. 11. (continued) The onset of true complete LBBB should result in a sud
den increase in QRS duration of ~60 milliseconds along with a change in QRS morphology. The 
ECG in (E) (QRS duration 142 milliseconds) contains very similar QRS morphology to the previ
ous ECGs. The gradual increase in QRS duration over time strongly suggests the development of 
intraventricular conduction delay due to hypertrophy rather than the onset of bundle-branch 
block. The final ECG meets both Cornell (Table 5.4) and Romhilt-Estes (Table 5.2) criteria for LVH. 
Reproduced from Strauss DG, Selvester RH, Wagner GS. Defining left bundle branch block in the 
era of cardiac resynchronization therapy. Am J Cardiol. 2011;107(6):927-934, with permission. 
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Table 5.2. 

Romhilt-Estes Scoring System for Left-Ventricular Hypertrophya 

1. R or S wave in any limb 2:2 mV 

or S in lead V1 or V2 

orR in lead VS or V6 2:3 mV 

2. Left-ventricular strain 

ST segment and T wave in opposite direction to QRS complex 

without digitalis 

with digitalis 

3. Left-atrial enlargement 

Points 

3 

3 

1 

Terminal negativity of the P wave in lead V1 is 2:0.10 mV in depth and 2:0.04 sin duration 3 

4. Left-axis deviation 2:-30 degrees 2 

5. QRS duration 2:0.09 s 1 

6. lntrinsicoid detection in lead VS or V6 2:0.05 s 1 

Maximally attainable 13 

•L VH, 5 points; probably L VH, 4 points. 

Modified from Romhilt DW, Bove KE, Norris RJ, et al. A critical appraisal of the electrocardiographic criteria for 

the diagnosis of left ventricular hypertrophy. Circulation. 1969;40(2):185-195, with permission. 

RVH shifts the direction of both the ST segment and the T wave away from the right ven
tricle, opposite to the shift that such hypertrophy produces in the QRS complex. Typically, 
in rightward leads such as Vl, the QRS complex would be abnormally positive, whereas 
the ST segment and T wave would be abnormally negative (see Fig. 5.6C). LVH shifts the 
ST segment and T wave away from the left ventricle in the direction opposite to the shift 
it produces in the QRS complex. Therefore, in leftward leads such as aVL and V5, the QRS 
complex is abnormally positive, and the ST segment and T wave are abnormally negative 
(see Fig. 5.9B). 

Three sets of criteria for LVH (Tables 5.2, 5.3, and 5.4) and two of criteria for RVH 
(Tables 5.5 and 5.6) are presented. As stated, there is no distinction between dilation and 
hypertrophy. 
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Table 5.3. 

Sokolow-Lyon Criteria for Left-Ventricular 
Hypertrophy 

S wave in lead V1 + R wave in lead VS or V6 ;:;::3.50 mV 

or 

R wave in lead VS or V6 >2.60 mV 

Modified from Sokolow M, Lyon TP. The ventricular complex in left 
ventricular hypertrophy as obtained by unipolar precordial and limb 

leads. Am Heart]. 1949;37(2):161-186, with permission. 

--- -

Table 5.4. 

Cornell Voltage Criteria for Left-Ventricular Hypertrophy 

Females 

Males 

R wave in lead aVL + S wave in lead V3 >2.00 mV 

R wave in lead aVL + S wave in lead V3 >2.80 mV 

Modified from Casale PN, Devereux RB, Alonso DR, et al. Improved sex-specific criteria ofleft ventricular 
hypertrophy for clinical and computer interpretation of electrocardiograms: validation with autopsy findings. 

Circulation. 1987;75(3):565-572, with permission. 

----

Table 5.5. 

Butler-Leggett Formula for Right-Ventricular Hypertrophy {RVH) 

Directions Anterior Rightward Posterior Leftward 

Amplitude Tallest R orR' in lead Vl or V2 Deepest S in lead 1 or V6 Sin lead Vl 

RVH formula A + R - PL ;:;::0.70 mV 

Modified from Butler PM, Leggett SI, Howe CM, et al. Identification of electrocardiographic criteria for diagnosis 
of right ventricular hypertrophy due to mitral stenosis. Am] Cardia!. 1986; 57 (8): 63 9--643, with permission. 

-- ------------

1 Table 5.6. 

Sokolow-Lyon Criteria for Right-Ventricular 
Hypertrophy 

R wave in lead V1 + S wave in lead VS or V6 ;:;::1.10 mV 

Modified from Sokolow M, Lyon TP. The ventricular complex in right 
ventricular hypertrophy as obtained by unipolar precordial and limb 
leads. Am Heart]. 1949;38(2):273-294, with permission. 

CHAPTER 5: Chamber Enlargement 113 



GLOSSARY 

Biatrial enlargement: enlargement of both the 
right and left atria. 

Complete bundle-branch block: total failure of 
conduction in the right or left bundle branch. 

Dilation: stretching of the myocardium beyond 
its normal dimensions. 

Bnlargement: dilation or hypertrophy of a car· 
Wa.c chamber. 

Hypertrophy: jnoun) an increase in bulk of a 
carWa.c chamber, caused by the thickening of 
myocardial fibers; jverb) to increase in bulk. 

Incomplete bundle-branch block: partial 
failure of conduction in the right or left bun· 
dle branch. 

Intra-atrial block: a conduction delay within 
the atria. 

Left-atrial enlargement (LAEJ: dilation of the 
left atrium to accommodate an increase in 
blood volume or resistance to outflow. 

Left-bundle-branch block (LBBBJ: failure of 
conduction in the left bundle branch of the 
ventricular Tawara's system. 

Left-ventricular strain: an ECG pattern char
acteristic of marked left·ventricular hyper· 
trophy, which is accompanied by ST -segment 
and T-wave changes (negativity of the ST seg· 
ment and T wave) in addition to changes in 
the QRS complex. 

P mitrale: appearance of the P wave in LAE; 
named for its common occurrence in mitral 
valve disease. 
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P pulmonale: appearance of the P wave in 
RAE; named for its common occurrence in 
chronic pulmonary disease. 

Pressure or systoHc overload: a condition in 
which a ventricle is forced to pump against 
an increased resistance during systole. 

Right-atrial enlargement (RAE): dilation of 
the right atrium to accommodate an increase 
in blood volume or resistance to outflow. 

Right-bundle-branch block (RBBB): failure 
of conduction in the right branch of the ven
tricular Tawara's system. 

Sensitive: a term referring to the ability (sensi
tivity! of a test to indicate the presence of a 
condition lie., if the test is positive in every 
subject with the condition, it attains 100% 
sensitivity). 

Specific: a term referring to the ability (speci
ficity) of a test to indicate the absence of a 
condition {i.e., if the test is negative in every 
control subject without the condition, it 
attains 100% specificity). 

Strain: an ECG pattern characteristic of 
marked hypertrophy that is accompanied by 
ST-segment and T-wave changes in addition 
to changes in the QRS complex. 

Volume or diastolic overload: a condition 
in which a ventricle becomes filled with an 
increased amount of blood during diastole. 

tricular hypertrophy: a model study. ] 
Electrocardiol. 2010;43{3):200-208. 

4. Bacharova L, Szathmary V, Mateasik A. 
Primary and secondary T wave changes 
in LVH: a model study.] Blectrocardiol. 
2010;43(6):624-633. 

5. Cabrera E, Monroy JR. Systolic and diastolic 
loading of the heart. D. Electrocardiographic 
data. Am Heart] 1952;43{51:669-686. 

6. Devereux RB, Reichek N. Repolarization 
abnormalities of left ventricular hypertrophy. 
Clinical, echocardiographic and hemodynamic 
correlates.] Ekctrocard:iol. 1982;15(1):47-53. 

7. Palmeiri V, Dahlof B, DeQuattro V, et al. 
Reliability of echocardiographic assess-



ment of left ventricular structure and func
tion: the PRESERVE study. Prospective 
randomized study evaluating regression of 
ventricular enlargement. ] Am Coll Cardiol. 
1999;34(51: 1625-1632. 

8. Sokolow M, Lyon TP. The ventricular 
complex in left ventricular hypertrophy as 
obtained by unipolar precordial and limb 
leads. Am Heart]. 1949;37(21:161-186. 

9. Casale PN, Devereux RB, Alonso DR, 
et al. Improved sex-specific criteria of left 
ventricular hypertrophy for clinical and 
computer interpretation of electrocardio
grams: validation with autopsy findings. 
Circulation. 1987;75(31 :565-572. 

10. Romhilt DW, Bove KE, Norris RJ, et al. A 
critical appraisal of the electrocardiograph-

ic criteria for the diagnosis of left ventricu
lar hypertrophy. Circulation. 1969;40(21: 
185-195. 

11. Sokolow M, Lyon TP. The ventricular 
complex in right ventricular hypertro
phy as obtained by unipolar precordial 
and limb leads. Am Heart]. 1949;38(21: 
273-294. 

12. Butler PM, Leggett SI, Howe CM, et al. 
Identification of electrocardiographic crite
ria for diagnosis of right ventricular hyper
trophy due to mitral stenosis. Am] Cardiol. 
1986;57(8) :639-643. 

13. Strauss DG, Selvester RH, Wagner GS. 
Defining left bundle branch block in the era 
of cardiac resynchronization therapy. Am] 
Cardiol. 2011;107(6):927-934. 

CHAPTER 5: Chamber Enlargement 115 





Intraventricular 
Conduction 
Abnormalities 
DAVID G. STRAUSS, TOBIN H. LIM, AND 
GALEN S. WAGNER 



NORMAL CONDUCTION ~ 

Many cardiac conditions cause electrical impulses to be conducted abnormally through 
the ventricular myocardium, producing changes in QRS complexes and T waves. Therefore, 
it is important to understand the conditions that can mimic or complicate the diagnosis of 
bundle-branch block (BBB) or fascicular block (intraventricular conduction abnormalities). 
These are as follows: 

r 1. The left and right ventricles are not in an enlarged state that would prolong the 
time required for their activation and recovery (see Chapter 5). 

2. Myocardial ischemia or infarction is not present or is of insufficient magnitude to 
disrupt the spread of the activation and recovery waves (see Chapter 9). 

3. There is rapid impulse conduction through the right- and left-ventricular Purkinje 
networks so that the endocardial surfaces are activated almost simultaneously 
(as discussed later in this chapter). 

4. There are no accessory pathways for conduction from the atria to the ventricles 
(see Chapter 7). 
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BUNDLE-BRANCH AND FASCICULAR BLOCKS ~ 
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FIGURE 6. 1. Dashed lines indicate right-sided (R) and left-sided {L) intraventricular conduction 
delays in this schematic recording from lead V1 that provides the short-axis viewpoint. 

Because the activation of the ventricular Purkinje system is not represented on the sur
face electrocardiogram (ECG), abnormalities of its conduction must be detected indirectly 
by their effects on myocardial activation and recovery. ECG waveforms (see Fig. 1.14) 
are reproduced with the addition of specific QRS complex abnormalities in Figure 6.1. 
A conduction disturbance within the right bundle branch (RBB) causes right-ventricular 
activation to occur after left-ventricular activation is completed, producing an R' deflection 
in lead Vl (see Fig. 6.1). A delay in conduction through the left bundle branch (LBBJ mark
edly postpones left-ventricular activation, resulting in an abnormally prominent S wave in 
lead V1 (see Fig. 6.1). 
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FIG U R. E 6. 2. Possible locations of intraventricular conduction abnormalities causing QRS 
complex and T -wave alterations are indicated by numbers 1, 2, and 3. AV, atrioventricular; LAF, left 
anterior fascicle; LBB,left-bundle-branch block; LPF,left posterior fascicle; RBB, right-bundle-branch 
block; VENT, ventricle. (Modified from Wagner GS, Waugh RA, Ramo BW. Cardiac Arrhythmias. 
New York, NY: Churchill Livingstone; 1983:18, with permission.) 

Conduction delays in the left-bundle fascicles or between the Purkinje fibers and the 
adjacent myocardium may alter the QRS complex and T wave (Fig. 6.2). A conduction 
disturbance in the common bundle (Bundle of His} has similar effects on the entire dis
tal Purkinje system and therefore does not alter the appearance of the QRS complex or 
Twave. 
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FIGURE 6. 3. Comparison of patterns of QRS morphology in lead V1 when the two ventricles 
are activated successively rather than simultaneously. A. Ventricular beat. B. Bundle-branch block. 
C. Ventricular tachycardia. D. Artificially paced ventricular rhythm. 

Block of an entire bundle branch requires that its ventricle be activated by myocardial 
spread of electrical activity from the other ventricle, with prolongation of the overall QRS 
complex. Block of the entire RBB is termed ucomplete right-bundle-branch blockH (RBBBJ, 
and block of the entire LBB is termed "complete left-bundle-branch block~ (LBBB). In both 
of these conditions, the ventricles are activated successively instead of simultaneously. 
The other conditions in which the ventricles are activated successively occur when one 
ventricle is preexcited via an accessory atrioventricular (AV) pathway (see Chapter 7) and 
when there are independent ventricular rhythms (see Chapters 15 and 19). Under these 
conditions, there is a fundamental similarity in the distortions of the ECG waveforms: the 
duration of the QRS complex is prolonged and the ST segment slopes into the T wave in the 
direction away from the ventricle in which the abnormality is located. Figure 6.3 compares 
QRS morphologies in lead V1 when the two ventricles are activated successively rather 
than simultaneously. 

A ventricular conduction delay with only slight prolongation of the QRS complex due 
to slowed conduction through the bundle branches could be termed incomplete RBBB or 
incomplete LBBB. However, it is important to remember from Chapter 5 that enlargement 
of the right ventricle may produce a distortion of the QRS complex that mimics incomplete 
RBBB (see Fig. 5.10B), whereas enlargement of the left ventricle may produce a prolonga
tion of the QRS complex that mimics incomplete LBBB (see Fig. 5. 9A). Because the LBB 
has multiple fascicles, another form of incomplete LBBB could be produced by a distur
bance in one of its major fascicles. 
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Anterior-superior fascicles 

Septal fascicles 

FIGURE 6. 4. The left ventricle has been opened to reveal the LBB and its fascicles as originally 
presented in Figure 1.7C. Note that the anterior and posterior fascicles to the LBB are also desig
nated superior and inferior, respectively, because these terms indicate their true anatomic posi
tions. (From Netter FH. The CIBA Collection of Medical Illustrations. Vol 5. Heart Summit, NJ: Ciba-Geigy; 
1978:13, with permission.) 

The ventricular Purkinje system is considered trifascicular. It consists of the RBB and 
the anterior and posterior portions of the LBB. The proximal RBB is small and compact 
and may therefore be considered either a bundle branch or a fascicle. The proximal LBB 
is also compact but is too large to be considered a fascicle. It remains compact for 1 to 
2 em and then fans into its two fascicles. 1 As Demoulin and Kulbertus2 have shown in 
humans, there are multiple anatomic variations in these fascicles among individuals. The 
left ventricle has been opened (Fig. 6.4) to reveal the LBB and its fascicles as originally 
presented in Figure 1.7C. Note the anterior and posterior fascicles of the LBB are also 
designated superior and inferior, respectively, because these terms indicate their true 
anatomic positions. Based on their anatomic locations, the two fascicles are termed the 
left anterior fascicle (LAF) and left posterior fascicle (LPF; see Fig. 6.4). The LAF of the 
LBB courses toward the anterosuperior papillary muscle, and the LPF of the LBB courses 
toward the posteroinferior papillary muscle. There are also Purkinje fibers that emerge 
from the LBB that proceed along the surface of the interventricular septum (sometimes 
termed the left septal fascicle) and initiate left-to-right spread of activation through the 
interventricular septum. 

Rosenbaum and coworkers3 described the concept of blocks in the fascicles of the 
LBB, which they termed 11left anterior and left posterior hemiblock. 11 However, these 
two kinds of block are more appropriately termed left anterior fascicular block (LAFBJ 
and left posterior fascicular block (LPFBJ. Isolated LAFB, LPFB, or RBBB is considered uni
fascicular block. Complete LBBB or combinations of RBBB with LAFB or with LPFB are 
bifascicular blocks, and the combination of RBBB with both LAFB and LPFB is considered 
trifascicular block. 
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FIGURE 6. 5. The contributions from activation of the interventricular septum and the right
and left-ventricular free walls to the appearance of the QRS complex in lead V1, with normal intra
ventricular conduction (top) and with RBBB (bottom). The numbers refer to the first, second, and 
third sequential 0.04-second periods of time. Only two 0.04-second periods are required for nor
mal conduction, but a third is required when RBBB is present. LV, left ventricle; RBBB, right bundle 
branch block; RV, right ventricle .. 

The term uni{a.scicular block is used when there is ECG evidence of blockage of only 
the RBB, LAF, or LPF. Isolated RBBB or LAFB occur commonly, whereas isolated LPFB is 
rare. Rosenbaum and coworkers3 identified only 30 patients with LPFB, as compared with 
900 patients with LAFB. 
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Right-Bundle-Branch Block 

FIGURE 6.6. Twelve-lead ECGs from a 17 -year -old girl with an ostium secundum atrial septal defect (A), 
an 81-year-old woman with fibrosis of the RBB (B), and an 82-year-old man with fibrosis ofboth the RBB 
and the anterior fascicle of the LBB (C). Arrows in A, B, and C indicate the prominent terminal R' wave in 
V1, and asterisks in A and C indicate the rightward and leftward axis shifts, respectively. 

Because the right ventricle contributes minimally to the normal QRS complex, RBBB pro
duces little distortion of the QRS complex during the time required for left-ventricular activa
tion. Figure 6.5 illustrates the minimal distortion of the early portion and marked distortion of 
the late portion of the QRS complex (in lead Vl) that typically occurs with RBBB. The activa
tion sequence of the interventricular septum and the right- and left -ventricular free walls con
tribute to the appearance of the QRS complex in lead Vl (see Fig. 6.5). Normal intraventricular 
conduction requires only two sequential 0.04-second periods, whereas a third is required when 
RBBB is present. The minimal contribution of the normal right-ventricular myocardium is 
completely subtracted from the early portion of the QRS complex and then added later, when 
the right ventricle is activated after the spread of impulses from the left ventricle through the 
interventricular septum to the right ventricle. This produces a late prominent positive wave in 
lead Vl termed R' because it follows the earlier positive R wave produced by the normal left
to-right spread of activation through the interventricular septum (see Fig. 6.5; Table 6.1). 

---------------------------------------------------------------, 

Table 6.1. 

Criteria for Right-Bundle-Branch Block 

QRS duration~ 0.12 s 

Lead V1 Late intrinsicoid (R' peak or lateR peak), M-shaped QRS (RSR'); sometimes wideR or qR 

Lead V6 Early intrinsicoid (R peak), wide S wave 
Lead I Wide S wave 
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FIGURE 6. 6. (continued) 

RBBB has many variations in its ECG appearance !Fig. 6.6A-C). In Figure 6.6A, the RBBB 
is considered •incomplete" because the duration of the QRS complex is only 0.10 second; 
but in Figure 6.6B and C, the RBBB is considered •completeH because the duration of the 
QRS complex is ~0.12 second. 
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Left Fascicular Blocks 
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FIGURE 6. 7. Schematic left ventricle viewed from its apex upward toward its base. The inter
ventricular septum (S), left-ventricular free wall (FW; also known as lateral wall), and anterior 
(A) and inferior (I) regions of the left ventricle are indicated. The typical appearances of the QRS 
complexes in leads I (top) and aVF (bottom) are presented for normal (A), LAFB (B), and LPFB left
ventricular activation (C). Dashed lines, fascicles; wavy lines, sites of fascicular block; small crosshatched 
circles, papillary muscles; outer rings, endocardial and epicardial surface of the left-ventricular myo
cardium; arrows, directions of activation wavefronts. 

Normal activation of the left-ventricular free wall spreads simultaneously from two sites 
(near the insertions of the papillary muscles of the mitral valve). Wavefronts of activation 
spread from these endocardial sites to the overlying epicardium. Because the wavefronts travel 
in opposite directions, they neutralize each other's influence on the ECG in a phenomenon 
called cancellation. When a block in either the LAF or LPF is present, activation of the free wall 
proceeds from one site instead of two. Because the cancellation is removed, the waveforms of 
the QRS complex change, as described below (Tables 6.2 and 6.3). A schematic diagram of the 
left ventricle viewed from its apex upward toward its base is illustrated in Figure 6.7. 
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------------------------

Table 6.2. 

Criteria for Left Anterior 
Fascicular Block 

1. Left-axis deviation (usually ~-60 degrees) 

2. Small Q in leads I and aVL; small R in II, III, and aVF 

3. Minimal QRS prolongation (0.020 s) from baseline 

4. Late intrinsicoid (R wave peak) deflection in aVL (>0.045 s) 

5. Increased QRS voltage in limb leads 

------------------------------------------
Table 6.3. 

Criteria for Left Posterior Fascicular Block 

1. Right-axis deviation (usually ~+120 degrees) 

2. Small R in leads I and aVL; small Q in II, III, and aVF 

3. Usually normal QRS duration 

4. Late intrinsicoid deflection in aVF (>0.045 s) 

5. Increased QRS voltage in limb leads 

6. No evidence of RVH 
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Left Anterior Fascicular Block 
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FIGuRE 6. 8. Twelve-lead ECGs from a 53-year-old woman with no medical problems (A) and 
a 75-year-old man with a long history of poorly treated hypenension (B). Arrows indicate the deep 
S waves in leads II, III, and aVF that reflect extreme left-axis deviation. 
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If the LAF of the LBB is blocked (see Fig. 6. 7B), the initial activation of the left-ventric
ular free wall occurs via the LPF. Activation spreading from endocardium to the epicar
dium in this region is directed inferiorly and rightward. Because the block in the LAF has 
removed the initial superior and leftward activation, a Q wave appears in leads that have 
their positive electrodes in a superior-leftward position (i.e., lead I) and an R wave appears 
in leads that have their positive electrodes in an inferior-rightward position (i.e., lead aVF) 
(see Fig. 6.8). Following this initial period, the activation wave spreads over the remainder 
of the left-ventricular free wall in a superior-leftward direction, producing a prominent 
R wave in lead I and a prominent S wave in lead aVF. This change in the left-ventricular 
activation sequence produces a leftward shift of the axis of the QRS complex to at least 
-45 degrees. The overall duration of the QRS complex may be within the normal range but 
is usually prolonged by 0.02 second from the patient's baseline.4 
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Left Posterior Fascicular Block 

FIGURE 6. 9. ECG of an asymptomatic individual shows deep S waves in leads I and aVL, typical 
of both LPFB and RVH (arrows). 

If the LPF of the LBB is blocked (see Fig. 6. 7C), the situation is reversed from that in 
LAF block, and the initial activation of the left-ventricular free wall occurs via the LAF. 
Activation spreading from the endocardium to the epicardium in this region is directed 
superiorly and leftward. Because the block in the LPF has removed the initial inferior 
and rightward activation, a Q wave appears in leads with their positive electrodes in an 
inferior-rightward position (i.e., lead aVF) and an R wave appears in leads with their posi
tive electrodes in a superior-leftward direction (i.e., lead 1). Following this initial period, 
the activation spreads over the remainder of the left-ventricular free wall in an inferior/ 
rightward direction, producing a prominent R wave in lead a VF and a prominent S wave in 
lead I. This change in the left-ventricular activation sequence produces a rightward shift of 
the axis of the QRS complex to ::::: + 90 degrees. 5 The duration of the QRS complex may be 
normal or slightly prolonged (Fig. 6.9). 

The consideration that LPFB may be present requires that there be no evidence of right
ventricular hypertrophy (RVH) from either the precordial leads (see Fig. 6.9) or from other 
clinical data. However, even the absence of RVH does not allow diagnosis of LPFB because 
RVH can produce the same pattern as LPFB in the limb leads and RVH is much more com
mon than LPFB. 
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FIGURE 6. 1 0. Contributors to the QRS 
complex in lead V1. Top. Normal intraventric
ular conduction. Bottom. LBBB. The numbers 
refer to the first, second, and third sequential 
0.04-second periods of time. LBBB, left-bundle
branch block; LV, left ventricle; RV, right 
ventricle. 

The term bi{ascicular block is used when there is ECG evidence of involvement of any 
two of the RBBB, LAF, or LPF. Such evidence may appear at different times or may coexist 
on the same ECG. Bifascicular block is sometimes applied to complete LBBB and is com
monly applied to the combination of RBBB with either LAFB or LPFB. The combination of 
RBBB with LAFB can be caused by a large anteroseptal infarct. The term bilateral bundle
branch block is also appropriate when RBBB and either LAFB or LPFB are present.6 When 
there is bifascicular block, the duration of the QRS complex is prolonged to :::::0.12 second. 

Left-Bundle-Branch Block 
Figure 6.10 illustrates the QRS complex distortion produced by LBBB in lead Vl. It also 

identifies the various contributions from ventricular myocardium to the appearances of the 
QRS complex. Complete LBBB may be caused by disease in either the main LBB jpredivi
sional) or in both of its fascicles jpostdivisional). When the impulse cannot progress along 
the LBB, electrical activation must first occur in the right ventricle and then travel through 
the interventricular septum to the left ventricle. 
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Figure 6.11 shows the electrical activation in normal activation (Al and in the presence 
of LBBB (B). In normal activation, the interventricular septum is activated from left to 
right (see Figs. 6.11A and 6.12A), producing an initial R wave in the right precordial leads 
and a Q wave in leads I, aVL, and the left precordial leads. When complete LBBB is pres
ent, however, the septum is activated from right to left (see Figs. 6.11B and 6.12C). This 
produces a small R wave followed by a large S wave or a large Q wave with no R wave in 
the right precordial leads (Vl and V2l and eliminates the normal Q waves in the leftward
oriented leads (leads V5-V6, I, aVL). However, it should be noted that patients with LBBB 
and an anterior myocardial infarction (Mil can have Q waves in leftward-oriented leads 
even with LBBB (see Chapter 12, Fig. 12.17B). The activation of the left ventricle then pro
ceeds sequentially from the interventricular septum to the adjacent anterior and inferior 
walls, and then to the lateral free wall(see Figs. 6.11B and 6.12C). 
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FIGURE 6.11. Ventricular activation in normal (A) and complete LBBB (B) activation. For refer
ence, 2 QRS-T waveforms are shown in their anatomic locations in each image. Electrical activation 
starts at the small arrows and spreads in a wave front, with each colored line representing successive 
0.01 second. Comparing A and B reveals the difference between normal and complete LBBB activa
tion. In normal activation (A), activation begins within the left- and right-ventricular endocardium. 
In complete LBBB (B). activation only begins in the right ventricle and must proceed through the 
septum for 0.04 to 0.05 second before reaching the LV endocardium. It then requires another 0.05 
second for reent:J:y into the left-ventricular Purkjnje network and to propagate to the endocardium 
of the lateral wall. It then requires another 0.05 second to activate the lateral wall, producing a total 
QRS duration of 0.14 to 0.15 second. Any increase in septal or lateral wall thickness or left-ventricular 
endocardial surface area further increases QRS duration. Because the propagation velocity in human 
myocardium is 3 to 4 mm per 0.1 second, a circumferential increase in left-ventricular wall thickness 
by 3 mm will increase total QRS duration by 0.02 second in LBBB (0.1 seconds for the septum and 0.1 
second for the lateral wall). Reprinted with permission from Strauss et al. ECG quantification of myo
cardial scar in cardiomyopathy patients with or without conduction defects: correlation with cardiac 
magnetic resonance and arrhythmogenesis. Circ Arrhythm Electrophysioi. 2008;1:327-336. 
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FIGURE 6. 1 2. Ventricular activation sequence, vector loops, and ECG waveforms in the frontal 
and transverse planes. The frontal and transverse planes are shown in normal conduction (A), left 
anterior fascicular block (LAFB) and right-bundle-branch block (RBBB) (B), and left-bundle-branch 
block (LBBB) (C). Colored lines represent areas of myocardium activated within the same 10-milli
second period (isochrones). Numbers represent milliseconds since beginning of activation. (Modified 
from Strauss DG, Selvester RH. The QRS complex-a biomarker that "images" the heart: QRS scores 
to quantify myocardial scar in the presence of normal and abnormal ventricular conduction. J 
Electrocardio1. 2009;42:85-96, with permission. Copyright 2009, Elsevier.) 
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FIGURE 6. 13. ECGs from an 82-year-old woman with a sudden increase in QRS duration from 
0.076 seconds (A) to 0.148 seconds (B) 1 year later (a 95% increase) with the development of com
plete LBBB. In addition to the increase in QRS duration, notice the change in QRS morphology that 
includes distinctive mid-QRS notching in leads I and aVL, along with mid-QRS slurring in leads VS 
and V6. Reproduced with permission from Strauss et al. Am] Cardiol. 2011;107(6):927-934. 

A critical component of diagnosing LBBB on the ECG is the presence of mid-QRS 
notching/slurring in frontward-backward leads (V1 and V2) or leftward-rightward leads 
(V5, V6, I, and aVL) as shown in activation sequence Figures 6.11B and 6.12C. Figure 6.13 
shows ECGs from an 82-year-old woman before (A) and after (B) the development of LBBB. 
Notice that QRS duration increases from 0.76 to 0.148 second with the development of 
LBBB. In addition to the increase in QRS duration, notice the change in QRS morphology 
that includes distinctive mid-QRS notching in leads I and aVL, along with mid-QRS slur
ring in leads V5 and V6. Figure 6.14 shows another example of a patient who has a sudden 
QRS prolongation due to LBBB with the appearance of clear mid-QRS notching/slurring. 
This is in contrast to the ECGs in Figure 5.11 where the patient developed progressive left
ventricular hypertrophy with QRS duration of 0.142 second, but no mid-QRS notching/ 
slurring. 
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FIGURE 6. 14. ECGs from a 75-year-old woman with a sudden increase in QRS duration from 
0.092 second (A) to 0.156 second (B) in 6 months (a 70% increase) with the development of complete 
LBBB. The patient developed distinctive mid-QRS notching in leads I, aVL, VS, and V6. (Reproduced 
from Strauss DG, Selvester RH, Wagner GS. Defining left bundle branch block in the era of cardiac 
resynchronization therapy. Am] Cardiel. 2011;107(6):927-934, with permission.) 

Table 6.4 contains ~conventionalH criteria for LBBB that consists primarily of a QRS 
duration ~0.12 second and a leftward conduction delay IQS or rS) in lead Vl. However, 
simulation and endocardial mapping research has demonstrated that approximately 1 of 3 
patients diagnosed with LBBB by conventional criteria do not have activation consistent 
with LBBB.7 Table 6.5 contains "strictH criteria for LBBB that requires QRS duration ~0.13 
second in women and QRS duration ~0.14 seconds in men; a QS or rS in V1; and mid-QRS 
notching/slurring in two of the leads I, aVL, V1, V2, VS, or V6.7 
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1 Table 6.4. I 

Conventional Criteria for 
Left-Bundle-Branch Block 

Lead V1 

Lead V6 

Lead I 

QS or rS 

Late intrinsicoid (R orR' peak), no Q waves, 
monophasic R 

Monophasic R wave, no Q 

Table 6.5. I 
Strict Criteria for Left-Bundle-Branch Block 

QRS duration ~0.13 sin women or ~0.14 sin men 

Lead V1 QS or rS 

Mid-QRS notching/slurring in two of the leads I, aVL, V1, 
V2, V5, orV6 
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Right-Bundle-Branch Block with Left Anterior Fascicular Block 

I II ill aVR aVL aVF Vl V2 V3 V4 V5 V6 

_J__TT--r---1Lr ----r---11VI--r-
A / 

B 

P I G U R E 6 . 15 . A. Deep S waves characteristic of LAFB (arrows). B. Pro min en t R' wave charac
teristic of RBBB (arrow). 

Just as LAFB appears as a unifascicular block much more commonly than does LPFB, 
it more commonly accompanies RBBB as a bifascicular block. The combination of RBBB 
and LAFB is commonly a sign of a large anteroseptal infarct because the RBB and LAF are 
perfused by the same coronary artery (see Chapter 12).8 Figure 6.12B shows the ventricular 
activation sequence and corresponding QRST waveforms in the presence of RBBB plus 
LAFB. The diagnosis of LAFB plus RBBB is made by observing the late prominent R or R' 
wave in precordial lead V1 of RBBB, and the initial R waves and prominent S waves in limb 
leads II, III, and aVF of LAFB. The duration of the QRS complex should be ~0.12 second 
and the frontal plane axis of the complex should be between -45 degrees and -120 degrees 
jFig. 6.15). In a 12-lead ECG from a 1-year previous examination (see Fig. 6.15A), only 
LAFB (deepS waves in II, III, and aVF) is present. In a current ECG evaluation of the same 
patient (see Fig. 6.15B), the presence of RBBB (prominent R' wave in Vl) indicates that a 
second fascicle has been blocked. 
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Right-Bundle-Branch Block with Left Posterior Fascicular Block 

FIGURE 6. 16. Right-bundle-branch block with LPFB. Arrows, prominent S waves (I and aVL) 
and RR' complex (V1). 

The example of bifascicular block consisting of RBBB with LPFB rarely occurs. Even 
when changes in the ECG are entirely typical of this combination, the diagnosis should be 
considered only if there is no clinical evidence of RVH. The diagnosis of RBBB with LPFB 
should be considered when precordial lead V1 shows changes typical of RBBB and limb 
leads I and a VL show the initial R waves and prominent S waves typical of LPFB. The 
duration of the QRS complex should be ~0.12 second, and the frontal plane axis of the 
complex should be ~+90 degrees (Fig. 6.16).9 
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SYSTEMATIC APPROACH TO THE ANALYSIS OF 
BUNDLE-BRANCH AND FASCICULAR BLOCKS 

The systematic approach to waveform analysis used in Chapter 3 should be applied in 
analyzing bundle-branch and fascicular blocks. 

General Contour of the QRS Complex 
RBBB and LBBB have opposite effects on the contour of the QRS complex. RBBB adds a 

new waveform directed toward the right ventricle following the completion of slightly altered 
waveforms directed toward the left ventricle (see Fig. 6.5). Therefore, the QRS complex in 
RBBB tends to have a triphasic appearance. In lead V1, which is optimal for visualizing right
versus left-sided conduction delay, the QRS in RBBB has the appearance of "rabbit earsw 
(see Fig. 6.6). Typically, the 11first earH (R wave) is shorter than the usecond ear" (R' wave). 
(Although the term "rabbit earsH in this context refers to a triphasic QRS, it can also refer to 
two peaks found in monophasic QRS complexes.) When RBBB is accompanied by block in 
one of the LBB fascicles, the positive deflection in lead V1 is often monophasic (see Fig. 6.16). 

In LBBB, a sequential spread of activation through the interventricular septum and left
ventricular free wall replaces the normal, competing, and simultaneous spread of activa
tion through these areas. As a result, the QRS complex tends to have a monophasic appear
ance with mid-QRS notching in leads Vl, V2, V5, V6, I, and/or aVL. 

Although LBBB and LVH have many ECG similarities, they also show marked differ
ences. Whereas the normal Q waves over the left ventricle may be present or even exag
gerated in LVH, they are absent in LBBB (when there is no accompanying anteroapical 
infarction). In addition, clear mid-QRS notching is present in LBBB, but not LVH, although 
L VH and apical MI could cause mid-QRS notching, mimicking LBBB. 

QRS Complex Duration 
Complete RBBB usually increases the duration of the QRS complex by ;;:::0,04 second, 

and complete LBBB increases the duration of the complex by ;;:::o.06 second. Block within 
the LAF or LPF of the LBB usually prolongs the duration of the QRS complex by approxi
mately 0.02 second (see Figs. 6.8B and 6.9).4 

Positive and Negative Amplitudes 

BBB produces QRS waveforms with lower voltage and more definite notching than 
those that occur with ventricular hypertrophy. However, the amplitude of the QRS com
plex does increase in LBBB because of the relatively unopposed spread of activation over 
the left ventricle. 

One general rule for differentiating between LBBB and L VH is that the greater the 
amplitude of the QRS complex, the more likely is LVH to be the cause of this. Similarly, 
the more prolonged is the duration of the QRS complex, the more likely is LBBB to be the 
cause of this effect. Klein and colleagues10 have suggested that in the presence of LBBB, 
either of the following criteria are associated with L VH: 

1. S wave in V2 + R wave in V6 >45 mm. 
2. Evidence of left-atrial enlargement with a QRS complex duration >0.16 second. 
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QRS Axis in the Frontal and Transverse Planes 

aVF 

............................ ... ························· 

VI 

V2 

V3 

............................ . .......................... . 

V4 

FIGURE 6.17. A. An 89-year-old woman during a routine health evaluation. B. A 45-year-old pilot 
during an annual health evaluation. C. A 6+year-old woman on the first day after coronary bypass sur
gery. Arrows, concordant directions of the terminal QRS complex and T wave in leads V2 to V4. 

Because complete RBBB and complete LBBB alter conduction to entire ventricles, 
they might not be expected to produce much net alteration of the frontal plane QRS axis. 
However, Rosenbaum et aJ.3 studied patients with intermittent LBBB in which blocked 
and unblocked complexes could be examined side by side. LBBB was often observed to 
produce a significant left-axis shift and sometimes even a right-axis shift. The axis was 
unchanged in only a minority of patients. 

However, block in either the LAF or LPF of the LBB alone produces marked axis deviation. 
The initial 0.20 second of the QRS complex is directed away from the blocked fascicles, and the 
middle and late portions are directed toward the blocked fascicles, causing the overall direction 
of the ~ complex to be shifted toward the site of the block (see Figs. 6.8 and 6.9).z When 
block in either of these LBB fascicles is accompanied by RBBB, an even later waveform is added 
to the QRS complex, thereby further prolonging its duration. The direction of this final wave
form in the frontal plane is in the vicinity of 180 degrees, as a result of the RBBB (see Fig. 6.6C). 2 

In BBB, the T wave is usually directed opposite to the latter portion of the QRS complex 
(e.g., in Fig. 6.17 A, the T wave in lead I is inverted and the latter part of the QRS complex is 
upright; in Fig. 6.17B, the T wave is upright and the latter part of the QllS complex is nega
tive). This opposite polarity is the natural result of the depolarization-repolarization distur
bance produced by the BBB and is therefore termed 11secon.dmy." Indeed, if the direction 
of the T wave is similar to that of the terminal part of the QRS complex (see Fig. 6.17C), it 
should be considered abnormal. Such T-wave changes are primary and imply myocardial 
disease. The diagnosis of MI in the presence of BBB is considered in Chapter 12. 
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FIGURE 6 • 1 7 • (continued) 

One method of determining the clinical significance ofT-wave changes in BBB is to 
measure the angle between the axis of the T wave and that of the terminal part of the QRS 
complex. Obviously, if the two are oppositely directed (as they are with secondary T-wave 
changes}, the angle between them is wide and may approach 180 degrees. It has been pro
posed that if this angle is <110 degrees, myocardial disease is present. In Figure 6.17B, the 
angle is about 150 degrees, whereas in Figure 6.17C it is only a few degrees. 
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CLINICAL PERSPECTIVE ON INTRAVENTRICULAR
CONDUCTION DISTURBANCES 

vena cava 

FIGURE 6. 18. RBBB is induced by trauma to the RBB. A catheter has been advanced from the 
leg via the inferior vena cava, and its tip lies against the right-ventricular endocardium in the vicin
ity of the RBB. The resultant RBBB is illustrated in the third and fourth beats of the schematic lead 
V1 ECG recording. AV, atrioventricular; SA, sinoatrial. (The CIBA Collection ofMedical Illustrations. Vol5. 
Heart. Summit, NJ: CIBA-Geigy; 1978:13, with permission.) 

Both RBBB and LBBB are often seen in apparently normal individuals.11 The cause of 
this is fibrosis of the Purkinje fibers, which has been described as Lenegre disease12 or Lev 
disease. 13 The process of Purkinje fibrosis progresses slowly: a 10-year follow-up study of 
healthy aviators with BBB revealed no incidence of complete A V block, syncope, or sudden 
death.14 The pathologic process may be accelerated by systemic hypertension; it preceded 
the appearance of BBB in 60% of the individuals in the Framingham study. The mean age 
of onset of the BBB was 61 years. 15 

Insight into the long-term prognosis for individuals with chronic BBB but no other evi
dence of cardiac disease comes from studies of the ECG changes preceding the develop
ment of transient or permanent complete AV block. Lasser and associates16 documented 
the common presence of some combination of bundle-branch or fascicular block immedi
ately before onset of the AV block. The most common combination was RBBB with LAFB. 

The combined results of these studies suggest that Lenegre or Lev disease is a slowly devel
oping process of fibrosis of the Purkinje fibers that has the ultimate potential of causing com
plete AV block because of bilateral bundle branch involvement. Because the Purkinje cells 
lack the physiologic capacity of the A V nodal cells to conduct at varying speeds, a sudden 
progression from no AV block to complete AV block may occur.17 When this does occur, ven
tricular activation can result only from impulse formation within a Purkinje cell beyond the 
site of the block. Several clinical conditions may result, including syncope and sudden death. 

Bundle-branch or fascicular block may also be the result of other serious cardiac diseases. 
In Central and South America, Chagas disease, produced by infection with Trypanosoma 
cruzi, is almost endemic and is a common cause of RBBB with LAFB.18 As indicated in 
Chapter 5, RBBB is commonly produced by the distention of the right ventricle that occurs 
with volume overloading. Transient RBBB may be produced during right heart catheteriza
tion as a result of catheter-tip-induced trauma (Fig. 6.18). The resultant RBBB is displayed 
in the third and fourth beats of the schematic lead Vl recording. 
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FIGURE 6. 19. The proximal portion of specialized conduction system is shown in relation 
to its blood supply from a right anterior oblique view: (A), AV node; (B), Common bundle; (C), LPF; 
(D), LAF; (E), RBB. LAD, left anterior descending anery; PDA, posterior descending anery. (From 
Roonan M, Wagner GS, Wallace AG. Bradyarrhythmias in acute myocardial infarction. Circulation. 
1972;45:703-722, with permission. Copyright 1972, American Hean Association.) 

Conventional teaching prescribes that new-onset LBBB or RBBB that occurs with acute 
MI is associated with massive Mls.19 However, pathology studies have demonstrated that 
the proximal left anterior descending coronary artery septal perforators perfuse the RBB 
and left anterior fascicle of the LBB in 90% of cases, whereas the right coronary artery (via 
the A V nodal artery) perfuses the posterior fascicle of the LBB in 90% of cases, and there 
is dual blood supply to each of these fascicles in 40% to 50% of cases.3 Thus, proximal 
LAD occlusions could cause RBBB and/or LAFB; however, both proximal LAD and right 
coronary artery occlusions would be required for Mis to be the direct cause of LBBB in 
90% of patients. See Figure 6.19 for a schematic of the relationship between the fascicles 
and coronary arteries. Of note, histopathology studies have found that interruption of the 
LBB almost always occurs at its junction with the main bundle where the LBB can be com
pressed between connective tissue at the base of the ventricular septum. 20-22 This likely 
occurs more frequently when the ventricles are subjected to mechanical strain from hyper
trophy or dilatation. 
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FIGURE 6. 2 0. Precordial leads Vl and VS are shown from a 62-year-old woman during routine 
ECG monitoring after uncomplicated abdominal surgery (A) and a 54-year-old man during 24-hour 
ECG monitoring for a complaint of dizziness (B). Arrows indicate the onsets in the Vl leads of typi
cally appearing LBBB in A and RBBB in B. 

Intermittent BBB (prolonged QRS complexes present at some times but not at others) 
usually represents a transition stage before permanent block is established. Figure 6.20 
shows an example of sudden onset LBBB from a 62-year-old woman during routine ECG 
monitoring after uncomplicated abdominal surgery (see Fig. 6.20A) and sudden onset 
RBBB from a 54-year-old man during 24-hour ECG monitoring for a complaint of dizziness 
(see Fig. 6.20B). 
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FIGURE 6. 21. Appearance of tachycardia-dependent incomplete RBBB (arrows). 

At times, intermittent BBB is determined by the heart rate. As the rate accelerates, the 
RR interval shortens, and the descending impulse finds one of the bundle branches still in 
its refractory period. The appearance of incomplete RBBB following the shorter cycle inter
vals is illustrated in Figure 6.21. With this tachycardia-dependent BBB, slowing of the heart 
rate allows descending impulses to arrive after the refractory period of the entire conduc
tion system, and normal conduction is resumed. 

FIGURE 6 . 2 2. Bradycardia -dependent BBB. 

A rarer form of intermittent BBB, which develops only when the cardiac cycle lengthens 
rather than shortens, is termed bradycardia-dependent BBB. All beats are conducted sinus 
beats grouped in pairs. Those ending the shorter cycles are conducted normally, whereas 
those ending the longer cycles are conducted with LBBB (Fig. 6.22). Intermittent BBB is 
a form of intermittent aberrant conduction of electrical impulses through the ventricular 
myocardium. 
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GLOSSARY 

Atherosclerosis: a thickening of the inner arte
rial wall caused by the deposition of fatty 
substances. 

AV block: a block in the cardiac conduction 
system that causes a disruption of atrial-to
ventricular electrical conduction. 

Bifasclcular block: an intraventricular con
duction abnormality involving any two of the 
RBB, the anterior division of the LBB, and 
the posterior division of the LBB. 

Bilateral bundle-branch block: an intraven
bicular conduction abnormality involving 
both the right and left bundle branches, as 
indicated either by the presence of some 
conducted beats with RBBB and others with 
LBBB, or by AV block located distal to the 
common bundle. 

Bradycardia-dependent BBB: RBBB or LBBB 
that is intermittent, appearing only with a 
slowing of the atrial rate. 

Cancellation: elimination of an abnormality 
produced by a particular cardiac problem 
by a similar abnormality in another part of 
the heart or by a different abnormality in 
the same part of the heart, because the ECG 
waveforms represent the summation of the 
wavefronts of activation and recovery within 
the heart. 

Chagas disease: a tropical disease caused by 
the flagellate organism Trypanosoma cruzi, 
which is marked by prolonged high fever, 
edema, and enlargement of the spleen, liver, 
and lymph nodes and is complicated by car
diac involvement. 

Fascicle: a group of Purkinje fibers too small to 
be called a •branch." 

Fibrosis: a condition in which Purkinje fibers 
are transformed into nonconducting intersti
tial fibrous tissue. 

Left anterior fascicular block: a conduction 
abnormality in the anterior fascicle of the LBB. 
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Ventricular 
Preexci ta tion 
GALEN S. WAGNER 



HISTORICAL PERSPECTIVE 

In the normal heart, there are no muscular connections between the atria and ventricles. 
In 1893, Kent1 described the rare occurrence of such connections but wrongly assumed 
that they represented pathways of normal conduction. Mines suggested in 1914 that this 
accessory atrioventricular (A V) connection (bundle of Kent) might cause tachyarrhythmias. 
In 1930, Wolff and White in Boston and Parkinson in London reported their combined 
series of 11 patients with bizarre ventricular complexes and short PR intervals.z Then, in 
1944, Segers introduced the triad of short PR interval, preexcitation of the ventricles char
acterized by a prolonged upstroke of the QRS complex (delta wave), and tachyarrhythmia 
that characterize the Wolff-Parkinson-White (WPW) syndrome. 
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CLINICAL PERSPECTIVE 

Ventll~lar 
muscle 

AVN 

Atrial 
muscle 

KB 

AVN:AVnode 
HB: His bundle 
RBB: right bundle 
brunch 
KB: Kent bundle 
LBB: left bundle 
branch 

FIGURE 7. 1 • Normal and accessory AV conduction system. Solid bar, nonconducting struc
tures. AV, atrioventricular. 

Ventricular preexcitation refers to a congenital cardiac abnormality where part of the 
ventricular myocardium receives electrical activation from the atria before the impulse 
arrives via the normal AV conduction system. A schematic illustration of the anatomic 
relationship between the normal AV conduction system and the accessory AV conduction 
pathway provided by the bundle of Kent is displayed in Figure 7.1. Nonconducting struc
tures, which include the coronary arteries and veins, valves, and fibrous and fatty connec
tive tissues, prevent conduction of electrical impulses from the atrial myocardium to the 
ventricular myocardium. AV myocardial bundles commonly exist during fetal life but then 
disappear by the time of birth. 3 When even a single myocardial connection persists, there 
is the potential for ventricular preexcitation. In some individuals, evidence of preexcitation 
may not appear until late in life; whereas in others with lifelong evidence of ventricular 
preexcitation on the electrocardiogram (ECG), the WPW syndrome may not occur until 
late in life. Conversely, infants with the WPW syndrome may outgrow any or all evidence 
of this abnormality within a few years. 4 
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A B 
FIGURE 7. 2. Two types of aberrant conduction. A. Late ventricular activation (dashed line). 
B. Early ventricular activation (dashed line). 

Figure 7.2 illustrates the two types of altered or 11aberrant11 conduction from the atria 
(PR interval) to the ventricles (QRS interval) that results from bundle-branch block (BBB) 
and ventricular preexcitation. Right or left BBB does not alter the PR interval, but prolongs 
the QRS complex by delaying activation of one of the ventricles (see Fig. 7.2A). Ventricular 
preexcitation, due to a connection of the ventricle to the atria via an accessory muscle 
bundle, shortens the PR interval and produces a 11delta wave11 in the initial part of the 
QRS complex (see Fig. 7.2B). The total time from the beginning of the P wave to the end 
of the QRS complex remains the same as in the normal condition, because conduction via 
the abnormal pathway does not interfere with conduction via the normal AV conduction 
system. Therefore, before the entire ventricular myocardium can be activated by progres
sion of the preexcitation wavefront, electrical impulses from the normal conduction system 
arrive to activate the remainder of the venbicular myocardium. 
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PATHOPHYSIOLOGY 

FIGURE 7. 3. Anatomic basis for preexcitation. A. Normal condition. B. Abnormal congenital 
anomaly. Pink X, sinoatrial node; pink lines, direction of electrical impulses; open channel, conductive 
pathway between atria and ventricles. (Modified from Wagner GS, Waugh RA, Ramo BW. Cardiac 
Arrhythmias. New York, NY: Churchill Livingstone; 1983:13, with permission.) 

The combination of the following has been termed the WPW syndrome. 

1. PR interval duration of <0.12 second. 
2. A delta wave at the beginning of the QRS complex. 
3. A rapid, regular tachyarrhythmia. 

The PR interval is short because the electrical impulse bypasses the normal A V nodal 
conduction delay. The delta wave is produced by slow intramyocardial conduction that 
results when the impulse, instead of being delivered to the ventricular myocardium via the 
normal conduction system, is delivered directly into the ventricular myocardium via an 
abnormal or -anomalous" muscle bundle. The duration of the QRS complex is prolonged 
because it begins "too early, H in contrast with the situations presented in Chapters 5 and 
6, in which the duration of the QRS complex is prolonged because it ends too late. The 
ventricles are activated successively rather than simultaneously; the preexcited ventricle 
is activated via the bundle of Kent, and the other ventricle is then activated via the normal 
A V node and His-Purkinje system (Fig. 7 .3). 

The relationship between an anatomic bundle of Kent and physiologic preexcitation of the 
ventricular myocardium, and the typical ECG changes of ventricular preexcitation, are illus
trated on top and on bottom, respectively (see Fig. 7.3). Figure 7.3A illustrates the normal 
cardiac anatomy that permits AV conduction only via the A V node (the open channel at the 
crest of the interventricular septum). Thus, there is normally a delay in the activation of the 
ventricular myocardium (PR segment), as noted in the ECG recording shown in the figure. 
When the congenital abnormality responsible for the WPW syndrome is present, the ventric
ular myocardium is activated from two sources via: (a) the preexcitation pathway (the open 
channel between the right atrium and right ventricle shown in Fig. 7.3B) and (b) the normal 
AV conduction pathway. The resultant abnormal QRS complex (termed a fusion beat) is com
posed of the abnormal preexcitation wave and normal mid- and terminal-QRS waveforms. 
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FIGURE 7. 4. A. Typical ventricular preexcitation. B. Atrial premature beat. C. Retrograde atrial 
excitation. Pink X, origin of electrical impulse (A. Sinoatrial node. B. Ectopic origin.); pink lines, direc
tion of electrical impulses; open channel, conductive pathway between atria and ventricles; stippling, 
persistent refractoriness of myocardium. (Modified from Wagner GS, Waugh RA, Ramo BW. Cardiac 
Arrhythmias. New York, NY: Churchill Livingstone; 1983:13, with permission.) 

The abnormal AV muscular connection completes a circuit by providing a pathway for 
electrical reactivation of the atria from the ventricles. This circuit provides a continuous 
loop for the electrical activating current, which may result in a single premature beat or 
a prolonged, regular, rapid atrial and ventricular rate called a tachyarrhythmia jFig. 7.4). 
In Figure 7.4B, an atrial premature beat has occurred and sends a wave of depolarization 
through the atria and toward the bundle of Kent. Because this beat originated in such close 
proximity to the bundle of Kent, the bundle has not had sufficient time to repolarize. As 
a result, the premature wave of depolarization cannot continue through this accessory 
AV conduction pathway to preexcite the ventricles. However, the premature wave is able 
to progress to the ventricles via the normal AV conduction pathway in the A V node and 
interventricular septum. This depolarization wave then travels through the ventricles, and 
because it does not collide with an opposing wave (as occurs with ventricular preexcitation 
in Fig. 7.4A), it reenters the atrium through the bundle of Kent, creating a retrograde atrial 
excitation (see Fig. 7.4C). 
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FIGURE 7. 5. Ventricular preexdtation during atrial fibrillation. 

Ventricular preexcitation, induced by an accessory pathway, influences the ventricular 
rate to become rapid in the presence of an atrial tachyarrhythmia such as atrial flutter/ 
fibrillation (see Chapter 17}. During such an episode, the ventricles are no longer 11protect
ed" by the slowly conducting AV node. A 12-lead BCG recording with a lead II rhythm strip 
of a 24-year-old woman with ventricular preexcitation during atrial fibrillation is displayed 
in Figure 7.5. The irregularities of both the ventricular rate and QRS complex morphology 
are apparent, especially on the 10-second lead II rhythm strip at the bottom of the figure. 
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ELECTROCARDIOGRAPHIC DIAGNOSIS OF VENTRICULAR 
PREEXCITATION 

B ~--~---- ---------- ---------- --------~ 
FIGURE 7. 6. Positive and negative delta waves (arrows) in two patients. 

Typically, with ventricular preexcitation, the PR interval is <0.12 second in duration 
and the QRS complex is >0.10 second. Ventricular preexcitation produces a prolonged 
upstroke of the QRS complex, which has been termed a "delta wave. • Positive delta {Vl 
to V5, I and aVL) and negative delta (II, III, and aVF} waves are illustrated in Figure 7.6. 
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FIGURE 7. 7. A. Slow onset of the QRS complex following a normal PR interval (arrows). B. Short 
PR interval preceding a normal QRS complex duration (arrows). 

However, the PR interval is not always abnormally short and the QRS complex is not 
always abnormally prolonged. Figure 7.7A illustrates an abnormally slow onset of the 
QRS complex following a normal PR interval (0.16 second). Figure 7.7B illustrates an 
abnormally short PR interval preceding a QRS complex of normal duration (0.08 second). 
Conduction through the bundle of Kent may be relatively slow, or the bundle of Kent may 
directly enter the His bundle. Among almost 600 patients with documented ventricular 
preexcitation, 25% had PR intervals of ~0.12 second and 25% had a QRS complex dura
tion of s 0.10 second. 5 

When ventricular preexcitation is suspected in a patient with tachyarrhythmia but no 
ECG evidence of preexcitation, the following diagnostic procedures may be helpful: 

1. Pace the atria electronically at increasingly rapid rates to induce conduction via 
any existing accessory pathway. 

2. Produce vagal nerve stimulation to impair normal conduction through the AV 
node so as to induce conduction via any existing accessory pathway. 

3. Infuse digoxin intravenously for the same purpose as in procedure 2. 
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FIGURE 7 .8. A. Delta waves (arrows). Band C. Delta waves mimicking myocardial infarction 
(arrows). 

Ventricular preexcitation may mimic a number of other cardiac abnormalities. When 
there is a wide, positive QRS complex in leads Vl and V2, it may simulate right-bundle
branch block, right-ventricular hypertrophy, or a posterior myocardial infarction. When 
there is a wide, negative Ql{.S complex in lead Vl or V2, preexcitation may be mistaken 
for left-bundle-branch block {LBBB; Fig. 7.8A} or left-ventricular hypertrophy. A negative 
delta wave, producing Q waves in the appropriate leads, may imitate anterior, lateral, or 
inferior infarction. The prominent Q waves in leads aVF and Vl in Figure 7.8B could be 
mistaken for inferior or anterior infarction, respectively (see Chapter 12). Similarly, the 
deep, wide Q wave in lead aVF and broad initial R wave in lead Vl in Figure 7.8C could be 
mistaken for inferior or posterior infarction, respectively. 
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ELECTROCARDIOGRAPHIC LOCALIZATION OF THE PATHWAY 
OF VENTRICULAR PREEXCITATION 

---------------------------------------------

Table 7.1. 

Relationship between Pathway Location and Electrocardiographic (ECG) 
Changes 

ECG Appearance 

Group A: QRS mainly positive in leads V1 and V2 

Group B: QRS mainly negative in leads V1 and V2 

Location of Abnormal Pathway 

LA-LV 

RA-RV 

LA, left atrium; L v. left ventricle; RA, right atrium; RV, right ventricle. 

Many attempts have been made to determine the myocardial location of ventricular 
preexcitation according to the direction of the delta waves in the various ECG leads. 
Rosenbaum and colleagues6 divided patients into two groups (groups A and B) on the basis 
of the direction of the •main deflection of the QRS complexH in transverse plane leads Vl 
and V2 (Table 7.1). 
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FIGuRE 7. 9. Milstein's algorithm for accessory pathway localization. LBBB,left-bundle-branch 
block; LL, left lateral; Neg., negative; Pos., positive; PS, posteroseptal; RAS, right anteroseptal; RL, 
right lateral. (Modified from Milstein S, Sharma AD, Guiraudon GM, et al. An algorithm for the elec
trocardiographic localization of accessory pathways in the Wolff-Parkinson-White syndrome. Pacing 
Clin Electrophysiol. 1987;10:555-563, with pemtission.) 

Other classification systems consider the direction only of the abnormal delta wave in 
attempting to better localize the pathway of ventricular preexcitation. Because curative 
surgical and catheter ablation techniques for eJjminating it have become available, more 
precise localization of the accessory pathway is clinically important, 7 and many additional 
ECG criteria have therefore been proposed for achieving this. However, precise localiza
tion of an accessory AV pathway is made difficult by several factors, including minor 
degrees of preexcitation, the presence of more than one accessory pathway, distortions of 
the QRS complex caused by superimposed myocardial infarction, or ventricular hypertro
phy. Nevertheless, Milstein and associates8 devised an algorithm that enabled them to cor
rectly identify the location of 90% of > 140 accessory pathways (Fig. 7.9). For purposes of 
this schema (see Fig. 7.9), LBBB indicates a positive QRS complex in lead I with a duration 
of ~0.09 second and rS complexes in leads Vl and V2. 
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FIGURE 7 .10. BundleofKentgenerallocations. 1, LA-LVfreewall; 2, posterior septal; 3, RA-RV 
free wall, a combination of Milstein and colleagues' right anteroseptal and right lateral locations. 
(Modified from Tonkin AM, Wagner GS, Gallagher JJ, et al. Initial forces of ventricular depolarization 
in the Wolff-Parkinson-White syndrome. Analysis based upon localization of the accessozy pathway 
by epicardial mapping. Cin::ulation. 1975;52:103~1036, with permission.) 

Although accessory pathways may be found anywhere in the connective tissue between 
the atria and ventricles, nearly all are found in three general locations, as follows: 

1. Left laterally, between the left-atrial and left-ventricular free walls (50%). 
2. Posteriorly, between the atrial and ventricular septa (30%}. 
3. Right laterally or anteriorly, between the right-atrial and right-ventricular free 

walls (20%). 

The three general locations are illustrated as a schematic view (from above) of a cross
section of the heart at the junction between the atria and the ventricles in Figure 7.10. The 
ventricular outflow aortic and pulmonary valves are located anteriorly, and the ventricular 
inflow mitral (bicuspid) and tricuspid valves are located posteriorly. 

Tonkin and associates9 presented a simple meth<Xi for localizjng accessory pathways to one of 
the foregoing areas on the basis of the direction of the delta wave (Table 7.2). They considered 
a point 20 milliseconds after the onset of the delta wave in the QRS complex as their reference. 

-------------------------------------------------------------------
Table 7.2. 

Consideration of Delta Wave at QRS Onset + 0.02 s 

Direction of Preexcitation 

Rightward 

Leftward and superior 

Leftward and inferior 

Location of Pathway 

LA-LV free wall 

Posterior septal 

RA-RV free wall 

LA, left atrial; LV, left ventricular; RA, right atrial; RV, right ventri.c:ular. 

Incidence Correct 

10of10 

9 of10 

6of7 
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ABLATION OF ACCESSORY PATHWAYS 

A 
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B 
FIGURE 7 .11. Radiofrequency ablation of bundle of Kent. A. Before the procedure (arrows, 
delta waves). B. After the procedure (arrows, normal QRS complex). 
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FIGURE 7. 12. Radiofrequency ablation of bundle of Kent. A. Before the procedure (arrows, 
delta waves). B. After the procedure (arrows, normal QRS complex). 

Ablation may be performed by surgical dissection or by percutaneous catheter tech
niques, in conjunction with a diagnostic electrophysiology test in localizing the accessory 
pathway. Figures 7.11A and 7.12A illustrate the typical ECG appearances of preexcitation 
of the right ventricular free wall and the interventricular septum, respectively. Successful 
ablation of the accessory pathways (see Figs. 7.11B and 7.12BJ revealed the underlying 
presence of normal QRS complexes. 
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GLOSSARY 

Bundle of Kent: a congenital abnormality in 
which a bundle of myocardial fibers con
nects the atria and the ventricles. 

Delta wave: a slowing of the initial aspect of 
the QRS complex caused by premature exci
tation lpree:x.citationl of the ventricles via a 
bundle of Kent. 

Fusion beat: activation of the ventricles by two 
different wavefronts, resulting in an abnor
mal appearance of the QRS complexes on 
theECG. 
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Subtle differences in QRS-, ST-, or T-wave morphologies on electrocardiogram (ECG) 
most commonly represent benign variations on a population basis; however, in some in
stances, these changes represent diagnostic clues to identify rare inherited disorders as
sociated with an increased risk of sudden cardiac death (SCD). This group of inherited 
arrhythmia disorders are heterogeneous in regard to underlying mechanism and presenta
tion; however, they do share some important characteristics: (a) an increased risk of SCD; 
(b) result from functional mutations in ion channel, ion channel accessory proteins, or myo
cardial structural genes; (c) mostly appear in the absence of overt structural heart disease; 
and !d) have characteristic ECG patterns. The identification of these ECG patterns that 
include prolonged or shortened QT intervals, low amplitude notching in QRS complexes, 
or unusual-appearing bundle branch patterns is extremely important in the proper identi
fication of these rare syndromes. This chapter explores this group of inherited arrhythmia 
disorders, their accompanying ECG patterns, and some of their defining clinical features. 
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THE LONG QT SYNDROME 

The long QT syndrome (LQTSJ is a disorder of abnormal myocardial repolarization char
acterized by a prolonged QT interval (Chapter 3) on ECG and an increased risk of SCD.1 

This abnormal repolarization can lead to the development of fatal ventricular arrhythmias 
such as torsades de pointes (Chapter 19). It can either be an inherited condition, often in
volving a mutation in an ion channel-associated gene, or an acquired condition resulting 
from medication exposure, electrolyte derangements, or myocardial ischemia.2 
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ELECTROCARDIOGRAPHIC CHARACTERISTICS 

QT Interval 

Figure A. LQT1 B.LQT2 C. LQT3 

II 

aVF 

I vs 
I 

FIGURE 8. 1. Genotype specific ECG patterns in long QT syndrome. A. LQT1 -early onset broad
based T wave. B. LQT2 - low amplitude and bifid T wave. C. LQT3 - long isoelectric ST segment with a 
late-appearing T wave. (Modified from Moss AJ, Zareba W, Benhorin ], et al. ECG T -wave patterns in 
genetically distinct forms of the hereditary long QT syndrome. Circulation. 1995;92:2929-2934, with 
permission.) 

A prolonged QTc interval(Chapter 3) is the hallmark of LQTS. However, it should not 
be used as the sole diagnostic criteria because up to a quarter of genotype-positive LQTS 
patients may have a normal QTc. In addition, as QT intervals in a population follow a nor
mal distribution, at least 2.5% of the general population will have a 11prolonged QTc11 (~450 

milliseconds in men and ~460 milliseconds in women) per the guidelines.3 See the section 
on °ELECTROCARDIOGRAM AS USED IN DIAGNOSIS". 

In general, QTc intervals >500 milliseconds are associated with an increased risk of sud
den death. Because the QTc interval is dynamic and changes under different physiologic 
conditions, the longest QTc interval should be used for risk stratification.4 

T-Waue Morphology 
Currently, there have been at least 13 genes identified as loci for congenital LQTS; how

ever, three major genes (KCNQl, KCNH2, and SCN5A) represent the majority of cases.5 

These three main subtypes of LQTS often have subtle characteristic differences in T -wave 
morphology that should be noted. 6 

LQTl represents the most common loci of LQTS (30% to 25%) and results from a loss
of-function mutation in the KCNQl gene that encodes the alpha-subunit of Kv7.1, the 
slow-activating potassium channel responsible for the IKs current. The ECG in LQTl is 
characterized by an early-onset broad-based T wave (Fig. 8.1A). 

LQT2 is the second most common loci for LQTS (35% to 40%) and stems from muta
tions in the KCNH2 gene encoding the alpha (HERG) subunit of the potassium channel 
responsible for the IKr current. The T waves in LQT2 are usually low amplitude and bifid 
(see Fig. 8.1B). 

LQT3 arises from gain of function mutations in the SCN5A that encodes for the rapidly 
inactivating sodium channels N a Vl.5. The ECG in LQT3 shows long isoelectric ST seg
ments with a late-appearing Twave (see Fig. 8.1C). 
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ELECTROCARDIOGRAM AS USED IN DIAGNOSIS 

. 
Table 8.1. 

Schwartz Score 

Characteristics Points 

Electrocardiographic findings 

• QTc (calculated with Bazett formula) 

~480 ms 3 

460-470 ms 2 

450 ms and male gender 1 

• QTc fourth minute of recovery from exercise stress test ~480 ms 1 

• Torsades de pointes 2 

• T wave alternans 1 

• Notched T wave in three leads 1 

• Low heart rate for age (children), resting heart rate below second percentile for age 0.5 

Clinical history 

• Syncope (one cannot receive points both for syncope and torsades de pointes) 

With stress 

Without stress 

• Congenital deafness 

Family history 

• Other family members with definite LQTS 

• Sudden death in immediate family members (before age 30 years) 

2 

1 

0.5 

1 

0.5 

SCORE: ~1 point, low probability ofLQTS; 1.5 to 3 points, intermediate probability ofLQTS; ~3.5 points, high probability. 

It is important to remember that a prolonged QT interval alone is not sufficient to make 
the diagnosis of LQTS; an increased risk of SCD is necessary. To assist with the diagnosis 
of LQTS, a diagnostic score has been created, known as the International Long QT Score 
or uschwartz score" (Table 8.1). Although a score ;::::3.5 makes the diagnosis of LQTS more 
likely, it also is not diagnostic. 8 
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THE SHORT QT SYNDROME 

As with LQTS, short QT syndrome (SQTS) is a disorder of repolarization, in this case 
associated with more rapid repolarization and therefore a short QT interval. Again, like 
LQTS, this condition can be congenital or acquired. Acquired causes of short QT include 
hyperthermia, hyperkalemia, hypercalcemia, acidosis, and changes in autonomic tone. 
Congenital SQTS is much more rare than LQTS, with <100 cases reported worldwide. 
SQTS is defined by the presence of an abnormal QT interval (<300 milliseconds) and an in
creased risk of ventricular arrhythmias and SCD. Not surprisingly, the genes currently as
sociated with SQTS are involved in the repolarization phase of the cardiac action potential. 
These functional mutations lead to a gain-of-function in the three voltage-gated potassium 
channel genes: KCNH2, KCNQl, and KCNJ2. This gain of function results in an increased 
efflux of potassium from the cell during the repolarization phase and a shortening of the 
action potential. 9 
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ELECTROCARDIOGRAPHIC CHARACTERISTICS 

QT Interval 

FIGURE 8. 2. Short QT Syndrome. (From Moreno-Reviriego S, Merino JL. Short QT syndrome. E-J 
ESC Counc Cardiol Prac. 2010;9, with permission.) 

Similar to LQTS, the QT interval in a population follows a normal distribution, thus 
there will be many -normal" patients in the general population with a short QT interval 
<360 milliseconds. However, patients with very short QT intervals (QTc <330 millisec
onds in males and QTc <340 milliseconds in females) should be considered for SQTS even 
if they are asymptomatic because QT intervals this short are quite rare. 

T-Waue Morphology 
Most SQTS patients have an absent ST segment, with the T wave beginning immediately 

after the S wave. The Twave also often appears peaked and narrow (Fig. 8.2). 
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ELECTROCARDIOGRAM AS USED IN DIAGNOSIS 

---------------------------------------------------------------, 

Table 8.2. 

Short QT Syndrome Diagnostic Criteria 

Characteristic 

Electrocardiographic findings 

• QTc (calculated with Bazett formula) 

<370 ms 

<350 ms 

<330 ms 

• J-point-T-peak interval <120 ms 

Clinical history 

• History of sudden cardiac arrest 

• Documented polymorphic VT or VF 

• Unexplained syncope 

• Atrial fibrillation 

Family history 

• First- or second-degree relative with high-probability SQTS 

• First- or second-degree relative with autopsy-negative SCD 

• Sudden infant death syndrome 

Genotype 

• Genotype positive 

• Mutation of undetermined significance in a culprit gene 

SCORE: s2 points, low probability; 3 points, intermediate probability; ~4 points, high probability ofSQTS. 

Points 

1 

2 

3 

1 

2 

2 

1 

1 

2 

1 

1 

2 

1 

Similar to LQTS, a prolonged QT interval alone is not sufficient to make the diagnosis 
of SQTS; an increased risk of SCD is necessary. To assist with the diagnosis of SQTS, a 
diagnostic score has been created (Table 8.2).9 Although a score ~4 makes the diagnosis of 
SQTS more likely, it is not sufficient to make the diagnosis. 
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THEBRUGADASYNDROME 

-------------------------------------------------------------

Table 8.3. 

ST -Segment Abnormalities in Leads V1 to V310 

Type I Type II Type III 

J-wave amplitude ~2mm ~2mm ~2mm 

Twave Negative Positive or biphasis Positive 

ST-T configuration Caved type Saddle back Saddle back 

ST segment (terminal portion) Gradually descending Elevated ~1 mm Elevated <1 mm 

The Brugada pattern was first reported in 1953, but it was not until ECG pattern was 
associated with SCD in 1992 that it became a recognized clinical syndrome. 

The Brugada pattern is the hallmark of the syndrome and has a characteristic pattern on 
ECG consisting of a pseudo-right-bundle-branch block (RBBB) and persistent ST-segment 
elevation in leads V1 to V3. 10 

Since the original description by Brugada et al, 11 there have been three main patterns 
described: (Table 8.3, Fig. 8.3) 

1. Type 1: Prominent high take-off }-point elevation with a 11coved-type• ST-segment 
elevation with amplitude of ;:::z mm leading to a negative T wave (Fig. 8.4). 

2. Type 2: High take-off J-point elevation ;:::2 mm with a gradually descending ST 
segment that remains ;;:::: 1 mm above the baseline leading to a positive or biphasic 
T wave. A "saddle back configuration." 

3. Type 3: Right precordial ST-segment elevation of <1 mm with either coved- or 
saddleback-type morphology. 

It is important to recognize that this pattern is often dynamic, and all three patterns can 
be observed in a single individual or even be completely concealed. Intravenous adminis
tration of certain drugs (mostly sodium channel blockers) may exaggerate the ST-segment 
elevation or unmask it if it is initially absent. 
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FIGURE 8. 3. All three Brugada patterns demonstrated in the same patient. (From Wilde A, 
Antzelevitch C, Borggrefe M, et al. Proposed diagnostic criteria for the Brugada syndrome. Circulation. 
2002;106:2514-2518.) 

V2 a 

FIGURE 8. 4. ECG characteristics of the type I Brugada pattern: a, ]-point elevation >2.0 mm; b, 
caved downsloping ST segment; and c, T-wave inversion. (Modified from http://www.heartregistry. 
org.au/pa tients-families/ genetic-heart -dis eas es/brugada -syndrome/) 
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ARRHYTHMOGENIC RIGHT-VENTRICULAR 
CARDIOMYOPATHY /DYSPLASIA 

---------------------------------------------~ 

Table 8.4. 

2010 Revised ECG Related Task Force Criteria for Diagnosis of 
Arrhythmogenic Right Ventricular Cardiomyopathy/Dysplasia 

I. Repolarization abnormalities 

Major 
Inverted T waves in right precordial leads (V1, V2, and V3) or beyond in individuals .14 years of 
age (in the absence of complete right bundle-branch block QRS ~ 120 ms) (Fig. 8.5) 
Minor 
Inverted T waves in leads V1 and V2 in individuals .14 years of age (in the absence of complete 
right bundle-branch block) or in V4, V5, or V6 
Inverted T waves in leads V1, V2, V3, and V4 in individuals .14 years of age in the presence of 
complete right bundle-branch block 

II. Depolarization/conduction abnormalities 

Major 
Epsilon wave (reproducible low-amplitude signals between end of QRS complex to onset of the T 
wave) in the right precordial leads (V1 to V3) (Fig. 8.6) 
Minor 

Late potentials by SAECG in~ 1 of 3 parameters in the absence of a QRS duration of~ 110 ms on 
the standard ECG 

Filtered QRS duration (fQRS) ~ 114 ms 

Duration of terminal QRS ,40 mV Qow-amplitude signal duration)~ 38 ms 

Root-mean-square voltage of terminal40 ms :5 20 mV 

Terminal activation duration of QRS ~ 55 ms measured from the nadir of the S wave to the end of 
the QRS, including RO, in V1, V2, or V3, in the absence of complete right bundle-branch block (Fig. 8.5) 

III. Arrhythmias 

Major 
Nonsustained or sustained ventricular tachycardia of left bundle-branch morphology with supe
rior axis (negative or indeterminate QRS in leads II, III, and aVF and positive in lead aVL) (Fig. 8.7) 
Minor 
Nonsustained or sustained ventricular tachycardia of RV outflow configuration, left bundle
branch block morphology with inferior axis (positive QRS in leads II, III, and aVF and negative in 
lead aVL) or of unknown axis 
500 ventricular extrasystoles per 24 hours (Holter) 

Arrhythmogenic right-ventricular cardiomyopathy/dysplasia (ARVC/D) is a predominantly 
genetic disorder of the heart muscle characterized pathologically by fibrofatty replacement 
of the right-ventricular (RV) and, occasionally, the left-ventricular (LV) myocardium. This 
myocardial disruption often leads to nonsustained or sustained ventricular arrhythmias 
and increased risk of SCD. 12 

Repolarization abnormalities present early and are sensitive markers of myocardial 
involvement. In conjunction with depolarization/conduction abnormalities and the pres
ence of ventricular arrhythmias, these ECG findings are part of the diagnostic criteria for 
ARVC/D put forth by the European Society of Cardiology that also includes imaging, histol
ogy and family history (Table 8.4).12 
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FIGURE 8. 5. T -wave inversion in V1 through V4 and prolongation of the terminal activation 
duration ;'2:55 ms measured from the nadir of the S wave to the end of the QRS complex in V1. {From 
Marcus FI, McKenna WJ, Sherrill D, et al. Diagnosis of arrhythmogenic right ventricular cardiomy
opathy/dysplasia: proposed modification of the Task Force Criteria. Eur Heart f. 2010;31:806-814. 
doi:10.1093/eurheartj/ehq025) 

FIGURE 8. 6. Epsilon wave (arrow) in leads V1-V3. (Modified from Kies P, Bootsma M, Bax], et al. 
Arrhythmogenic right ventricular dysplasia/cardiomyopathy: screening, diagnosis, and treatment. 
Heart Rhythm. 2006;3(2):225-234. http://dx.doi.org/10.1016/j .hrthm.2005.10.018) 

176 SECTION II: Abnormal Wave Morphology 



I aVR v~ V4 

~ I- - ~ 1\ 11 ,\ 111 I r\ 1\ II\ I ~ (I '\ I II I 
I I 111 1/ I If\ I 1'\ f '\ If i\ r II \ 111 :t 1\ I I"\ I II\ f U L 

II .I \ 11 \ I I\. .1 \ ' ~ '\i ll 1\J il \} I.,J " J 1,1 J 1\J 1'--

II aVLJ V2 V5 

I II\ r 1\ 11 i\ 1\ 
I\ " 

II\ 1\ I f\ r 1 
n ~ 11'1 1"\ I \ I II I i I J J n 1 )\ lJ\ I I 

IY r IY 
"'" 

I 1\ \ II \ 1/ \ I \ II v \ " \. J II.. I 1\. 
.;, v v I" 

Ill aVF, V6 

" Jl 
II 1

"rr Jl II I 
1\ f- f l \ f \ II '\ lA r\ lA ~ I\ II\ ,, II If I J " 'I ) 11 Jl Ill II I 

I I I I II \II I I \. If \ if \ - I If v \ V\. 'J IV I 1\.. 
u l u u J IJ 

FIGURE 8. 7. LBBB/superior axis VT from a patient with ARVD/C. (From Hoffmayer KS, 
Scheinman MM. Electrocardiographic patterns of ventricular arrhythmias in arrhythmogenic right 
ventricular dysplasia/cardiomyopathy. Front Physiol. 2012;3:23. doi: 10.3389/fphys.2012.00023) 
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J WAVE SYNDROME 

A Notchin1g Example 8 Slurring Example 
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FIGURE 8. 8. } Wave Patterns on ECG. A. example of notching pattern (arrows). B. example of 
slurring pattern (arrows). (From Patel RB, Ng }, Reddy V, et al. Early repolarization associated with 
ventricular arrhythmias in patients with chronic coronat:y artery disease. Circ Arrhythm Electrophysioi. 
2010;3:489-495, with pennission.) 

The pattern on BCG characterized by accentuated J point elevation at the terminal por
tion of the ~ and beginning of the ST segment, previously described as early repolariza
tion, is now referred to as the J wave pattern. This pattern is seen in approximately 6% of 
the general population, but it may be even more prevalent in younger patients, athletes, 
and persons of African descent. Recently 1 reports Jinking this supposedly benign pattern to 
an increased risk of SCD have garnered much attention. 16•17 Collectively 1 these studies have 
demonstrated an increased prevalence of this ECG pattern, defined as >0.1 mV J-point 
elevation in two adjacent inferior or lateral leads with a notching or slurring pattern (Fig. 
8.8), 18 in patients who suffer from idiopathic ventricular fibrillation (VF}. When this J wave 
pattern occurs with a resuscitated cardiac arrest event, documented VF or polymorphic 
ventricular tachycardia, or with a family history of a causative genetic mutation, the termi
nology J wave syndrome applies. 19 
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Table 8.5. 

Proposed Classification of J Wave Pattern 

Typel Type2 Type3 

Anatomic location Anterolateral Inferior left Left and right 
left ventricle ventricle ventricles 

Leads displaying ]-point I, V4 to V6 II, III, aVF Global 
or ]-wave abnormalities 

In J wave syndrome, the J point elevation and ST segment changes may be present in 
only a few ECG leads or globally, suggesting different anatomical locations responsible for 
each pattern. A classification system has been suggested by Antzelevitch and colleagues20 

(Table 8.5). 
In addition to the location of the J point or J wave pattern, Tikkanen et al21 suggest that 

including the magnitude of J-point elevation >0.2 mV further increases the risk of sudden 
death. The direction of the ST segment also appears to be a modifier, with a horizontal 
or downward direction of the ST segments carrying a 3 times higher risk of arrhythmic 
death.22 

Despite these additional criteria, it is extremely important to note that J wave mediated 
sen is extremely rare and thus the clinical implications of this finding in an asymptomatic 
individual are currently unclear. 
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GLOSSARY 

Long QT Syndrome: The clinical syndrome 
of a prolonged QT interval and an increased 
risk of sudden cardiac death. 

Short QT Syndrome: The clinical syndrome of 
a short QI' interval and an increased risk of 
sudden cardiac death. 

Brugada Pattern: pseudo--RBBB and persistent 
ST segment elevation in leads V1 to V3. 

Brugada Syndrome: the clinical syndrome of 
a Brugada pattern and an increased risk of 
sudden cardiac death 
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INTRODUCTION TO ISCHEMIA AND INFARCTION 

RA LA 
Ovals 

Top: sinus node 
Bottom: AV node 

Thick short line 
His bundle 

Thin longer lines 
Right and left bundle branches 

Left atrium (LA) 
Lett ventricle (LV) 
Right atrium (RA) 
Right ventricle (RV) 

FIGURE 9. 1. Schematic comparison of the relative thickness of the myocardium in the four 
cardiac chambers along with the sinoatrial node, AV node, His bundle, and right and left bundles. 
(Modified from Wagner GS, Waugh RA, Ramo BW. Cardiac Arrhythmias. New York, NY: Churchill 
Livingstone; 1983:2, with permission.) 

The energy required to maintain the cardiac cycle is generated by a process known as 
aerobic metabolism, in which oxygen is required for energy production. Oxygen and essen
tial nutrients are supplied to the cells of the myocardium in the blood via the coronary 
arteries (myocardial perfusion). If the blood supply to the myocardium becomes insufficient, 
an energy deficiency occurs. To compensate for this diminished aerobic metabolism, the 
myocardial cells initiate a different metabolic process, anaerobic metabolism, in which oxy
gen is not required. In this process, the cells use their reserve supply of glucose stored in 
glycogen molecules to generate energy. Anaerobic metabolism, however, is less efficient 
than aerobic metabolism, producing enough energy to survive but not function. It is also 
temporary, operating only until this glycogen is depleted. 

In the period during which perfusion is insufficient to meet the myocardial demand 
required for both survival and function, the myocardial cells are ischemic. To sustain 
themselves, myocardial cells with an energy deficiency must uncouple their electrical acti
vation from mechanical contraction and remain in their resting state. This has been termed 
myocardial stunning during acute, sudden-onset ischemia and hibernation during chronic 
ischemia. 1 Thus, the area of the myocardium that is ischemic cannot participate in the 
pumping process of the heart. 2•3 
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FIGURE 9. 2 . Cross-section of the left ventricle from the left anterior oblique view. The 
epicardial courses of the main branches of the main coronary arteries and their intramyocardial 
branches are shown. (Modified from CaliffRM, Mark DB, Wagner GS, eds. Arute Coronary Care. 2nd ed. 
Chicago, lL: Mosby-Year Book; 1994, with permission.) 

Various areas of the myocardium are more or less susceptible to ischemia. There are 
several determining factors: 

1. Proximity to the intracavitary blood supply. 
2. Distance from the major coronary arteries. 
3. Workload as determined by the pressure required to pump blood. 

Proximity to the Intracavitary Blood Supply 
The internal layers of myocardial cells (endocardium) have a secondary source of nutrients, 

the intracavitary blood, which provides protection from ischemia:o$.S The entire myocardium of 
the right and left atria has so few cell layers that it is almost all endocardium and subendocar
dium (Fig. 9.1). In the ventricles, however, only the innermost cell layers are similarly protected. 
The Purkinje system is located in these layers and is therefore well protected against ischemia. 6 

Distance from the Major Coronary Arteries 
The ventricles consist of multiple myocardial layers that depend on the coronary arteries 

for their blood supply. These arteries arise from the aorta and course along the epicardial 
surfaces before penetrating the thickness of the myocardium. They then pass sequentially 
through the epicardial, middle, and subendocardial layers (Fig. 9.2). The subendocardial 
layer is the most distant, innermost layer of the myocardium and is subjected to the highest 
myocardial wall tension, resulting in greater oxygen needs. 7 Thus, it is the most susceptible 
to ischemia.8 The thicker walled left ventricle is much more susceptible to insufficient per
fusion than is the thinner walled right ventricle because of both the wall thickness itself 
and the greater workload of the left ventricle. 

Workload as Determined by the Pressure Required to Pump Blood 
The greater the pressure required by a cardiac chamber to pump blood, the greater its 

workload and the greater its metabolic demand for oxygen. The myocardial workload is 
smallest in the atria, intermediate in the right ventricle, and greatest in the left ventricle. 
Therefore, the susceptibility to ischemia is also lowest in the atria, intermediate in the right 
ventricle, and greatest in the left ventricle. 
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FIGURE 9. 3. Stenosis of coronary arteries. (From Califf RM, Mark DB, Wagner GS, eds. Acute 
Coronary Care. 2nd ed. Chicago, IL: Mosby-YearBook; 1994, with pennission.) 

Ischemia is a relative condition that depends on the balance among the coronary blood 
supply, the level of oxygenation of the blood, and the myocardial workload. Theoretically, 
an individual with normal coronary arteries and fully oxygenated blood could develop 
myocardial ischemia if the workload were increased either by an extremely elevated arterial 
blood pressure or an extremely high heart rate. Alternatively, an individual with normal 
coronary arteries and a normal myocardial workload could develop ischemia if the oxygen
ation of the blood became extremely diminished. Conversely, the myocardium of someone 
with severe narrowing (stenoses} in all coronary arteries might never become ischemic if 
the cardiac workload remained low and the blood was well oxygenated. 

When ischemia is produced by an increased workload, it is normally reversed by return
ing to the resting state before the myocardial cells' reserve supply of glycogen is entirely 
depleted. However, a condition that produces myocardial ischemia by decreasing the coro
nary blood supply may not be reversed so easily. 

Coronary arteries may gradually become partly obstructed by plaques in the chronic 
process of atherosclerosis (Fig. 9.3). This condition produces ischemia when, even though 
the myocardial blood supply is sufficient at a resting workload, it becomes insufficient 
when the workload is increased by either emotional or physical stress. The gradual pro
gression of the atherosclerotic process is accompanied by growth of collateral arteries, 
which supply blood to the myocardium beyond the level of obstruction. Indeed, these 
collateral arteries may be sufficient to entirely replace the blood-supplying capacity of the 
native artery if it becomes completely obstructed by the atherosclerotic plaque. 9 

Partially obstructed atherosclerotic coronary arteries may suddenly become completely 
obstructed by the acute processes of spasm of their smooth-muscle layer or thrombosis within 
the remaining arteriallumen.10•11 In either of these conditions, ischemia develops immedi
ately unless the resting metabolic demands of the affected myocardial cells can be satisfied 
by the collateral blood flow. If the spasm is relaxed or the thrombus is resolved (thromboly
sis) before the glycogen reserve of the affected cells is severely depleted, the cells promptly 
resume their contraction. However, if the acute, complete obstruction continues until the 
myocardial cells' glycogen is severely depleted, they become stunned.12 Even after blood flow 
is restored, these cells are unable to resume contraction until they have repleted their glyco
gen reserves. If the complete obstruction further persists until the myocardial cells' glycogen 
is entirely depleted, the cells are unable to sustain themselves, are irreversibly damaged, and 
become necrotic. This clinical process is termed a heart attack or myocardial infarction (MI). 
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ELECTROCARDIOGRAPHIC CHANGES 

Electrophysiologic Changes during Ischemia 

Knowledge of the action potential changes that occur during ischemia and the location 
of ischemia allows one to understand what ECG changes will occur during ischemia. This 
will be illustrated with the use of the interactive ECG simulation program, ECGSIM. 13 With 
the onset of ischemia, there are three principle changes that occur to the action potential: 

1. Action potential duration shortens j 
2. Action potential amplitude decreases 
3. Depolarization of the action potential is delayed (slowed conduction velocity) 

Experimental and simulation studies have shown that changes in extracellular potassi
um and pH, along with opening of ATP-dependent potassium channels (KATP), can account 
for the AP changes that occur in acute ischemia. 

Electrocardiographic Changes during Supply Ischemia (Insufficient Blood Supply) 

Figure 9.4 and its accompanying Video 9.1 demonstrate the individual and the combined 
effect of these three action potential changes during demand ischemia (insufficient blood 
supply) due to sudden occlusion of the distal left anterior descending coronary artery. The 
principal ECG changes that occur are seen in the ECG leads that are directly above the 
ischemic area. In this case, they are leads V3 and V4. 

1. Action potential duration shortening causes increased T-wave amplitude. 
2. Decreased action potential amplitude causes increased ST-segment elevation. 
3. Delayed depolarization causes the QRS complex to become more positive 

(increased R wave and decreased S wave). 

Figure 9.4 shows the combined effect of all three action potential changes during 
ischemia. When the location of ischemia occurs in a different part of the left ventricle, the 
same changes to the ECG occur in the leads that are above the ischemic area. This will be 
discussed in more detail in Chapter 11. 
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FIGURE 9. 4. Simulation of transmural myocardial ischemia from insufficient blood supply 
with ECGSIM. A. Heart- upper left: The right and left ventricles (RV and LV) are shown with the left 
anterior descending (LAD) coronazy artezy (red) running down between the two ventricles. An area 
of ischemic myocardium has been highlighted that appears as a lighter yellow color and correlates 
to transmural ischemia that could occur from a mid-to-distal LAD occlusion. The spatial location 
of the 6 precordial electrodes are shown. B. TMP- lower left: The action potential (also known as 
transmembrane potential [TMP]} from a cell at the center of the ischemic region is shown. The base
line normal action potential is shown in white and the ischemic action potential is shown in red. 
The ischemic action potential has a shortened action potential depolarization (early repolarization), 
decreased action potential amplitude (depolarized baseline) and delayed initiation of the upstroke 
(delayed depolarization). c. Leads- on right: The normal baseline 12-lead ECG is shown in white 
and the simulated ECG from transmural ischemia is shown in red. The most significant change 
arrears in lead V3, which has its positive pole most directly above the ischemic region, as seen in the 
upper left model of the heart. The ECG changes that occur in V3 are an increase in T wave ampli
tude, ST -segment elevation and changes to the terminal part of the QRS (disappearance of S wave 
and increase in R wave). These changes also occur in leads V4, I and aVL, which also have positive 
poles above the ischemic area. The associated video further demonstrates the relation between the 
individual action potential changes and the ECG changes. ECGSlM can be downloaded for free from 
www.ecgsim.org. See Video 9.1 . 

. • Video9.1 
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FIGURE 9. 5 . Lead V2 waveforms in a patient with Sclarovsky-Birnbaum grade 1 ischemia 
(increase in T-wave amplitude only), grade 2 ischemia (increase in ST segment and T wave) and 
grade 3 (increase in QRS complex, ST segment, and T wave; ~tomb stoning"). 

Based on clinical observations, Sclarovsky and Birnbaum developed a method for 
classifying the gradation of changes observed in decreased supply and have shown that 
patient prognosis worsens as the ischemia grade increases:14 

Grade 1: increase in T-wave amplitude only !Fig. 9.5A), 
Grade 2: increase in T waves + ST segments (see Fig. 9.5B), 
Grade 3: increase in T waves + ST segments + QRS complexes; Mtombstoning11 

(see Fig. 9.5C) 

Going back to the lessons learned from ECGSIM (see Fig. 9.4), the least severe grade 
1 ischemia (only increase in T -wave amplitude) means that the only ischemic change is a 
shortening of action potential duration. With grade 2 ischemia, there is also an increase 
in ST-segment elevation, indicating the presence of decreased action potential amplitude. 
With grade 3 ischemia, changes to the QRS complex are now present, indicating the pres
ence of delayed depolarization. Tombstoning is a descriptive term for this most extreme 
severity of decreased supply. 
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FIGURE 9. 6. ECG changes with abnormal perfusion. A. Global subendocardial ischemia 
from increased demand causes the ST -segment vector to point away from the entire left ventricle 
(appears as ST depression in lead VS). B. Transmural ischemia from an occluded coronary artery 
(i.e., decreased supply) causes the ST-segment vector to point toward the involved region resulting 
in ST elevation in the ECG leads above the ischemia zone. Arrows, ST-segment direction. 

Electrocardiographic Changes during Demand Ischemia 

An increase in demand is most commonly recognized on the ECG by changes in the 
ST segments; however, demand ischemia can also result in changes in the QRS complex 
and T wave. 15 Because increased demand is limited to the subendocardial layer of the 
left ventricle, it is termed subendocardial ischemia. In addition, demand ischemia usually 
occurs globally throughout the entire subendocardium of the left ventricle and thus it is 
not possible to localize demand ischemia to an individual coronary artery territory. Instead 
of the ST and T waves shifting toward the ischemic area in supply ischemia, with demand 
ischemia, the STand T waves shift away from the ischemic area (Fig. 9.6). This results in 
ST depression and T -wave inversion in most leads on the 12-lead ECG because the positive 
pole of the lead lies above the epicardium of the left ventricle. However, demand ischemia 
results in ST elevation and an increase in T-wave amplitude in lead aVR, which has a posi
tive pole that points away from the endocardium of the left ventricle. 
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FIGURE 9. 7 • Simulation of subendocardial ischemia from increased myocardial demand with 
ECGSIM. A. Heart - left upper: The left (top) and right (bottom) ventricles are shown so that the 
endocardium can be viewed. The entire endocardium of the left ventricle has been highlighted so 
that it appears as a lighter yellow color. B. TMP - left lower: The action potential (also known as 
transmembrane potential [TMP]) from a cell at the center of the ischemic region is shown. The base
line normal action potential is shown in white and the ischemic action potential is shown in red. The 
ischemic action potential has a shortened action potential depolarization (early repolarization) and 
decreased action potential amplitude (depolarized baseline). Depolarization has not been delayed 
(as was done with transmural ischemia) because this does not normally occur with subendocardial 
ischemia. C. Leads- on right: The normal baseline 12-lead ECG is shown in white and the simulated 
EGG from global subendocardial ischemia is shown in red. Horizontal or down-sloping ST -segment 
depression with inverted T-waves occurs in a large number ofleads except for aVR, where there is 
ST segment elevation and a positive T wave. The associated video further demonstrates the relation 
between the individual action potential changes and the EGG changes. ECGSIM can be downloaded 
for free from www.ecgsirn.org. See Video 9.2. 

Figure 9. 7 and its accompanying Video 9.2 demonstrate ischemic action potential chang
es throughout the left ventricular endocardium representative of global subendocardial 
ischemia. 

1. Action potential duration shortening causes T-wave flattening and then inverted 
T waves in all leads except aVR. In aVR, T waves flip from negative to positive. 

2. Decreased action potential amplitude causes ST-segment depression in all leads 
except aVR, where ST elevation occurs . 

• -
' 

' 

Video9.2 
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Progression of Transmural Ischemia to Infarction 
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FIGURE 9. 8. Results of myocardial ischemia over time. Early transmural myocardial ischemia 
produces increased T-wave amplitude (A), which is followed by ST-segment elevation (B). After 
infarction (cell death occurs), Q waves develop and T waves invert (C). 

Insufficient myocardial perfusion of the left ventricle caused by complete coronary arte
rial occlusion results initially in hyperacute T-wave changes (Fig. 9.8A). Unless the occlu
sion is very brief or the myocardium is very well protected, the epicardial injury current 
is generated as represented by ST-segment deviation (see Fig. 9.8B). Both the T wave and 
ST segments deviate toward the involved region. If delayed depolarization occurs, the ter
minal part of the QRS complex also deviates toward the involved region. If the complete 
occlusion persists, and myocardial reperfusion is not attained while the cells retain their 
viability, an MI occurs (see Fig. 9.8C; see Chapter 12). As this infarction process evolves, 
both the QRS complex and T wave are directed away from the involved region.16

•
17 

The abnormal Q wave is the hallmark of an established infarction and the abnormal 
T wave is termed the postischemic T wave. 18 It is inverted in its relationship to the QRS 
complex in many of the ECG leads (see Fig. 9.8C). The ECG changes associated with each 
of the three pathologic processes introduced in this chapter are presented in Chapters 10, 
11, and 12. 
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GLOSSARY 

Aerobic metabolism: the intracellular method 
for converting glucose into energy that 
requires the presence of oxygen and produces 
enough energy to nourish the myocardial cell 
and also to cause it to contract. 

Anaerobic metabolism: the intracellular 
method for converting glucose into energy 
that does not require oxygen but produces 
only enough energy to nourish the cell. 

Coronary arteries: either of the two arteries 
(right or left) that arise from the aorta imme· 
diately above the semilunar valves and sup
ply the tissues of the heart itself. 

Hyperacute Twaves: T waves directed toward 
the ischemic area of the left-ventricular 
epicardium that can be identified in leads 
involved with the ischemic area by an 
increased positive amplitude. 

Myocardial infarction: death of myocardial 
cells as a result of failure of the circulation to 
provide sufficient oxygen to restore metabo
lism after the intracellular stores of glycogen 
have been depleted. 
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CHANGES IN THE ST SEGMENT 

Normal Variants 

F I G U R E 1 0 . 1. Twelve-lead ECGs recorded from a 
54-year-old man at rest (A), during an exercise stress test 
(B), and immediately after the test (C). Arrows indicate the 
depression of the ST-] point in many leads in B. This minor 
ST -] point depression with upward sloping ST segments 
is a benign common normal variation in the ECG during 
exercise. 
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Normally, the ST segment on the electrocardiogram (ECG) is at approximately the same 
baseline level as the PR and TP segments (Fig. 1.12). Observation of the stability of the 
position of the ST segment on the ECG during a graded exercise stress test provides clinical 
information about the presence or absence of myocardial ischemia.1 If coronary blood flow 
is capable of increasing to a degree sufficient to satisfy the metabolic demands even of the 
cells in the left-ventricular subendocardium, there is minimal alteration in the appearance 
of the ST segment. However, there are often some changes in the ST segment that may 
be falsely considered ,,positive" for ischemia. A common normal variation in the 12-lead 
ECG before, during, and after exercise stress testing2 is shown in Figure lO.lA, B, and 
C, respectively. Note the minor depression of the J point with the ST segment upsloping 
toward the upright T wave (arrows). The apparent ST-J point depression with upward slop
ing ST segment may occur because at faster heart rates, ventricular repolarization occurs 
sooner (note the shorter length of the ST segment and shorter overall QT interval in B dur
ing exercise) and the QRS and Twave almost merge together. 
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Typical Subendocardial Ischemia 

FIGuRE 1 o. 2. Serial recordings of the six precordial leads from a 60-year-old man with a 
history of exertional chest pain made at rest (A), during exercise at a bean rate of 167 beats per 
minute (B), and 5 minutes after exercise (C). Arrows indicate the horizontal ST -segment depression 
in leads VS and V6 in B. 

Partial obstructions within the coronary arteries do not produce insufficient blood sup
ply and therefore cannot be detected on the resting ECG (Fig. 10.2A). However, when 
such a partial obstruction prevents myocardial blood flow from increasing enough to 
meet the increased metabolic demand during stress, the resulting ischemia (limited to 
the subendocardial layer of the left ventricle) is manifested by horizontal (see Fig. 10.2B) 
or downsloping ST-segment depression.3 The ST-segment depression typically disappears 
within several minutes after the demand on the myocardium is returned to baseline lev
els by stopping the exercise (see Fig. 10.2C) because the myocardial cells have been only 
reversibly ischemic. 
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A B c 
FIGURE 10. 3. Single ECG waveforms at rest (A) and two variations of the abnormal condition 
of exercise-induced subendocardial ischemia (Band C). 

A combination of two diagnostic criteria in at least one ECG lead is typically required 
for diagnosing left-ventricular subendocardial ischemia !Fig. 10.3): 

1. ST-segment depression of ~1 mm (0.10 mVJ at the J point. 
2. Either a horizontal or a downward slope toward the end of the ST segment at its 

junction with the T wave. 

The terminal part of the T wave typically remains positive (see Fig. 10.3A-C) but with 
progressively diminished amplitude from Figure 10.3B and C. 
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B 

FIGURE 10.4. Twelve-lead ECGs from two different patients with left-ventricular subendocar
dial ischemia. Patient A has most prominent ST-segment depression in leads V4 to V6 (arrows), with 
a negative beginning of the T wave in these leads. Patient A also has slightly depressed ST segments 
in I and aVL. Patient B has prominent ST-segment depression in leads II, III, and aVF. All of these 
leads have positive poles pointing away from the epicardium of the left ventricle, thus ST depression 
occurs with subendocardial ischemia. 

As indicated in Chapter 2, the positive poles of most of the standard limb and precor
dial ECG leads are directed toward the left ventricle. Subendocardial ischemia causes the 
ST segment to move generally away from the left ventricle (see Fig. 9.6A). The changes 
in the ST segment appear negative or depressed in the leftward (1, aVL, or V4 to V6) and 
inferiorly oriented leads {II, III, and a VF), which have their positive poles directed toward 
the left ventricle (Fig. 10.4A, B). As previously stated in Chapter 9, the location of the 
ECG leads showing ST-segment depression is not indicative of the involved region of left
ventricular subendocardial ischemia. In leads that have their positive poles directed away 
from the left ventricle {limb lead a VR and precordial leads Vl and V2}, ST elevation is typi
cally present {see Fig. 10.4A, B). 

It may be useful to now return to the Video 9.2 {QR code below} which demonstrates 
how ischemic action potentials in the subendocardium create the ECG pattern of subendo
cardial ischemia . 

• . 

' . 
Video9.2 
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FIGURE 1 0. 5. A. Horizontal ST -segment depression with upright T wave consistent with 
subendocardial ischemia. B. Left-ventricular strain causing ST-segment depression; however, it is 
accompanied by increased QRS voltage and an inverted T wave. C. Diagnostic dilemma (subendo
cardial ischemia versus left-ventricular strain) of depressed ST segment and inverted T wave but 
normal QRS voltage. 

The change in the ST segments that occurs with left-ventricular subendocardial ischemia 
(Fig. 10.5A) is similar to that described in Chapter 5 for left-ventricular strain. However, 
left-ventricular strain also causes the T waves to be directed away from the left ventri
cle and is accompanied by the QRS changes of left-ventricular hypertrophy ILVH; see 
Fig. 10.5B). Therefore, a diagnostic dilemma exists when a patient with symptoms sug
gesting an acute coronary syndrome has a resting ECG not suggestive of L VH but with ST 
depression and inverted T waves !see Fig. 10.5C). 
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Atypical Subendocardial Ischemia 

I 

II 

m 

I Arrows: ST segment I 
a 

aVL 

aVF 

FIGURE 1 0. 6. ST -J point depression with an upsloping ST segment that may be indicative of 
subendocardial ischemia. See Table 10.1 for proposed criteria for subendocardial ischemia. 

Deviation of the junction of the ST segment with the J point, followed by an upsloping 
ST segment, may also be indicative of subendocardial ischemia.2 A 0.1- to 0.2-mV depres
sion of the J point, followed by an upsloping ST segment that remains 0.1 mV depressed 
for 0.08 seconds3 or by a 0.2-mV depression of the J point followed by an upsloping ST seg
ment that remains 0.2-mV depressed for 0.08 second, may also be considered udiagnosticH 
of subendocardial ischemia4 (Fig. 10.6; Table 10.1). 

------------------------------------

Table 10.1. I 
Varying Electrocardiographic Criteria for 
Subendocardial Ischemia 

] Point Depression ] + 0.08-s 
(mV} Slope Depression 

~0.1 Flat, down ~same level 

0.1--0.2 Up ~0.1mV 

~0.2 Up ~0.2mV 
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Normal Variant or Subendocardial Ischemia 
Ul1ll1Di i i iii iii i iii" iii.. • .. i i ...... i iii 0 

~-:_L_f~ 
II II II I Ill I I Ill~ I II iii!i!i!ili!iili!!i! II Iii! l:l:ttl:ttttl:ttl:l:tt!:!:l:ttl:l:1t!:ttlj 

FIGURE 10.7. Twelve-lead ECG from a 69-year-old woman with severe substernal pain at rest 
and who was transported by ambulance to the emergency department of a hospital. Arrows indicate 
minimal ST -segment depression in many leads. This could be representative of subendocardial isch
emia or could be a normal variant. 

Lesser deviations of the ST segments (Fig. 10.7) could be caused by subendocardial 
ischemia or could be a variation of normal. Even the ST-segment changes "diagnostic" of 
left-ventricular subendocardial ischemia could be an extreme variation of normal. When 
these lesser ECG changes appear, they should be considered in the context of other mani
festations of coronary insufficiency, such as precordial pain, decreased blood pressure, or 
cardiac arrhythmias.5•6 Additional stress testing using cardiac imaging end points are typi
cally required for definitive diagnosis or exclusion of insufficient myocardial perfusion. 
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Abnormal Variants of Subendocardial Ischemia 

A 

FIGURE 10.8. A. ECG lead V1 from three patients with right-ventricular subendocardial isch
emia. B. ECG lead V1 from three patients with transmural ischemia in the lateral wall of the left 
ventricular due to occlusion of the left circumflex coronary artery. 

The maximal ST -segment depression during stress tests is almost never seen in leads 
Vl to V3.7 When these leads do exhibit the maximal ST depression in the ECG, the cause 
is either right-ventricular subendocardial ischemia (Fig. 10.8Al or transmural ischemia in 
the lateral wall of the left ventricle due to occlusion of the left circumflex coronary artery 
(see Fig. 10.8B). The ST-segment depression of left-ventricular subendocardial ischemia 
usually resolves in the minutes following removal of the excessive cardiovascular stress. 
Occasionally, ST-segment depression is observed in the absence of an obvious increase in 
left-ventricular workload. In this case, the possibility of subendocardial infarction should 
be investigated.8 
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Ischemia Monitoring 
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Another clinical test used in the diagnosis of subendocardial ischemia is continuous 
ischemia monitoring. This may be performed either during the activities of daily living 
(ambulatory monitoring) or during hospitalization (bedside monitoring). This method of 
continuous ischemia monitoring has been termed 11Holter monitoring" after its developer 
and is discussed in Chapter 2. Originally, only a single ECG lead was used, but current 
methods provide 3 leads during ambulatory activity and all 12 leads at the bedside. The 
limb leads must be moved to the torso positions to avoid excessive skeletal muscle artifact 
(see Chapter 2). 

Figure 10.9 illustrates an episode of ST·segment depression during walking, accom
panied by nonsustained ventricular tachycardia (see Chapter 19). An entry to the diary 
kept to accompany Holter monitoring relates the cardiac event to the precipitating activity 
(walking) and to the symptoms perceived (slight breathlessness). Because the episode was 
not accompanied by any chest pain, it could be considered an example of what has been 
clinically termed silent ischemia.uo 
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GLOSSARY 

Holter monitoring: continuous ECG recording 
of one or more leads, either for the detection 
of abnormalities of morphology suggestive of 
ischemia or abnormalities of rhythm. 

Silent ischemia: evidence of myocardial isch
emia appearing on an ECG recording in the 
absence of any awareness of symptoms of 
ischemia. 

Subendocardial ischemia: a condition marked 
by deviation of the ST segments of an ECG 
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away from the ventricle (always the left ven
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Ventricular strain: deviation of the ST seg
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CHANGES IN THE ST SEGMENT 
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FIGURE 11. 1. A 12-lead ECG from a 34-year-old man presenting for the fourth time within 
a year to an emergency room with severe chest pain. However, the patient had no other signs of 
ischemia and his ECG did not change from visit-to-visit. Individuals without ischemia can have ST 
elevation on routine standard ECGs. Arrows indicate ST -segment elevation in many leads. 

Just as changes in the ST segment of the electrocardiogram (ECG) are reliable indicators 
of subendocardial ischemia (caused by increased myocardial demand), they are also reli
able indicators of transmural myocardial ischemia from insufficient coronary blood flow. 
Observation of the position of the ST segments (relative to the PR and TP segments) in a 
patient experiencing acute precordial pain provides clinical evidence of the presence or 
absence of severe transmural myocardial ischemia that typically progress to myocardial 
infarction [MI). However, many normal individuals show ST-segment elevation on their 
routine standard ECGs in the absence of ischemia (Fig. 11.1}.1- 3 
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F I G U R E 11. 2 • The six limb leads of the ECG recorded serially from a 58-year -old man with 
chest pain on exertion caused by a 90% obstruction of the right coronary artery. EGGs before 
(A), during (B), and after (C) 2 minutes of angioplasty balloon occlusion. Arrows, ST -segment eleva
tion in leads II, III, and aVF that move toward the involved myocardial region during transmural 
myocardial ischemia. 

When a sudden, complete occlusion of a coronary artery prevents blood flow from reach
ing an area of myocardium, the resulting transmural myocardial ischemia~ is manifested 
by deviation of the ST segment toward the involved region. This is shown in the ECG of a 
patient before, during, and after receiving brief therapeutic balloon occlusion with percu
taneous transluminal coronary angioplasty (Fig. 11.2A-C). The ST-segment changes typi
cally disappear abruptly when coronary blood flow is restored by deflating the angioplasty 
balloon after a brief period. This indicates that the myocardial cells have been reversibly 
ischemic and have not actually become infarcted. 

It may be difficult to differentiate the abnormal changes in the ST segment produced by 
transmural myocardial ischemia from variations of normal, particularly when the devia
tion of the ST segment is minimal. Presence of one of the following criteria is typically 
required for the diagnosis of transmural myocardial ischemia7: 

1. Elevation of the origin of the ST segment at its junction U point) with the QRS 
complex in two or more leads of: 

• 0.1 mV (1 mmJ in any lead except for leads V2 and V3 
• in leads V2 and V3 ST-J elevation should be: 

a. 0.25 m V (2.5 mm) in men less than 40 years of age 
b. 0.20 m V (2.0 mm) in men 40 years of age or older 
c. 0.15 mV (1.5 mm) in women of any age. 

2. Depression of the origin of the ST segment at the J point of 0.10 mV (1 mm.J in 
two or more of leads V1-V3. 
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FIGURE 11. 3. A 12-lead ECG of a patient with LBBB. ST -segment elevation in leads V1 to V3 is 
normal in LBBB and should exceed 5 mm (0.5 mV) in order to be diagnostic of acute transmural myo
cardial ischemia. See Table 11.1 for a complete description of criteria to diagnose acute transmural 
myocardial ischemia in the presence of LBBB. 

A greater threshold is required for ST -segment elevation in leads V2 to V3 because a nor
mal, slight elevation of the ST segment is often present (see Fig. 3.12). In addition, younger 
men are most likely to have ~normal" ST elevation in leads V2 to V3, which is the reason 
for different thresholds by age and gender. 

When the amplitude and duration of the terminal S wave is further increased in leads 
V1 to V3 as a result of left-ventricular dilation (see Fig. 5.8) or left-bundle-branch block 
(LBBB) (Fig. 11.3), an even greater "normalH elevation of the ST segment is typically pres
ent. A study has shown that elevation of the ST segment to ;;:::o.S m V is required in leads 
V1 to V3 to diagnose acute anterior transmural myocardial ischemia in the presence of 
LBBB. 3 This and other electrocardiographic criteria are presented in Table 11.1. However, 
the 0.1-mV threshold remains applicable for diagnosis of acute transmural ischemia when 
the deviation of the ST segment is in the same direction (concordant with) as that of the 
terminal QRS waveform. 

, Table 11.1. - - --------~ 

Electrocardiographic Criteria of Actue 
Myocardial Infarction in the Presence of 
Left-Bundle-Branch Block 

Criteria 

• ST -segment elevation ~1 mm and concordant with a 
predominantly negative QRS complex. 

• ST -segment depression ~1 mm in leads V1, V2, or V3. 

• ST -segment elevation ~s mm and discordant with a 
predominantly negative QRS complex. 
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FIGURE 11. 4. Variations in the appearances of the ST-segment changes of transmural myocardial 
ischemia in three patients during occlusion of the RCA. Vertical lines, locations of J and J + 0.08-second 
time points for measwing the amount of ST -segment deviation from the horizontal PR-TP baseline. 

Various positions along the ST segment are sometimes selected for measuring the amount 
of deviation from the horizontal PR-TP baseline. Measurement of ST-segment deviation is 
either for establishing the diagnosis of transmural myocardial ischemia or for estimating its 
extent. 'T' and ttl+ 0.08 second" have been used in some clinical situations (Fig. 11.4). The 
deviated ST segment may be horizontal(see Fig. 11.4A), downsloping (see Fig. 11.4B), or 
upsloping (see Fig. 11.4C). The sloping produces different amounts of deviation of the ST seg
ment as it moves from the J point toward the T wave. Note that the J point is more elevated 
than the J + 0.08-second point in Figure 11.4B, equally elevated in Figure 11.4A, and less 
elevated in Figure 11.4C. The ECG criteria forST-elevation myocardial infarction (STEMI) 
may be accompanied by other manifestations of insufficient myocardial perfusion, such as 
typical or atypical precordial pain, decreased blood pressure, or cardiac arrhythmias. 
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FIGURE 11. S. Twelve-lead ECGs illustrating acute transmural myocardial ischemia after 
1 minute of balloon occlusion in the mid-RCA of a 47 -year-old man with symptoms of unstable 
angina (A) and the proximal LAD of a 73-year-old woman with a recent acute anterior infarction (B). 
Arrows, maximal ST-segment deviation directed toward the involved regions. 

Because the ST-segment axis in transmural myocardial ischemia deviates toward the 
involved area of myocardium, the changes described appear positive or elevated in leads with 
their positive poles pointing toward ischemic inferior (Fig. 11.5A) or anterior (see Fig. 11.5B) 
aspects of the left ventricle (LV). Often, both ST-segment elevation and depression appear in 
different leads of a standard 12-lead ECG. Usually, the direction of greater deviation should 
be considered primary and the direction of lesser deviation should be considered second
ary or reciprocal. When transmural myocardial ischemia involves both inferior and lateral 
aspects of the LV, the ST-segment depression of lateral involvement in leads Vl to V3 may 
equal or exceed the elevation produced by inferior involvement in leads II, III, and aVF. 
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F I G U R E 11 . 6 . The 12 sections of the LV myocardium defined by the four quadrants and the three 
levels. The distributions of the coronary arteries ~eft coronary artery [LCA], left anterior descending artery 
[LAD] coronary artery, left circumflex artery [LCX], right coronary artery [RCA], and posterior descending 
[PDA]) (top) are related to the distributions of insufficient blood supply resulting from occlusion of the 
respective arteries (bottom). The four grades of shading from light to dark indicate the size of the involved 
region as small, medium, large, and very large, respectively. (Adapted from Califf RM, Mark DB, Wagner 
GS. Acute Coronary Care in the Thrombolytic Era. Chicago, IL: Year Book; 1988:20-21, with permission.) 

As when considering a map of the earth, these NMercator" views provide a planar per
spective of the spatial relationships of the anatomy and pathology to the basal, middle, 
and apical segments of the four quadrants or "wallsH of the LV in Figure 11.6.9 The LV is 
typically divided into septal, anterior, lateral, and inferior quadrants. Distributions of the 
major coronary arteries (left coronary artery [LCA], left anterior descending [LAD] coro
nary artery, left circumflex artery [LCX], right coronary artery [RCA], and the posterior 
descending artery [PDA]; see Fig. 11.6, top) are related to the distributions of insufficient 
blood supply resulting from occlusions of the respective arteries !see Fig. 11.6, bottom). 
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Table 11.2. 

Seven Culprit Risk Areas in the Three Coronary Arteries {Bo1d/lta1ics 
indicates usual leads with maximal deviation) 

1. Proximal LAD 

ST elevation: Vl, V2, V3, V4, I, aVL 

ST depression: aVF, III 

2. Main diagonal LAD 

ST elevation: I, aVL (minimal-to-no ST elevation in Vl, V2, V3) 

ST depression: III, aVf' 

3. Mid-to-distal LAD 

ST elevation: V3, V4, VS, V6, I, II, aVF 

ST depression: a VR 

4. Nondominant LCX 

ST elevation: (minimal-to-no ST elevation in II, III, aVF) 

ST depression: Vl, V2, V3, V4 

5. Dominant LCX 

ST elevation: II, III, aVF 

ST depression: Vl, V2, V3, V4 

6. Proximal RCA 

ST elevation: II, III, aVF, V4R 

ST depression: Vl, V2, V3 

7. Distal RCA 

ST elevation: II, III, avr 
ST depression: (minimal-to-no ST depression in Vl, V2, V3) 

Transmural myocardial ischemia most commonly occurs in the distal aspect of the area 
of the left-ventricular myocardium supplied by one of the three major coronary arteries. 
Note that involvement of basal and middle segments of the lateral quadrant may be due 
to occlusion of the proximal LCX or a large (marginal) branch. The relationship between 
seven culprit areas in the three coronary arteries and the leads commonly with ST eleva
tion or depression are shown in Table 11.2. 

In about 90% of individuals, the PDA originates from the RCA, and the LCX supplies 
only part of a single left-ventricular quadrant. This has been termed right coronary domi
nance. In the other 10% of individuals with left coronary dominance, the PDA originates 
from the LCX, and the RCA supplies only the right ventricle. 
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FIGuRE 11. 7. A 12-lead ECG recorded after 1 minute of balloon occlusion in the mid-LCX of a 
54-year-old man with symptoms of acute unstable angina. Arrows indicate ST-segment depression 
in leads V1 to V4 from transmural myocardial ischemia in the lateral wall of the left ventricle. 

The basal and middle sectors of the lateral quadrant of the LV typically supplied by the 
LCX and its branches are located distant from the positive poles of all 12 of the standard 
ECG leads. Therefore, occlusion of the LCX is typically indicated by ST-segm.ent depres-
sion rather than elevation (Fig. 11.7). Note that no ST-segment elevation is present in any 
standard lead. Consideration of the mirror-lake image obtained by viewing the record
ing upside down and backward/ or placement of additional leads on the posterior-lateral 
thorax would be required to visualize ST-segment elevation due to transmural myocardial 
ischemia in this area. 10 
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FIGURE 11.8. A 12-lead ECG after 1 minute of balloon occlusion in the proximal RCA in a 
65-year-old woman presenting with acute precordial pain of sudden onset. Arrows indicate the 
transmural myocardial ischemia appearing as ST-segment elevation in leads Ill and aVF and trans
mural myocardial ischemia in the right ventricle appearing as ST -segment elevation in lead V1. 

Transmural myocardial ischemia may also involve the thinner walled right-ventricular 
myocardium when its blood supply via the RCA becomes insufficient. Right-ventricular 
transmural myocardial ischemia is represented on the standard ECG as ST-segm.ent eleva
tion in lead Vl greater than V2 (Fig. 11.8). There would be even greater ST elevation pres
ent in the more rightward additional leads V3R and V4R than in lead Vl, which is also be 
considered lead V2R. 
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CHANGES IN THE T WAVE 

Vl 

V3 V6 

B 
FIGURE 11 . 9. The six precordial leads of the ECG after 1 minute of balloon occlusion of the 
LAD in (A) a 74-year-old woman with a 5-year histoxy of exertional angina and (B) a 51-year-old man 
with an initial episode of precordial pain. A. Arrows, disappearance of the S wave from below the 
TP-PR segment baseline. B. Arrows, ST-segment elevation and hyperacute T waves. 

Although the T waves are not typically recognized as indicators of ischemia caused by 
increased myocardial demand, they are reliable indicators of ischemia from insufficient 
coronary blood supply (see Chapter 9}. Figure 11.9 presents the changes in ST segments 
and T waves immediately after acute balloon occlusion of the LAD of two patients. In both 
examples, the ST segments and T waves deviate toward the involved anterior aspect of 
the LV. In some patients, the degree of deviation of the T wave is similar to that of the ST 
segment (see Fig. 11.9A). In other patients, there is the markedly greater deviation of the 
T-wave axis that is characteristic of 11hyperacute 11 T waves (see Fig. 11.9B). These T-wave 
elevations typically persist only transiently after acute coronary thrombosis. 11 Hyperacute 
T waves may therefore be useful in timing the duration of the ischemia/infarction process 
when a patient presents with acute precordial pain. 
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i Table 11.3. I 
T-Wave Amplitude Normal Limits (mV) 

Males Females Males Females 
LeadG 40-49 40-49 0!::50 <!:50 

aVL 0.30 0.30 0.30 0.30 

I 0.55 0.45 0.45 0.45 

-aVR 0.55 0.45 0.45 0.45 

II 0.65 0.55 0.55 0.45 

aVF 0.50 0.40 0.45 0.35 

III 0.35 0.30 0.35 0.30 

V1 0.65 0.20 0.50 0.35 

V2 1.45 0.85 1.40 0.70 

V3 1.35 0.85 1.35 0.85 

V4 1.15 0.85 1.10 0.75 

V5 0.90 0.70 0.95 0.70 

V6 0.65 0.55 0.65 0.50 

• Cabrera sequence 

Definition of the amplitude of the T wave required to identify the hyperacute changes 
that occur alone in grade 1 ischemia or that accompany ST elevation with grade 2 ischemia 
requires reference to the upper limits of T -wave amplitudes in the various ECG leads of 
normal subjects. Table 11.3 presents the upper limits ofT-wave amplitudes lin millivolts) 
in each of the 12 standard ECG leads for women and men in the >40-year-old age group 
in the normal data base from Glasgow, Scotland. 12 A rough estimate of the normal upper 
limits ofT-wave amplitude would be ~0.50 mV in the limb leads and ~1.00 mV in the 
precordial leads. 
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CHANGES IN THE QRS COMPLEX 

Control 

Inflation 1 Inflation 2 

FIGURE 11. 10. Recordings of two cardiac cycles in lead V2 from baseline (control) and after 
2 minutes each of two different periods of balloon occlusion of the LAD. (From Wagner NB, Sevilla 
DC, Krucoff MW, et al. Transient alterations of the QRS complex and ST segment during percutane
ous transluminal balloon angioplasty of the left anterior descending coronary artery. Am] Cardiol. 
1988;62:1038--1042, with permission.) 

The ECG manifestation of transmural myocardial ischemia, like that of the subendocar
dial ischemia described in Chapter 10, is most prominently the changes in the ST segment. 
This may be accompanied by deviation of the adjacent waveforms (QRS complex and T 
wave) in the same direction of the ST segments, as illustrated in LAD balloon inflation 2 
(Fig. 11.10). This deviation affects the amplitudes of the later QRS waveforms to a greater 
extent than those of the earlier QRS waveforms as can be seen by comparing the inflation 2 
and control recordings. 13 During inflation 1, the distortion of the QRS complex is much 
greater, indicating that there is a delayed depolarization of the ischemic zone. However, 
during the second inflation, there is minimal change in the QRS complex but significantly 
greater increase in T-wave amplitude. This may be due to "preconditioning", where anini
tial sublethal ischemic episode protects the myocardium from future ischemic episodes. 14 

CHAPTER 11: Transmural Myocardial Ischemia from Insufficient Blood Supply 219 



=r-~:t-:L:L:L 
A~~~~~~~~~~~~~~~~~~~~~~~ 

:K:K:i~:L 
8 ~-------------------------------------------C 

F I G u R E 11 . 11 • The six precordial leads of the ECG are presented from serial recordings from 
a 64-year-old man with acute unstable angina. A. Baseline recording prior to angiography after pain 
had resolved. B. After 2 minutes of the initial balloon occlusion of the LAD. Arrows indicate the 
increased QRS complex duration in B that is apparent in leads V2 to VS. 

The primary changes in the QRS complexes representing 11tombstoning• may occur after 
the onset of transmural myocardial ischemia, as seen in inflation 1 of Figures 11.10 and 
11.11B. The deviation of the QRS complex toward the area of transmural ischemia occurs 
because of slowed conduction (delayed depolarization) in the ischemic zone (lead V2 of 
Fig. ll.llB). The duration of the QRS complex may also be prolonged, as in the patient 
whose BCG is shown in the figure above. Typically, acute ischemia of a higher grade of 
severity (grade 3) occurs during initial balloon occlusion when either collateral arteries or 
preconditioning provide the least protection. The ischemic zone is activated late, thereby 
producing an unopposed positive QRS complex waveform. With transmural myocardial 
ischemia in the lateral wall of the LV (typically from LCX occlusion), the QRS complex 
would deviate in the negative direction in leads V1 to V3. 15 
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FIGuRE 11 . 1 2. A. An ECG recording made before balloon inflation, in which the PR and ST 
baselines are at the same level and a 0.03-mV S wave is present. PR and ST baselines. B. During bal
loon occlusion, the ST segment is elevated by 0.03 mV by the epicardial injury current, and the S 
wave also deviates upward so that it just reaches the PR-segment baseline. 

The deviation of the ST segments in transmural myocardial ischemia confounds mea
surement of the amplitudes of the QRS complex waveforms of the ECG because there are 
no longer isoelectric PR-ST-TP segments. As illustrated in Figure 11.12, the baseline of 
the PR segment remains as the reference for the initial waveform of the QRS complex, but 
with deviation of the QRS complex (see Fig. 11.12B), the terminal waveform maintains its 
relationship with the ST·segment baseline. The S·wave amplitude of 0.03-mV measured 
from the ST-segment baseline is the same in Figure 11.12A and B. 

Having now learned more about the ST·segment, T·wave and QRS-complex changes 
during transmural ischemia/ it is recommended to return to Video 9.1. Video 9.1 uses the 
simulation program ECGSIM to make the connection between ischemic action potential 
changes and the characteristic ECG patterns of transmural ischemia . 

. • Video 9.1 
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ESTIMATING EXTENT, ACUTENESS, AND 
SEVERITY OF ISCHEMIA 

A 3[1.5 (3.0.4)] = 12% axlent LV ischemic 3[1.5 (6-0.4)] = 26% extent LV lechemlc 

I ~~ent alevatioo I 
B 3[0.6 (6+ 2)] = 14% extent LV lechemlc 3[0.6 (13.5+ 2)] = 211% extent LV ischllmic 

FIGURE 11. 13. Aldrich score estimates of the percent of the LV myocardium that is ischemic 
for two anterior infarcts (A) and two inferior infarcts (B). Arrows show leads with ST elevation that 
are counted in the Aldrich score. 

The ECG evaluation in patients with acute myocardial ischemia/MI includes consider
ation of indices in three key aspects of this pathologic process: extent, acuteness, and sever
ity. Algorithms for each of these have been developed. Presenting ECGs of patients with 
anterior or inferior STEMI can be used for calculating the extent (Aldrich score), acuteness 
(Anderson-Wilkins score), and severity (Sclarovsky-Bimbaum grade). 

In the following section, each of these three indices is calculated on the presenting ECGs 
of two patients with anterior infarcts and two patients with inferior infarcts. 
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Extent 

The Aldrich score has been developed for estimating the extent of myocardium at risk for 
infarction by quantitating initial ST-segment changes on the presenting ECG.16 This score 
is expressed as 11 % myocardium at risk of infarction" as illustrated above in Figure 11.13.16 

Aldrich scoring formulas for anterior and inferior STEMI are as follows: 

%anterior LV infarcted= 3(1.5 [number of leads with ST elevation- 0.4]) ~ 
%inferior LV infarcted= 3(0.6[IST elevation in leads II, III, aVF] + 2.0) J 
Observation of all of the 11leads is required for estimating the extent of anterior infarcts 

(see Fig. 11.13A) because counting the number of leads with ST elevation is required. 
However, observation of only the limb leads II, III, and aVF is required for estimating the 
extent of inferior infarcts (see Fig. 11.13Bl because only the sum of ST elevation in these 
is considered. 
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Acuteness 

I Table 11.4. -----------~~ 

Thresholds for Anderson-Wilkins 
Acuteness Score 

Leads Tall T Waves (mV) Abnormal Q Waves (s) 

I 0.5 0.02 

II 0.5 0.02 

III 0.25 Only if abnormal in aVF 

aVR 

aVL 0.25 0.02 

aVF 0.5 0.02 

V1 0.5 0.20 

V2 1.0 0.85 

V3 1.0 0.85 

V4 1.0 Any 

V5 0.75 0.02 

V6 0.75 0.02 

Anderson-Wilkins and colleagues17
•
18 developed an ECG acuteness score (Anderson

Wilkins score) to augment the historical timing of acute symptom onset in guiding the 
clinician about the potential for using reperfusion therapy to achieve myocardial salvage. 

The Anderson-Wilkins score is provided as a continuous scale from 4.0 (hyperacute) to 
1.0 (subacute) based on the comparative hyperacute T waves versus abnormal Q waves 
in each of the leads with ST-segment elevation. (See Table 11.4 forT wave amplitude and 
Q wave duration thresholds) There are two steps in the acuteness scoring process as indi
cated: 

1. Determine the phase of the infarction process (from lA to liB) in all leads with 
either ST-segment elevation or abnormally tall T waves (Table 11.5); 

2. Calculate the acuteness score for the entire 12-lead ECG. 

4(# leads lA) + 3(# leads IB) + 2(# leads IIA) + (# leads liB) 
Total# leads lA, IB, IIA, and liB 

1-Table 11.5. --- -------~~ 

Phase of Infarction Process: To Be 
Determined in Leads with Either 
ST -Segment Elevation or Tall T Waves 

Abnormal Q Waves 

Tall TWaves 

Yes 

No 
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No 

IA 

IB 

Yes 

IIA 

liB 



A Acut 4(1 > + 3(2) + 2(0J + co> = 3.3 eness = 
3 

B Acuteness= 4(0) + 3(0) + 2(2) + (1) = 1.7 
3 

Ac te 4(3) + 3(2) + 2(1) + (0) = 3.3 
u ness= 

6 

Acuteness = 4(5) + 3(1) + 2(0) + (0) = 3.8 
6 

I A/TOWS" 
abnormal a waves 

FIGURE 11. 14. Anderson-Wilkins acuteness score estimates of the "acuteness" of ischemia. 
A score of 4 indicates early (hyperacute) ischemia (tall T waves without Q waves). A score of 1 indi
cates subacute ischemia (Q waves present, no tall T waves). A. Acute anterior infarcts. B. Acute 
inferior infarcts. 

Observation of all12 leads is required for determination of the acuteness scores of both 
anterior (Fig. 11.14A) and inferior (see Fig. 11.14B) infarcts. The morphologies of Q and T 
waves in all leads with either ST elevation or tall T waves must be considered. Earliness is 
indicated by tall T waves without abnormal R waves in both examples of anterior infarcts 
(see Fig. 11.14A) but only the second example of inferior infarcts (see Fig. 11.14B) due to 
the already abnormal Q waves in the first example. 
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Severity 

The Sclarovsky-Birnbaum grade (Table 11.6) for application on the presenting ECG esti
mates the severity of the ischemia/infarction process. It is based on the concept that the 
severity of the ischemia/infarction process is determined by the degree of myocardial pro
tection provided by the combination of collateral vessels and ischemic preconditioning. 

Indeed, presence of only grade 1 ischemia is rarely present in patients presenting with 
acute myocardial ischemia/infarction. Differentiation between grades 2 and 3 requires 
observation of each lead with ST elevation for the presence of "terminal QRS distortion. H 

This is characterized in leads with: 

1. Terminal R wave by a large ST-segment elevation to R-wave amplitude ratio. 
2. Terminal S wave by its total disappearance. 

The Sclarovsky-Birnbaum grade is indicated for each of the four representative patients 
in Figures 11.15. Only the chest leads are required for determining the severity of anterior 
infarcts because persistence (see Fig. 11.15A, left side) or disappearance (see Fig. 11.15A, 
right side) of S waves in leads V1 to V3 determines grade 2 versus grade 3 ischemia. 
However in Figure 11.15B, only the limb leads are required for determining the severity 
of inferior infarcts because ST elevation of <50% of the R wave (see Fig. 11.15B, left side) 
indicates grade ischemia, whereas ST elevation of ;:::50% of the R wave indicates grade 3. 

Figure 11.15A and B (left side) was selected because of ST elevation without 11QRS dis
tortion~ typical of grade 2 ischemia. Figure 11.15A and B (right side) was selected because 
of Ntombstone-like" QRS distortion typical of grade 3 ischemia. 

1Table11.6. ---

Sclarovsky-Bimbaum Grade 

Grade 

1 

2 

3 

ECG Changes 

Twave 

ST segment 

QRS complex 
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Severity 

Least 

Moderate 

Most 



A Severity Grade: 2 Severity Grade: 3 

B Severity Grade: 2 Severity Grade: 3 

FIGURE 11.15. Sclarovsky-Birnbaum grades of ischemia. A. ECGs of patients with anterior infarcts 
with grade 2 ischemia (ST elevation without QRS distortion) and grade 3 (ST elevation with QRS dis
tortion defined by loss of S waves). B. ECGs of patients with inferior infarcts with grade 2 ischemia 
(ST elevation <50% R-wave amplitude) and grade 3 ischemia (ST elevation ~50% R-wave amplitude). 
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II GLOSSARY 

Left coronary dominance: an unusual coro
nary artery anatomy in which the PDA is a 
branch of the LCX. 

Reciprocal: a term referring to deviation of the 
ST segments in the opposite direction from 
that of their maximal deviation. 
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INF ARCTING PHASE 

Transition from Ischemia to Infarction 
When insufficient coronary blood supply persists after myocardial energy reserves have 

been depleted, the myocardial cells become irreversibly ischemic and the process of necro
sis termed ~myocardial infarction" occurs. The QRS complex is the most useful aspect of 
the electrocardiogram (ECGJ for evaluating the presence, location, and extent of myocar
dial infarction (MIJ, which will be discussed in detail in this chapter. 

The end of Chapter 11 discusses the transition from acute myocardial ischemia to cellu
lar necrosis (infarction) and how ECG scores can be used to estimate the extent,! severity,z 
and acuteness3 of ischemia. The Anderson-Wilkins acuteness score can estimate where in 
the process from acute ischemia to completed infarction a particular patient is. A key mes
sage is that during acute transmural ischemia, the electrical vector (axis) of the QRS com
plex, ST segment, and T wave all point toward the ischemic region. In other words, in ECG 
leads above the ischemic region, S waves disappear and/or R waves increase; ST-segment 
elevation develops; and T waves increase in amplitude. However, as the process of isch
emia transitions to infarction, T waves decrease in amplitude (later becoming negative); Q 
waves develop; and ST segments decrease in amplitude. 
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Resolving ST -Segment Deviation: Toward the Infarct 

FIGURE 12. 1. A 12-lead ECG from a 68-year-old man 4 days after thrombolytic therapy for an 
acute infarction. Acute chest pain has returned and new ST -segment elevation is apparent. Arrows, 
ST-segment elevation in multiple leads. 

The changes in the ST segment that are prominent during transmural myocardial isch
emia typically disappear when the jeopardized myocardium either infarcts or is salvaged. 
The time course of resolution of the injury current is accelerated by therapeutic reperfusion 
via the culprit artery' jsee Chapter 11). Schroder and coworkers5 identified the threshold 
of ~70% reduction in ST-segment elevation in the maximally involved lead as indicative of 
successful reperfusion. 

When re-elevation of the ST segments is observed, further myocardial ischemia is sug
gested jFig. 12.1). The reperfusing phase may be complicated by infarction of the myocar
dium in the periphery of the initially ischemic area. The initially occluding thrombus may 
embolize downstream to interfere with salvage that would have been attained via collateral 
channels. 
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~~ 

FIGURE 12.2. A 12-lead ECG obtained 2 weeks after an acute LAD occlusion leading to an 
extensive anteroseptal infarction. Arrows, indicate persistent ST -segment elevation without evolu
tion ofT -wave inversion. 

In some patients, the ST-segment elevation does not completely resolve and T-wave 
inversion fails to occur during the reperfusing phase of an MI (Fig. 12.2). This condition 
more commonly occurs with anterior infarcts than with those in the other locations in the 
left ventricle (LV).6 The lack of ST-segment resolution has been associated acutely with 
failure to reperfuse and chronically with {binning of the left-ventricular wall caused by 
infarct expansion. 7•8 The most extreme manifestation of infarct expansion is the develop
ment of a ventricular aneurysm, but this is almost always prevented by successful reperfu
sion therapy. 
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T-Waue Migration: Toward to Away from the Infarct 

A 

FIGURE 12. 3. Serial12-lead ECGs from a 64-year-old woman at 3 days (A) and 7 days (B) after 
an uncomplicated acute anteroseptal infarction. Arrows, indicate the terminal T -wave negativity (A) 
and total T-wave negativity (B). 

The movement of the T waves toward the involved region of the LV also resolves as 
the jeopardized myocardium either recovers or infarcts. Unlike the ST segment, however, 
T waves do not typically return only to their original positions. The T waves typically 
migrate past the isoelectric baseline until they are directed away from the involved region. 9 

They assume an appearance identical to that described in Chapter 9 as "postischemic 
T waves," indicating that there is no ongoing myocardial ischemia. This evolution of the 
T wave is illustrated in serial ECGs at 3 and 7 days post anterior infarction !Fig. 12.3A, BJ. 
Typically, the terminal portion of the T wave is the first to become inverted, followed by 
the middle and initial portions. 
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FIGURE 12.4. A 12-lead ECG from a 53-year-old man 5 days after an infarction involving the 
inferior and lateral walls extending to the apex. Arrows indicate negative T waves in leads with 
abnormal Q waves but positive T waves in leads with abnormal R waves. 

Similarly, when the lateral wall of the LV is involved1 the T waves eventually become 
markedly positive in the leads in which the injury current was represented by ST depres-
sion. Figure 12.4 illustrates the prominent positive T waves (arrows) with abnormal 
R waves in leads Vl and V2 that accompany the negative T waves {arrows) with abnormal 
Q. waves in other leads (II1 III1 aVF, VS, and V6) during the healing phase of an extensive 
inferior infarction. 
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Evolving QRS Complex Away from the Infarct 

FIGURE 12. 5. Schematic cross-sections. 

The QRS complex is the key waveform for evaluating the presence, location, and extent 
of a healing or chronic MI. As indicated in Chapter 11, almost immediately after a com
plete coronary artery occlusion, the QRS complex deviates toward the involved myocardial 
region, primarily because of delay in myocardial activation and secondarily because of the 
ischemia current of injury. Because the process of infarction begins in the most poorly per
fused subendocardial layer of the myocardium, the deviation of the terminal QRS wave
forms toward the ischemic region is replaced by deviation of the initial QRS waveforms 
away from the infarcted region (Fig. 12.5).10 Absence of any electrical activation of the 
infarcted myocardium has replaced the delayed activation of the severely ischemic myo
cardium, as illustrated in Figure 12.5. 
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FIGURE 12. 6. Continuous ECG monitoring during the first 27 minutes of intravenous throm
bolytic therapy (begun at 12:00:00} in a 69-year-old man with acute thrombotic occlusion of the LAD. 
The 12 standard leads of the ECG are presented in panoramic format after 11, 17. and 27 minutes of 
therapy. 

The evolving appearance of the abnormalities of the QRS complex produced by an 
anterior infarction during the first few minutes of intravenous thrombolytic therapy with 
continuous monitoring for ischemia is shown in Figure 12.6. Secondary changes in the 
morphology of the QRS complex during transmural myocardial ischemia have shifted the 
axis of the complex toward the anterior left-ventricular wall. Myocardial reperfusion is 
accompanied by rapid resolution of the transmural myocardial ischemia and a shift of the 
QRS complex away from the anterior left-ventricular wall. Although it may appear that 
the reperfusion itself has caused the infarction, it is much more likely that the infarction 
occurred before initiation of the therapy that led to reperfusion and that its detection on 
the BCG was obscured by the secondary changes of the QRS complex caused by the isch
emic injury currents. 

Transmural myocardial ischemia involving the thin right-ventricular free wall may 
be manifested on the ECG by deviation of the ST segment (see Chapter 11), but right
ventricular infarction is not manifested by significant alteration of the QRS complex. This 
is because activation of the right-ventricular free wall is insignificant in comparison with 
activation of the thicker interventricular septum and left-ventricular free wall. MI evolves 
from transmural myocardial ischemia in the distal aspects of the left-ventricular myocar
dium supplied by one of the three major coronary arteries (see Fig. 11.6) .11 
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CHRONIC PHASE 

QRS Complex for Diagnosing 

-------------

1 Table 12.1. I 

Abnormal Q Waves Suggesting MI 

Limb Leads Precordial Leads 

Criteria for Criteria for 
Lead Abnormal Lead Abnormal 

~0.03 s V1 AnyQ 

II ~0.03 s V2 AnyQ 

III None V3 AnyQ 

aVR None V4 ~0.02 s 

aVL ~0.03 s vs ~0.03 s 

aVF ~0.03 s V6 ~0.03 s 

Modified from Wagner GS, Freye C], Palmeri ST, et al. Evaluation of a 

QRS scoring system for estimating myocardial infarct size. I. Specificity 

and observer agreement. Circulation. 1982;65:345, with permission. 

The initial portion of the axis of the QRS complex deviates most prominently away from 
the area of infarction and is represented on the ECG by a prolonged Q-wave duration. 
As presented in Figure 3.6, the initial QRS waveform may normally be negative in all leads 
except V1 to V3. The presence of any Q wave is considered abnormal only in these 3 of the 
12 standard ECG leads. Table 12.1 indicates the upper limits of normal Q-wave duration 
in the various ECG leads.12 The duration of the Q wave should be the primary measure
ment used in the definition of abnormality, because the amplitudes of the individual QRS 
waveforms vary with the overall amplitude of the QRS complex. As discussed in the next 
section, Q-wave amplitude should be considered abnormal only in relation to the ampli
tude of the following R wave. 

Many cardiac conditions other than MI are capable of producing abnormal initial QRS 
waveforms. As indicated in Chapters 5 through 7, abnormalities that commonly prolong 
the duration of the Q wave are: 

1. ventricular hypertrophy; 
2. intraventricular conduction abnormalities; and 
3. ventricular preexcitation. 

The term NQ wave" as used here also refers to the Q-wave equivalent of abnormal 
R waves in leads V1 and V2. Therefore, the following steps should be considered in the 
evaluation of Q waves for the presence of MI: 

1. Are abnormal Q waves present in any lead? 
2. Are criteria present for other cardiac conditions that can produce abnormal Q waves? 
3. Does the extent of Q-wave abnormality exceed that which could have been 

produced by some other cardiac condition? 
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- --------------------------------------------~ 

Table 12.2. 

Abnormally Small R Waves Suggesting MI 

Limb Leads Precordial Leads 

Lead Criteria for Abnormal Lead Criteria for Abnormal 

I Ramp :50.20 mV Vl None 

II None V2 R dur :50.01 s or amp :50.10 mV 

III None V3 R dur :50.02 s or amp :50.20 mV 

aVR None V4 Ramp :50.70 mV or :5Q amp 

aVL Ramp :5Qamp V5 Ramp :50.70 mV or :52 X Q amp 

aVF Ramp :52 X Qamp V6 Ramp :50.60 mV or :53 X Q amp 

amp, amplitude; dur, duration. 

The deviation of the QRS axis away from the area of an MI may, in the absence of 
abnormal Q waves, be represented by diminished R waves. Table 12.2 indicates the leads 
in which R waves of less than a certain amplitude or duration may be indicative of MI. 2 

Infarction in the lateral wall of the LV is represented by a positive rather than a negative 
deviation of the QRS complex. This results in an increased rather than a decreased R-wave 
duration and amplitude in precordial leads VI and V213 (Table 12.3). 

,-T-a-b-le_1_2-.3-.-------------~ 

Abnormally Large R Waves Suggesting MI 

Lead Criteria for Abnormal 

V1 R dur ~0.04 s, Ramp ~0.60 mV, Ramp ~s amp 

V2 R dur ~0.05 s, Ramp ~1.50 mV, Ramp ~1.5 x S amp 

amp, amplitude; dur, duration. 
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QRS Complex for Localizing 

---

Table 12.4. 

Infarction Terminology Relationships 

Septal Wall - LAD occlusion 
Q waves or diminished R waves: Vl-V3 014-VS if extends toward apex) 

Anterior Wall - LAD occlusion 
Q waves or diminished R waves: I, aVL (V3-V5 if extends toward septum and apex) 

Inferior Wall Infarct - RCA occlusion 
Q waves or diminished R waves: II, III, aVF (V6 if extends toward apex) 

Lateral Wall Infarct - LCX occlusion 
LargeR Waves: Vl, V2 (Q Waves or diminished R waves in V6 if extends toward apex) 

LAD, left anterior descending; LCX, left circumflex artery; LV, left ventricle; RCA, right coronary artery; RV, right 

ventricle. 

Table 12.4 indicates the relationships among the coronary arteries1 left-ventricular walls1 

and ECG leads that provide a basis for localizing Mls.14 It may also be helpful to refer to 
Figure 11.6 as this learning unit is read. 

CHAPTER 12: Myocardial Infarction 241 



1"""" .......... '"'""_.,.,.........,... i hill Ill iii ill iihii Iilii iii i Iii ill ih iii Iii II ill Ill iii II ~ ............................. _.,.,."1:1 

~~~r 
A f:IH:I:alli!Bimi:IIHBIIBB ... ............... ......... . ............................ ............................ ............................ 

FIGURE 12. 7. Twelve-lead ECGs from a 75-year-old man with a previous infarct limited to 
the septum (A), a 61-year-old man with a previous infarct involving the anterior wall (B), and a 
55-year-old man with a previous anterior infarct involving multiple apical sectors (C). Arrows, 
Q waves or diminished R waves. 

An infarct produced by insufficient blood flow via the left anterior descending (LAD) 
coronary artery and limited to the septal quadrant (Fig. 12.7 A) is termed an #anteroseptal 
infarct." When the infarct extends into the anterior quadrant (see Fig. 12. 7B) and/or into 
the apical segments of other quadrants (see Fig. 12.7C), it is commonly referred to as an 
"'extensive anterior" infarct. Although these two additional myocardial regions that may 
be infarcted by occlusion of the LAD are anatomically separate, they commonly share the 
same 11apical" designation. 
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FIGURE 12.8. A 12-lead ECG from a 72-year-old woman 3 days after an acute inferior myocar
dial infarction from occlusion of the RCA. Arrows, abnormal Q. 

In most individuals1 the right coronary artery (RCA) is 11dominant* (supplying the posterior 
descending artery). Its complete obstruction typically produces an inferior infarction involv
ing the basal and middle segments of the inferior quadrant resulting in abnormal Q waves. 
Figure 12.8 was recorded 3 days after an acute inferior MI. Abnormal Q waves appear only 
in the three limb leads with inferiorly oriented positive poles (leads II, III, and aVF). 
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FIGuRE 12.9. A 12-lead ECG from a 70-year-old man 1 year after an acute lateral-wall 
myocardial infarction. Coronary angiography showed complete occlusion of a nondominant LCX 
(the RCA supplied the posterior descending anery). Arrows, abnormally prominent R waves. 

Also, when the RCA is dominant, the typical distribution of the left circumflex artery 
(LCX) supplies only the left-ventricular free wall between the distributions of the LAD and 
posterior descending artery. The basal and middle segments of the lateral wall of the LV 
are located away from the positive poles of all 12 of the standard ECG leads. Therefore, 
complete occlusion of a nondominant LCX is indicated by a positive (in leads Vl and V2) 
rather than a negative deviation of the QRS complex (Fig. 12.9) and termed lateral infarction 
(formerly termed posterior or ~~'posterolateral•). Additional leads on the posterior thorax are 
required to record the elevation of the ST segment caused by transmural myocardial isch
emia and the negative deviation of the QRS complex caused by MI in this region.13 
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FIGuRE 12. 1 o. The six precordial leads of the ECG from a 63-year-old man 1 week after an 
acute infarction of the lateral wall of the left ventricle from an t.CX occlusion. Arrows, abnormally 
largeR waves in V1 and V2 and presence of a Q wave in aVF. 

Figure 12.10 presents an example of the almost complete QRS-axis deviation away from 
the left-ventricular free wall expected from a more extensive infarction of the LV lateral 
wall. Note the almost completely positive Q;RS forces in leads Vl to V3 and the abnormal 
Q wave in lead V6. 
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FIGURE 12. 11. A 12-lead ECG from a 70-year-old woman with a healed interolateral infarc
tion. Arrows, abnormal Q wave in aVF and abnormally prominent R waves in Vl to V2. 

When the left coronary artery is dominant (supplying the posterior descending artery), 
a sudden complete obstruction of the RCA can produce infarction only in the right ven
tricle/ which is not likely to produce changes in the QRS complex. The LCX supplies the 
middle and basal segments of both the lateral and inferior LV walls1 and its obstruction can 
produce an inferolateral infarction (Fig. 12.11). This same combination of left-ventricular 
locations can be involved when there is dominance of the RCA and one of its branches 
extends into the typical distribution of the LCX. The ECG in this instance indicates the 
region infarcted, but not whether the RCA or the LCX is the 11Culprit artery." 
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FIGuRE 12. 12. Serial 12-lead ECGs from a previous routine examination (A), the time of 
hospital admission (B). and the time of hospital discharge (C) of an 81-year-old man. 

The lateral wall of the apex of the heart may be involved when either a dominant RCA or 
LCX is acutely obstructed and inferior, lateral, and apical locations of infarctions are apparent 
on the serial12-lead BCGs (Fig. 12.12). A patient's baseline ECG is shown in Figure 12.12A 
without abnormal QRS forces. The ECG at the time of hospital admission (see Fig. 12.12B) 
already shows abnormal Q waves, and the recording at hospital discharge (see Fig. 12.12C) 
shows that an abnormally prominent R wave has appeared in leads Vl and V2. 
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QRS Complex for Estimating Size 

Complete 50-Crileria , 3 1- Point QRS Scoring System• 

Maximum v, (1 ) [ AnyO (1 ) 
LMd v, 

Rs 20 ms (1 } 
LMd Pointe Crtt.rla Poln1o An tenor (1} AnyO (1 } Rs 0.2 mV (1) 

v. (3} 0 ;:20ms (1) 

I (2} 0 "' 30 ms ( 1) 
Lateral (4) RIS "'1 (1} 

RIS s 0.5 (2) 

{ RIO S 1 
{ R>: 50 ms (2} RIO s 0.5 (2) ( 1) R> 1.0 mV (2} RIS s 1 (1) R.,;0.2 mV (1 ) R"'40 ms ( 1} RIQ S 1 (1) 

R:o:O.SmV ( 1) Rs 0.7 mV (1} 

II (2) { 0 "'40 ms (2} 0 and Ss 0.3 mV (1) v. (3) 0 <:30 ms ( 1) 
Oi!:30 ms (1 ) 

v, [ .. ., (2) 
Anterior (1} I AnyO (1 ) 

RIO S 1 (2} 
aVL (2) 0 "' 30 ms ( 1) Rs 10 ms (1 ) RIS s 2 (1) 

RIO S j (1) As 0.1 mV (1 ) RIO s 2 (1 } 
Rs R V, mV (1 ) A s 0.7 mV (1 } 

v, (3) 0 >:30 ms (1} 
aVF (5) { 0 "' 50 ms (3) Lateral (4) Rl$ "= 1.5 (1} 

Oi!: 40 ms (2) 
RIS S 1 12) 0 >: 30 ms (1 ) I Ri!:60 ms 

(2} 
R>:2.0 mV (2) 

RIO s 1 (2) 

{ RIO S1 (2) A>: 50 ms (1} RIS s 3 (1 ) 

RIO s 2 (1 } R ;o 1 5mV (1 ) 
RIO ,.3 (1 ) 
As 0.6 mV (1) 

0 and Ss 0.4 mV ( 1) 

FIGURE 12. 13. Selvester QRS score for estimating myocardial infarct size. See Loring z. 
Chelliah S, Selvester RH, et al. A detailed guide for quantification of myocardial scar with the 
Selvester QRS score in the presence of electrocardiogram confounders. J Elettrocardio1. 2011;44: 
544-554 for additional details. (Modified from Selvester RH, Wagner GS, Hindman NB. The Selvester QRS 
scoring system for estimating myocardial infarct size. The development and application of the system. 
Arch Intern Med. 1985;145:1877-1881, with permission. Copyright 1985, American Medical Association.) 

An individual patient may have single or multiple infarcts in the regions of any of the 
three major coronary arteries. Selvester and coworkers16-17 developed a method for estimat
ing the total percentage of the LV that is infarcted by using a weighted scoring system. 
Computerized simulation of the sequence of electrical activation of the normal human LV 
provided the basis for their 30-point scoring system, with each point accounting for 3% of 
the LV.1s-17 The Selvester QRS scoring system includes 50 criteria from 10 of the 12 stan
dard ECG leads, with weights ranging from 1 to 3 points per criterion (Fig. 12.13). The 
maximal number of points that can be awarded for each lead is shown in parentheses after 
each lead name (or left-ventricular region within a lead for leads Vl and V2). Only one 
criterion can be selected from each group of criteria within a bracket. All criteria involving 
RIQ or R/S ratios consider the relative amplitudes of these waves. Criteria in precordial 
leads V1 and V2 for both anterior and lateral infarct locations are described. In addition to 
the Q-wave and decreased R-wave criteria typically used for diagnosis and localization of 
infarcts, this system for estimating infarct size also contains criteria relating to the S wave.z 

In the Selvester scoring system, Q-wave duration is heavily considered. Variations 
of the QRS complex (Fig. 12.14) in lead aVF represents the changes of inferior infarc
tion. The number of QRS points assigned for the Q-wave duration and the RJQ amplitude 
ratio criteria met by the various ECGs are indicated in parentheses. This measurement is 
easy when the QRS complex has discrete Q and R waves (see Fig. 12.14A-C, E, and G).6 
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Lead aVF Q Duration R/Q Ratio Total Points 

A~ .03 s (1) 1 

Bw .03 s (1) 2:1 (1) 2 

ctt: .03 s (1) 1:1 (2) 3 

D .03 s (1) 1:1 (2) 3 

EEE .04 s (2) 1:1 (2) 4 

F .04 s (2) 1:1 (2) 4 

~.05 s (3) 1:1 (2) 5 

FIGURE 12. 14. A-G. Variations in the appearance of the QRS complex in lead aVF represent
ing the changes of inferior infarction. The numbers of QRS points awarded for the Q-wave duration 
and the R/Q amplitude ratio criteria met in the various ECGs given as examples are indicated in 
parentheses. The total number of QRS points awarded for lead aVF is indicated for each example in 
the final column. (Modified from Wagner GS, Freye C], Palmeri ST, et al. Evaluation of a QRS scor
ing system for estimating myocardial infarct size. I. Specificity and observer agreement. Circulation. 
1982;65:342-347, with permission.) 

The other panels in the figure jsee Fig. 12.140, FJ present small upward deflections in a 
generally negative QRS complex that cannot be termed R waves because they never reach 
the positive side of the baseline. This type of QRS complex variation should be termed QS. 
The true Q-wave duration should be measured along the ECG baseline from the onset of 
the initial negative deflection to the point directly at or above the peak of the notch in the 
negative deflection. The total number of points awarded for lead a VF is indicated for each 
example in the final column. 
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FIGURE 12. 15. A and. B. Arrows, abnormal initial QRS waveforms. 

Satisfaction of only a single Selvester scoring criterion may represent either a normal vari
ant or an extremely small infarct. Two infarcts located in opposite sectors of the LV, how
ever, may confound the application of this system. The opposing effects on the summation 
of the ventricular electrical forces may cancel each other, producing falsely negative BCG 
changes. Figure 12.15A and B illustrates the coexistence of both anterior and lateral infarcts 
and the potential for underestimation of the total percentage of the LV that is infarcted. The 
0.04 R wave in lead Vl indicates the lateral involvement, and the small Q wave preced
ing the R wave in leads V2 and V3 indicates the anterior involvement. Note there are also 
abnormal initial negative QRS waveforms in leads V 4 to V6 in Figure 12.15A and B. 
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MYOCARDIAL INFARCTION AND SCAR IN THE PRESENCE OF 
CONDUCTION ABNORMALITIES 

A 

Unopposed 
forces 

LargeR \ 

B 

FIGURE 12. 1 6. Electrical activation sequence in left-bundle-branch block (LBBB) and the effect 
of septal scar. (A) LBBB conduction begins in the endocardium of the right ventricle (RV), and electri
cal forces from the septum and RV free wall go in opposite directions and cancel each other out, pro
ducing an isoelectric segment or small R wave in leads Vl to V3. However, in the presence of septal 
scar (B), the RV free wall forces are unopposed, producing large R waves in leads Vt to V3. LV, left 
ventricle. (Modified from Strauss DG, Selvester RH, Lima JA, et al. ECG quantification of myocardial 
scar in cardiomyopathy patients with or without conduction defects: correlation with cardiac mag
netic resonance and arrhythmogenesis. Circ Arrhythm Electrophysio1. 2008;1:327-336, with permission.) 

Bundle-branch and fascicular blocks have traditionally been thought to conceal the typ
ical ECG signs of MI. However, computer simulations suggested that once the correct 
underlying activation sequence is taken into account, modified ECG criteria can be devel
oped to detect and quantify MI in the presence of conduction abnormalities. 17•18 

Figure 12.16A illustrates the electrical activation through the ventricles in LBBB and a 
representative ECG waveform representative of leads Vl to V3 without infarction/scar, 
whereas Figure 12.16B shows activation and the ECG waveform in the presence of septal 
scar. As opposed to normal conduction where septal infarction causes Q waves in Vl to 
V3, in the presence of LBBB, septal scar has the opposite effect: it causes largeR waves. 
This is apparent from understanding the activation in LBBB. In LBBB, activation begins in 
the endocardium of the RV, going in opposite directions (see arrows in 12.16A), resulting 
in cancellation of electrical forces and producing an isoelectric segment or small R wave 
at the beginning of the QRS. However, septal scar causes unopposed electrical forces from 
the RV free wall that causes a large R wave in Vl to V3 in LBBB. 
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FIGURE 12.17. Left-bundle-branch block activation patterns. All panels demonstrate the ven
tricular activation pattern in LBBB and ECG waveforms seen from the frontal plane (top), horizontal 
plane (middle), and sagittal plane (bottom) in LBBB without infarction (A), LBBB with extensive ante
rior infarction (B), LBBB with lateral infarction (C), and LBBB with inferior infarction (D). (continued) 

Selvester and colleagues developed a complete QRS scoring system for quantifying infarc
tion/scar in the presence of LBBB (along with separate scores for other "BCG confounders" 
of diagnosing chronic infarction, including right-bundle-branch block, left anterior fascicu
lar block, and left-ventricular hypertrophy). The reader is referred to prior publications 
for details on the QRS score in the presence of conduction abnormalities. 17-19 Figure 12.17 
highlights the main BCG changes that occur in LBBB with infarcts in the three major coro
nary artery territories (Fig. 12.17B, chronic LAD infarct; Fig. 12.17C, chronic LCX infarct; 
and Fig. 12.170, chronic inferior infarct}. 
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FIGURE 1 2. 1 7. (continued) Colored lines represent areas of myocardium activated within the 
same 10-millisecond period (isochrones). Numbers represent milliseconds since beginning of activa
tion. Key ECG changes include the development of large R waves in V1 and V2 with anteroseptal 
infarction (B), increased R/R' amplitude ratios in vs and V6 with apical infarction (B). increased S/S' 
amplitude ratios in V1 and V2 with lateral wall infarction (C). and Q waves and decreased R/Q or R/S 
in a VF amplitude ratios with inferior wall infarction (D). (Modified from Loring z, Chelliah S, Selvester 
RH, et al. A detailed guide for quantification of myocardial scar with the Selvester QRS score in the 
presence of electrocardiogram confonnders.J Electrocardiol. 2011;44:544-554, with permission.) 
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GLOSSARY 

Anterior infarction: an infarction in the distri
bution of the LAD, involving primarily the 
middle and apical sectors of the anterior sep
tal quadrant of the LV. 

Apical infarction: an infarction in the distri
bution of any of the major coronary arteries, 
involving primarily the apical sectors of the 
posterior-lateral and inferior quadrants of 
the LV. 

Collateral blood supply: the perfusion of an 
area of myocardium via arteries that have 
developed to compensate for an obstruction 
of one of the principal coronary arteries. 

Infarct expansion: partial disruption of the 
myocardial wall in the area of a recent infarc
tion that results in thinning of the wall and 
dilation of the involved chamber. 

Inferior infarction: an infarction in the distri
bution of the posterior descending coronary 
artery, involving primarily the basal and 
middle sectors of the inferior quadrant of 
the LV but often extending into the posterior 
aspect of the right ventricle. 
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Chapters 9 through 12 present the electrocardiographic waveform changes caused by 
myocardial ischemia and infarction. This chapter concludes the section on abnormal wave 
morphology by presenting the various miscellaneous cardiac and noncardiac conditions 
that can be diagnosed by interpretation of the electrocardiogram IECG). This chapter 
begins with the nonischemic cardiomyopathies. The following learning units consider the 
ECG waveform changes representing abnormalities of the pericardia! linings of the heart 
and the other major intrathoracic organ, the lungs. Conditions affecting more remote parts 
of the body, including the brain and endocrine glands, and abnormal amounts of either 
internally produced or ingested substances in the circulating blood that may also be sus
pected or even diagnosed by ECG waveform changes are considered in the final section. 
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CARDIOMYOPATHIES 

FIGURE 1 3. 1. Arrows, waveforms most characteristic of hypertrophic obstructive 
cardiomyopathy. 

"Cardiomyopathy• is a general term applied to all conditions in which the myocardium 
does not function normally. The primary diagnostic classifications of cardiomyopathy are 
"ischemic" and Mnonischemic." Ischemic cardiomyopathy may either be potentially revers
ible (hibernation) or irreversible (infarction), resulting in the ECG changes of ischemia, 
injury, and infarction discussed in Chapters 9 through 12. Hypertrophic cardiomyopathy 
is a common nonischemic cardiomyopathy that occurs when a hypertrophied ventricle 
either fails to maintain or interferes with normal function. The hypertrophy may either 
be secondary to pressure overload (see Chapter 5) or may be a primary cardiac condition. 
Primary hypertrophic cardiomyopathy may involve both ventricles, one entire ventricle, 
or only a portion of one ventricle. 

A common localized variety of this condition is hypertrophic obstructive cardiomyopa
thy (HOCM), in which the hypertrophied interventricular septum obstructs the aortic out
flow tract during systole, resulting in subaortic stenosis. HOCM is associated with the many 
different ECG manifestations, none of which are typical. 

A spectrum of ECG changes may occur in hypertrophic cardiomyopathy regardless of 
whether or not the problem is localized to the septum, as illustrated in Figure 13.1.1

•
2 

1. Typical left-ventricular hypertrophy (tall precordial R waves in leads V2 to V5; 
see Chapter 5). 

2. Deep, narrow Q waves in the leftward-oriented leads (aVL and V6). 
3. Left atrial enlargement (increased terminal P-wave negativity in lead V1; 

see Chapter 5). 
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Amyloidosis 
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FIGURE 13. 2. 

An abnormal protein called amyloid is deposited in the heart during various disease 
processes. Its accumulation causes cardiac amyloidosis, which eventually may produce 
sufficient cardiomyopathy to cause heart failure. Amyloidosis may be suspected when the 
following combination of ECG changes appear1: 

1. Low voltage of all waveforms in the limb leads. 
2. Marked left-axis deviation typical of left-anterior fascicular block. 
3. Pseudo infarct changes. 
4. A prolonged atrioventricular (A V) conduction time. 

Characteristics 1 and 3 are apparent in an elderly patient with severe heart failure but 
no history of ischemic heart disease (Fig. 13.2). Note the extremely low voltage in both 
limb and precordial leads and pseudo infarct changes; Q. waves are typically seen with 
both inferior and anterior infarcts. 
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PERICARDIAL ABNORMALITIES 

A small, fluid-filled space called the pericardia[ sac separates the heart from the other 
structures in the thorax. The sac is lined by two layers of connective tissue referred to 
as the pericardium. The innermost of these two layers (visceral pericardium) adheres to 
the myocardium, and the outer layer (parietal pericardium) encloses the pericardia! fluid. 
These two layers of tissue can become inflamed for many reasons (pericarditis). The inflam
mation usually resolves after an acute phase but may progress to a chronic phase. The 
acute phase may be complicated by the collection of excess pericardia! fluid, a condition 
termed pericardia[ effusion. Chronic persistence of the inflammatory process may result in 
thickening of the pericardia! tissues and is called constrictive pericarditis. 
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Acute Pericarditis 

FIGURE 13. 3. A. Arrows, ST -segment elevation. B. Arrows, ST -segment resolution. 

Typically, acute pericarditis persists for 3 or 4 weeks, and the ECG changes it produces 
evolve through two stages. The recordings in Figure 13.3 are from a patient presenting with 
the chest pain of acute pericarditis (see Fig. 13.3A) and returning to the clinic 1 month later 
(see Fig. 13.3B). The characteristic ECG abnormality during the earliest stage of acute peri
carditis is elevation of the ST segments in many leads, accompanied by upright T waves 
(see Fig. 13.3A).z Depression of the PR segment was also present in half of a series of con
secutive patients with acute pericarditis.3 When the ST segments return to the isoelectric 
level, the ECG may appear normal(see Fig. 13.3B). 
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FIGuRE 13. 4. Arrows, leads with ST -segment elevation. 

The ST-segment elevation in the first stage of acute pericarditis occurs because the 
inflammation also involves the immediately adjacent epicardial layer of myocardium, pro
ducing an epicardial •injury current" similar to transmural myocardial ischemia discussed 
in Chapter 11. When the epicardial injury is caused by insufficient myocardial perfusion 
(i.e. ischemia}1 the ST-segment elevation is restricted to the ECG leads that overlie the 
myocardial region supplied by the obstructed coronary artery. Because pericarditis usually 
involves the entire epicardium, there is ST-segment elevation in all of the standard leads 
that are positive leftward and anteriorly and with ST depression in lead aVR. However, 
differentiation between acute pericarditis and acute myocardial ischemia becomes difficult 
when the pericarditis is localized, creating ST -segment elevation in only a few leads. 

Figure 13.4 illustrates such an example with a 12-lead ECG from a woman with breast 
carcinoma and acute chest pain. In both acute pericarditis and acute myocardial infarc
tion/ the patient may present with precordial pain, and additional clinical evaluation is 
necessary to reach the appropriate diagnosis. Serial ECG recordings are useful because the 
acute epicardial injury current of decreased coronary flow is transient and resolves when 
the region is either infarcted or reperfused, but the changes of pericarditis persist until the 
inflammation resolves. 
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I aVR Vl V4 

FIGURE 1 3. 5. Arrows, multiple leads with ST -segment elevation. 

Acute pericarditis also often resembles the normal variant termed ,.early repolarization" 
discussed in Chapter 3. Figure 13.5 presents a typical example of a routine 12-lead ECG 
recorded from a healthy young man that could represent either the early repolarization or 
the first stage of acute pericarditis. 

A factor on this example that favors a diagnosis of acute pericarditis is the widespread 
ST elevation, but another factor that favors early repolarization is the increased T-wave 
amplitude in several leads (see Table 12.1). This emphasizes the point that it is often not 
possible to distinguish on the ECG between these very different conditions. 
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Pericardial Effusion and Chronic Constriction 

FIGURE 13. 6. Arrows, markedly different P-wave and QRS-complex waveforms alternating on 
consecutive cycles. 

Small and even moderate amounts of pericardia! effusion or constriction may have little 
or no effect on the ECG. However, a generalized decrease in all of the ECG waveform 
amplitudes (low voltage) occurs if significant pericardia! effusion or thickening develops. 
This probably occurs because the cardiac impulses are dampened by the pericardia! fluid 
or fibrotic thickening. Because both of these pathologic conditions have similar effects on 
the cardiac electrical activity and its transmission to the body surface, they are considered 
together. A triad of ECG changes that is virtually diagnostic of pericardia! effusion or con
striction is presented below: 

1. Low voltage. 
2. Widespread ST-segment elevation. 
3. Total electrical altemans. 

These changes are observed in ECG leads Vl and V3 recorded from a patient with car
cinoma of the lung and malignant pericardia! effusion (Fig. 13.6). Total electrical alternans 
refers to the alternating high and low voltages of all ECG waveforms between cardiac 
cycles within a given lead. 4•5 

In addition to these ECG effects, chronic constrictive pericarditis may be accompanied 
by the T-wave inversion that defines the second stage of acute pericarditis.6 The depth of 
inversion of the T waves has been reported to correlate with the degree of pericardia! adher
ence to the myocardium. This may be clinically important because surgical ustrippingn of 
the thickened pericardium is more difficult when it is adhered tightly to the myocardium. 
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PULMONARY ABNORMALITIES 

When a pulmonary abnormality creates an increased resistance to blood flow from the 
right side of the heart, a condition of systolic or pressure overload develops (see Chapter 5). 
This condition has been termed cor pulmonale, and it can occur either acutely or chroni
cally. The most common cause of acute cor pulmonale is pulmonary embolism. Chronic cor 
pulmonale may be produced by the pulmonary congestion that occurs with left-ventricular 
failure or by the pulmonary hypertension that develops either as a primary disease or as 
a secondary disease to chronic obstructive pulmonary disease. Right-atrial enlargement 
commonly occurs with acute and chronic cor pulmonale. In the acute condition, there is 
right-ventricular dilation, whereas in the chronic condition there is right-ventricular hyper
trophy (RVH) at first, then RV dilatation. Because chronic RVH is discussed in detail in 
Chapter 5, only acute cor pulmonale is included here. 

Chronic obstructive pulmonary disease is often characterized by emphysema, in which 
the lungs become overinflated. This produces anatomic changes that affect the ECG in 
unique ways. The ECG changes of pulmonary emphysema may occur alone or in combina
tion with the changes of RVH because emphysema may or may not be accompanied by the 
obstruction of the airways. When C0

2 
is unable to escape through the tracheal-bronchial 

system, the condition of hyperventilation occurs. The resultant hypercapnia (elevated 
blood C0

2 
levels) and respiratory acidosis cause the pulmonary arterial constriction leading 

to the compensatory RVH that is termed chronic cor pulmonale. 
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Acute Cor Pulmonale: Pulmonary Embolism 

A 

B 

FIGURE 13. 7. A and B. Arrows, terminal rightward (D and anterior (V1) shift in QRS waveforms. 

Acute cor pulmonale in the absence of evidence of the changes of RVH owing to chronic 
cor pulmonale is most commonly seen in pulmonary embolism. Acute cor pulmonale can 
occur in the presence or absence of chronic changes of RVH. The ECG changes considered 
herein are those in the absence of RVH. The RV distortion produced by an acute outflow 
obstruction such as pulmonary embolism causes delayed conduction through the right 
bundle and/or the RV myocardium, resulting in the ECG pattern of incomplete or even 
complete right-bundle-branch block (RBBB; see Chapter 6). The subtraction of the RV con
tribution from the initial portion of the QRS complex shifts the waveforms away from both 
the inferior (limb leads) and anterior (chest leads), mimicking both inferior and anterior 
infarcts. This shift to the QRS beyond the completion of LV activation produces unopposed 
terminal rightward and anterior forces. 7 The rightward direction is represented primarily 
by an S wave in lead I and the anterior direction by an R' wave in Vl. Figure 13.7 pres
ents recordings from before (A) and after (B) sudden dyspnea in an elderly man who had 
received prostate surgery. 
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FIGURE 13.8. Lead I: arrow, rightward axis shift. Leads II, aVF, and V2-V4: arrows, inverted 
T waves. Lead V1: arrow, prominent R' wave. 

In the precordial leads, elevated ST segments and inverted T waves are sometimes seen 
over the right ventricle, whereas S waves may become more prominent over the left ven
tricle. The typical changes of RBBB may be apparent in lead V1 Ia 12-lead from an elderly 
woman with a massive pulmonary embolism who exhibits the typical changes of RBBB is 
illustrated in Fig. 13.8). All of the ECG changes of the acute cor pulmonale produced by a 
large pulmonary embolus are seen in Figure 13.8. The RBBB is complete with a QRS dura
tion of 120 milliseconds. In addition, there are the repolarization changes ofT-wave inver
sion both in leads III and aVF and in leads V1 through V4. 
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Pulmonary Emphysema 
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FIGURE 13. 9. Arrows, rightward axis shift of the P and QRS waveforms. 

The five most typical findings in emphysema have been grouped together as follows8: 

1. Tall P waves in leads II, III, and aVF. 
2. Exaggerated atrial repolarization waves producing ~0.10-mV PR and ST-segment 

depression in leads II, III, and aVF. 
3. Rightward shift of the axis of the QRS complex in the frontal plane. 
4. Decreased progression of the R-wave amplitudes in the precordial leads. 
5. Low voltage of the QRS complexes, especially in the left precordial leads. 

Figure 13.9 presents a typical example of pulmonary emphysema with all five of these 
characteristics. Rightward shifts of both the P waves and QRS complexes (negative in lead 
a VL and only slightly positive in lead I) and a low voltage in the leftward (V 4 to V6) pre
cordial leads are illustrated (Fig. 13.9). Note the prominent P waves in II, III, and aVF fol
lowed by PR- and ST-segment depression below the TP baseline. 

These BCG changes are produced because the hyperexpanded emphysematous lungs 
compress the heart, lower the diaphragms, and increase the space between the heart and 
the recording electrodes. 
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FIGURE 13. 10. A 12-lead ECG recording from a patient with pulmonary emphysema. The 
arrows in lead I indicate the isoelectric P wave and low-voltage QRS complex, and the arrows in lead II 
indicate the prominent P wave and PR and ST segments depressed below the TP-segment baseline. 
Asterisks indicate the absence of decreased R-wave progression from leads V1 to V3. 

The QRS axis in the frontal plane is occasionally indeterminate (Fig. 13.10).9 This occurs 
because pulmonary emphysema directs the QRS complex posteriorly so that minimal upward 
or downward deviation swings the frontal plane axis of the complex from +90 degrees to 
-90 degrees. Figure 13.10 also illustrates criteria 1, 2, 3, and 4 in the list given above. 

Selvester and Rubin10 have developed quantitative ECG criteria for both definite and 
possible emphysema (Table 13.1). 

These criteria achieve approximately 65% sensitivity for the diagnosis of emphysema 
and 95% specificity for the exclusion of emphysema in normal control subjects and in 
patients with congenital heart disease or myocardial infarction. 9 This good performance 
relative to that of other systems is most likely the result of combining quantitative criteria 
for the frontal plane P-wave axis with criteria for both the frontal and transverse plane 
amplitudes of the QRS complex. 

-. 
Table 13.1. I 
Electrocardiographic Criteria for Emphysema 

Definite Emphysema 

A. P axis >+60 degrees in limb leads and either 

B. 1. RandS amp s0.70 mV in limb leads and 
2. Ramp sO.?O mV in V6 or 

C. SV4~RV4 

Possible Emphysema 

P axis >+60 degrees in limb leads and either 

1. RandS amp s0.70 mV in limb leads or 
2. Ramp S0.70 mV in V6 

From Rubin LJ, ed. Pulmonary Heart Disease. Boston, MA: Martinus Nijhoff; 1984:122, with permission. 
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INTRACRANIAL HEMORRHAGE 
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FIGURE 13. 11. Arrows, unusually prominent inverted T waves. 

Hemorrhage into either the intracerebral or subarachnoid spaces can produce dramatic 
changes in the ECG, presumably because of increased intracranial pressure.11- 14 Less 
severe ECG changes occur with nonhemorrhagic cerebrovascular accidents.15 The three 
most common ECG changes in intracranial hemorrhage are: 

1. Widening and inversion ofT waves in the precordial leads. 
2. Prolongation of the QTc interval. 
3. Bradyarrhythmias. 

Figure 13.11 presents a 12-lead ECG recording that is a typical example of characteristic 
1. ST elevation or depression can occasionally occur, mimicking cardiac ischemia. In some 
cases, regional wall motion abnormalities are observed in subarachnoid hemorrhage (SAH) 
associated with ST elevation, or 11neurogenic stunned myocardium. lf16 
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ENDOCRINE AND METABOLIC ABNORMALITIES 

Thyroid Abnormalities 

A 

M 

FIGURE 13. 12. Arrows, contrasting R-wave amplitudes in leads 2(II) and V4 before (A) and 
after treatment (B). 

The extreme hypothyroid condition is termed myxedema and the extreme hyperthyroid 
condition is termed thyrotoxicosis. Both are often accompanied by typical changes in ECG 
waveform morphology. Because the thyroid hormone thyroxin mediates sympathetic ner
vous activity, a hypothyroid state is accompanied by a slowing of the sinus rate (sinus bra
dycardia). Conversely, a hyperthyroid state is accompanied by an acceleration of the sinus 
rate (sinus tachycardia). 17 Similarly, A V conduction may be impaired in hypothyroidism and 
accelerated in hyperthyroidism. 18 

Hypothyroidism 
The diagnosis of hypothyroidism should be suspected when the following combination 

of ECG changes is present (Fig. 13.12): 

1. Low voltage of all waveforms. 
2. Inverted Twaves without ST-segment deviation in many or all leads. 
3. Sinus bradycardia. 

QT prolongation and AV or intraventricular conduction delay may also occur. These 
changes may be related to cardiac deposits of the gelatinous connective tissue typical of 
myxedema, diminished sympathetic nervous activity, and/or the effect on the myocardium 
of reduced levels of thyroxin. 19 
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Hyperthyroidism 
The diagnosis of hyperthyroidism should be suspected when the amplitudes of all of the 

ECG waveforms are increased.20 This simulates right-atrial and left-ventricular enlarge
ment (see Chapter 5). The heart rate is rapid because of the increased levels of thyrox
in. The cardiac rhythm may reflect an acceleration of normal sinus impulse formation 
(sinus tachycardia), or the abnormal atrial tachyarrhythmia known as atrial fibrillation (see 
Chapter 17). Although the QT interval decreases as the heart rate increases, the corrected 
QT interval(QTc) may be prolonged.21 

Hypothermia 

~1 

FIGURE 13.13. Arrows, Osborn waves. 

Hypothermia has been defined as a rectal temperature <36° Cor <97° F. At these low
er temperatures, characteristic ECG changes develop. All intervals of the ECG (including 
the RR, PR, QRS, and QT intervals) may lengthen. Characteristic Osborn waves appear as 
deflections at the J point in the same direction as that of the QRS complex.22 Figure 13.13 
illustrates these changes in an elderly man exposed to the cold with a body temperature of 
32.8° Cor 91° F. The height of the Osborn waves is roughly proportional to the degree of 
hypothermia. 
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Obesity 
Obesity has the potential to affect the ECG as follows: 

: 1. Displacing the heart by elevating the diaphragm. 
2. Increasing cardiac workload. 
3. Increasing the distance between the heart and the recording electrodes. 

In a study of >1,000 obese individuals, the heart rate, PR interval, QRS interval, QRS 
voltage, and QTc interval all showed an increase with increasing obesity.23 The QRS axis 
also tended to shift leftward. Interestingly, only 4% of this population had low QRS volt
age. One study has reported an increased incidence of false-positive criteria for inferior 
myocardial infarction in both obese individuals and in women in the final trimester of 
pregnancy (presumably because of diaphragmatic elevation).24 
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ELECTROLYTE ABNORMALITIES 
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FIGURE 13. 14. Arrows, prominent U waves. 

Either abnormally low (hypo-} or high (hyper-} serum levels of the electrolytes potassi
um or calcium may produce marked abnormalities of the ECG waveforms. Indeed, typical 
ECG changes may provide the first clinical evidence of the presence of these conditions. 

Potassium 
The terms hypokalemia and hyperkalemia are commonly used for alterations in serum 

levels of potassium. Because abnormalities in either of these conditions may be life threat
ening, an understanding of the ECG changes they produce is important. 

Hypokalemia 

Hypokalemia may have many causes,25 often occurs with other electrolyte disturbances 
(e.g., reduced serum magnesium levels), and is particularly dangerous in the presence of 
digitalis therapy. The typical ECG signs of hypokalemia may appear when the serum potas
sium concentration is within normal limits, and conversely, the ECG may be normal when 
serum levels of potassium are elevated. The ECG changes in hypokalemia areU: 

1. Flattening or inversion of the T wave. 
2. Increased prominence of the U wave. 
3. Slight depression of the ST segment. 
4. Increased amplitude and width of the P wave. 
5. Prolongation of the PR interval. 
6. Premature beats and sustained tachyarrhythmias. 
7. Prolongation of the QTc interval. 

Figure 13.14 illustrates characteristics 1, 2, and 4 from a patient receiving diuretic 
therapy for chronic heart failure. The serum potassium level was 1. 7 mEq/L (normal range, 
4 to 5 mEq/L). 

The characteristic reversal in the relative amplitudes of the T and U waves is the most charac
teristic change in waveform morphology in hypokalemia. The U-wave prominence is caused by 
prolongation of the recovery phase of the cardiac action potential. This can lead to the life-threat
ening to'f'SO/Jes lis poin.tes type of ventricular tachyarrhythmia (see Chapter 19).27 Hypokalemia 
also potentiates the tachyarrhytbmias produced by digitalis toxicity (see Chapter 16). 
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Hyperkalemia 
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FIGURE 1 3. 1 5 . Arrows, unusually prominent and peaked positive T waves. 

As in hypokalemia, there may be a poor correlation between serum potassium levels 
and the typical ECG changes of hyperkalemia.28 The earliest BCG evidence of hyperkale
mia usually appears in the T waves (Fig. 13.15). With increasing severity of hyperkalemia, 
the following ECG changes occur: 

1. Increased amplitude and peaking of the T wave. 
2. Prolongation of the QRS interval 
3. Prolongation of the PR interval. 
4. Flattening of the P wave. 
5. Loss of P wave. 
6. Sine wave appearance. 

The AV conduction in hyperkalemia may become so delayed that advanced AV block 
appears29 (see Chapter 22). Prolongation of the QRS complex and flattening of the P waves 
occur because the high potassium levels in hyperkalemia delay the spread of the cardiac 
activating impulse through the myocardium. This abnormally slow conduction can lead to 
cardiac arrest from ventricular fibrillation (see Chapter 19).30 
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FIGURE 1 3 • 1 6 • A. Anuws, markedly prolonged QRS complexes. B. Asterisks, reappearing P waves. 

Figure 13.16A is from a patient with end-stage renal disease and an initial serum potas
sium level of 7.8 m.Eq per L. It demonstrates peaked T waves, QRS prolongation, and 
an absence of P waves. In Figure 13.16B, the T waves and the QRS complexes return to 
their normal duration and the P waves reappear when the serum potassium concentration 
returns to normal(corrected with dialysis to 4.5 mEq/L). Hyperkalemia may also reduce 
the myocardial response to artificial pacemaker stimulation. 31 
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Calcium 
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FIGURE 1 3. 1 7. Arrows, prolonged QT interval (0.434 second). 

The ventricular recovery time, as represented on the ECG by the QTc interval {see 
Chapter 3), is altered by the extremes of serum calcium levels: 

Hypocalcemia 

Deficiency = Hypocalcemia ~ Prolonged QTc interval 

Bxcess = Hypercalcemia ~ Shortened QI'c interval 

Figure 13.17 illustrates this change in the QTc interval from a patient with chronic renal 
failure. The serum calcium level was 7.2 mg/100 mL (normal range, 9 to 11 mg/100 mL). 
Because the ventricular rate is 88 beats per minute, the QTc interval is 0.483 second 
(0.434 + [0.00175 X 28]i using the Hodges formula; see Chapter 3). 
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FIGURE 13. 18. Arrows, markedly prolonged QT interval (0.500 second). 

In hypocalcemia, the prolonged QT interval may be accompanied by terminal T-wave 
inversion in some leads. Figure 13.18 illustrates the prolonged QT interval with some ter
minal T-wave changes in a patient with chronic renal failure. The serum calcium level was 
4. 7 mEq/L. The ventricular rate is 100 beats per minute, therefore the QTc = 0.570 second 
(0.500 + [0.00175 X 40]; using the Hodges formula). 
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Hypercalcemia 
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FIGURE 13. 19. Arrows, short QT interval (0.307 second). 

In hypercalcemia, the proximal limb of the T wave acutely slopes to its peak, and the 
ST segment may not be apparent, as illustrated in leads V2 and V3 in Figure 13.19.32 In 
extreme hypercalcemia, an increase in amplitude of the QRS complex, biphasic T waves, 
and Osborn waves has been described.33•34 Because the heart rate is 56 beats per minute, 
the QTc is 0.300 second (0.307+[0.00175 X 4]). 
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DRUG EFFECTS 

I aY.R. 
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FIGURE 13. 2 0. Arrows, coved St segments and flattened T waves. 

Either therapeutic or toxic cardiac effects of various medications can sometimes be 
detected on the ECG. The term drug effect refers to the therapeutic cardiac manifestations 
of a drug on the ECG1 and the term drug toxicity refers to the cardiac a"hythmias caused 
by various medications (see Chapters 19 and 22). The level of a drug in blood and tissue at 
which toxicity occurs can vary widely depending on the underlying pathology for which 
the drug is being used, the patient's premedication ECG status, the variations in electro
lytes such as potassium, and the presence of other drugs. 

Digitalis 
Digitalis is commonly used to treat cardiac failure and slow the ventricular rate in atri

al tachyarrhythmias. It causes characteristic ECG changes termed digitalis effect because 
the recovery or repolarization of the myocardial cells occurs earlier than it normally does 
(Fig. 13.20). This is manifested on the ECG by: 

1. •eoved" ST-segment depression. 
2. A flattened T wave. 
3. A decreased Q.Tc interval. 
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FIGURE 13. 21. Arrows, marked ST -segment depression with decreased T -wave amplitude. 

Occasionally, the ST-J point is depressed, mimicking myocardial injury. Figure 13.21 
illustrates this mimicry of myocardial injury from a patient with congestive heart failure. 
The ECG changes, including ST-segment depression, developed at the time of administer
ing digitalis loading doses. This extreme example of digitalis effect usually occurs only in 
those leads with tall R waves. Another manifestation of digitalis effect is the vagally medi
ated slowing of AV nodal conduction (see Chapter 22). In sinus rhythm, there is a slight 
increase in the PR interval; in atrial fibrillation, there is a decrease in the ventricular rate 
(see Chapter 17}. 
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Antiarrhythmic Drugs 

FIGURE 13. 2 2. ATTOws, markedly prolonged QT interval from the QRS complex onset to the 
end of the T wave. 

The effect of an antiarrhythmic drug may be modified by the underlying cardiac dis
order for which it is being used, by coexisting electrolyte imbalance, and by interaction 
of the drug with other drugs. An example of a drug interaction is the marked increase 
in blood levels of drug A (e.g., digitalis) that occurs with the introduction of drug B {e.g., 
qujnidjne and amiodarone}. The commonly used antiarrhythmic drugs are classified as fol
lows according to Vaughan Williams and associates.35•36 

Class 1 Drugs 

Drugs in class 1 of the Vaughan Williams classification have direct action on the sodium 
channels of the myocardial cell membrane and have been subdivided according to their 
effect on the different phases of the action potential. The more common drugs and their 
effects on the action potential are as follows: 

CLASS lA {INCLUDING QUINIDINE, PROCAINAMIDE, AND DISOPYRAMIDEJ. In con
trast to digitalis/ the effect of quinidine is produced by a delay in the recovery or repolar
ization of myocardial cells. This results in prolongation of the QTc intervalP a decreased 
T-wave amplitude/ and an increased U-wave amplitude. These changes are illustrated in 
Figure 13.22 from a patient with recent acute anterior infarction complicated by ventricular 
tachycardia. The arrhythmia was controlled by quinidine, and a quinidine effect appeared 
on the ECG. In this example, the QT interval is 0.39 second, and because the ventricular 
rate is 100 beats per minute, the Ql'c interval is prolonged to 0.49 second. Minima] prolon
gation of the Q.RS complex occurs rarely with quinidine effect; an increase in duration of the 
Q.RS complex of 25% to 50% is evidence of quinidine toxicity. Quinidine effect is also exag
gerated by the presence of digitalis. The phenothiazine group of drugs, which are commonly 
used in treating psychiatric disorders, produce ECG changes similar to quinidine effect. 

CLASS IB {LIDOCAINE AND MEXILBTINEJ. Usually, the surface ECG is unaltered by 
lidocaine and mexiletine. 
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CLASSIC (FLECAINIDE}. Flecainide produces broadening of the QRS complex, with the 
interval between the J point and the end of the T wave remaining unaltered, thus slightly 
prolonging the QT interval. 

Class 2 Drugs 

The drugs in class 2 of the Vaughan Williams classification system are the 13-adrenergic 
blocking agents. By decreasing sympathetic effect on the heart, there is a slowing of rate 
due to the decreased sinoatrial !SA) node impulse formation. Conduction through the AV 
node is also delayed, prolonging the PR interval of the ECG. If there is underlying SA or 
AV nodal dysfunction, these changes may be increased. 

Class 3 Drugs 

The drugs in class 3 of the Vaughan Williams system prolong myocardial repolariza
tion and may therefore markedly prolong the QTc interval on the ECG. Among the class 3 
drugs are the following: 

SOTALOL. Sotalol has both class 2 and 3 drug effects and may therefore produce SA and 
A V nodal suppression and also prolongation of the QTc interval. 

AMIODARONE. Amiodarone has class 1, 2, and 3 effects. 

Class 4 Drugs 

Drugs in class 4 of the Vaughan Williams classification system block calcium channels 
and as a result slow both SA and A V nodal functions. Their effects are therefore similar to 
those of drugs in class 2. 
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GLOSSARY 

Arrhythmia: any cardiac rhythm other than 
regular sinus rhythm. 

Atrlal fibrillation: the tachyarrhythmia at the 
rapid end of the flutter/fibrillation spectrum 
produced by macro-re-entry within multiple 
circuits in the atria and characterized by 
irregular multiform F waves. 

Constrictive pericarditis: thickening of the 
pericardium caused by chronic inflammation 
and resulting in interference with myocardial 
function. 

Cor pulmonale: an acute or chronic pressure 
overload of the right side of the heart caused 
by increased resistance to blood flow through 
the lungs. 

Digitalis: a drug that occurs naturally in the fox· 
glove plant and is used both to increase con· 
traction of the cardiac muscle and decrease 
conduction through the AV node. 

Emphysema: a pulmonary disease in which 
the alveoli are destroyed and the lungs 
become overinflated. 

Hypercalcemia: an abnormally increased level 
of serum calcium ICa++), with a serum ea.++ 
concentration > 11 mg/100 mL. 

Hyperkalemia: an abnormally increased level 
of serum potassium (K+), with a serum K+ 
concentration >5 mBqiL. 

Hypertrophic cardiomyopathy: a condition 
in which cardiac performance is decreased 
because of decreased contraction capability 
of the thickened myocardium. 

Hypocalcemia: an abnormally decreased level 
of serum calcium (Ca++), with a serum ea++ 
concentration <9 mg/100 mL. 

Hypokalemia: an abnormally decreased level 
of serum potassium (K+), with a serum K+ 
concentration <4 mEqiL. 

Hypothermia: subnormal temperature of the 
body defined as temperature <36° C or 
<97° F. 

Low voltage: a total amplitude of the QRS com· 
plex that is <0.70 mV in all limb leads and 
<1.0 mV in all precordial leads. 

Myxedema: severe hypothyroidism character
ized by a decreased metabolic state and firm, 

inelastic edema; dry skin and hair; and loss 
of mental and physical vigor. 

Osborn waves: abnormal ECG waveforms 
caused by hypothermia. 

Pericardia! effusion: an increase in the 
amount of fluid in the pericardia! sac. 

Perlcardial sac: the fluid-filled space between 
the two layers of the pericardium. 

Pericarditis: acute or chronic inflammation of 
the pericardium. 

Pericardium: the two-layered membrane that 
encloses the heart and the roots of the great 
blood vessels. 

Proc:ainamide: a compound related to the local 
anesthetic procaine that is used in the treat· 
ment of reentrant tachyarrhythmias. 

Pulmonary embolism: the sudden obstruction 
of a pulmonary artery by a dislodged clot or fat 
originating from the legs or the pelvic region. 

Quinidine: a drug that occurs naturally in the 
bark of the cinchona tree and prolongs myo
cardial recovery time and protects against 
some tachyarrhythmias. However, quinidine 
and other related drugs may also produce 
tachyarrhythmias by overprolongation of 
recovery time. 

Sinus tachycardia: an acceleration of the nor· 
mal sinus rhythm beyond the upper limit of 
100 beats per minute. 

Subaortic:: stenosis: narrowing of the outflow 
passage from the left ventricle proximal 
to the aortic valve to a degree sufficient to 
obstruct the flow of blood. 

Thyrotoxicosis: severe hyperthyroidism char· 
acterized by an increased metabolic condi· 
tion, sweating, and protruding eyes. 

Torsades de po:lntes: a variety of ventricular 
tachycardia resulting from prolongation of 
the ventricular recovery time. The term is 
French for 11turning of the points• or turning 
of the directions of the QRS complex alter· 
nately between positive and negative. 

Total electrical alternans: alternation in the 
amplitudes of all of the ECG waveforms 
in the presence of a regular cardiac cycle 
lengths. 
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APPROACH TO ARRHYTHMIA DIAGNOSIS 

The nine features that should be examined in every analysis of the electrocardiogram 
(ECG) are presented in Chapter 3. The two of these features that are of primary importance 
in the evaluation of cardiac rhythm are: 

1. rate and regularity; and 
2. identification of the rhythm. 

The method for determining the rates of both regular and irregular rhythms should be 
reviewed before proceeding with this chapter. Normal sinus rhythm, with its rate limits of 
60 to 100 beats per minute, and its slight irregularity due to respiratory variation, is also 
presented in Chapter 3. Of the original nine features presented in Chapter 3, the additional 
ECG features that are important aspects of many of the abnormalities of cardiac rhythm 
include: 

1. P-wave morphology; 
2. PR interval; 
3. QRS complex morphology; and 
4. QTc interval. 

The term 11arrhythmia• is very general, referring to all rhythms other than regular sinus 
rhythm. Even the slight variation in sinus rate caused by altered autonomic balance during 
the respiratory cycle is termed "sinus arrhythmia. • The term dysrhythmia has been pro
posed by some as an alternative, but 11arrhythmia, 11 meaning 11imperfection in a regularly 
recurring motion," is the commonly accepted term for rhythms other than regular sinus 
rhythm. The presence of an arrhythmia does not necessarily reflect cardiac disease, as 
indicated by the broad array of abnormal rhythms that commonly occur in healthy indi
viduals of all ages. Arrhythmias are primarily classified according to their rate, and usu
ally, the atria and ventricles have the same rates. However, there are many different atrial/ 
ventricular relationships among the cardiac arrhythmias: 

1. The atrial and ventricular rhythms are associated and have the same rate, but 
(a) the rhythm originates in the atria or (b) the rhythm originates in the ventricles. 

2. The atrial and ventricular rhythms are associated, but the atrial rate is faster than 
the ventricular rate (the rhythm must originate in the atria). 

3. The atrial and ventricular rhythms are associated, but the ventricular rate is faster 
than the atrial rate (the rhythm must originate in the ventricles). 

4. The atrial and ventricular rhythms are independent (atrioventricular [A V] dissocia
tion) and (a) the atrial and ventricular rates are the same (isorhythmic dissocia
tion), (b) the atrial rate is faster than the ventricular rate, or (c) the ventricular 
rate is faster than the atrial rate. 
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When the atrial and ventricular rhythms are associated but have differing rates, the 
rhythm is named according to the rate of the chamber (atrial or ventricular) from which it 
originates (e.g., when a rapid atrial rhythm is associated with a slower ventricular rate, the 
name "atrial tachyarrhythmia" is used). When the atrial and ventricular rhythms are dis
sociated, names should be given to both of the rhythms (e.g., atrial tachyarrhythmia with 
ventricular tachyarrhythmia). 

The term bradyarrhythmia is used to identify any rhythm with a rate < 60 beats per 
minute, and "tachyarrhythmia" is used to identify any rhythm with a rate >100 beats 
per minute. There are also many arrhythmias that do not alter the rate beyond these nor
mal limits. In contrast to the general terms "bradyarrhythmiaH and utachyarrhythmia, H the 
terms obradycardia" and MtachycardiaH refer to specific arrhythmias such as sinus bradycar
dia and sinus tachycardia. The two important aspects of arrhythmias that are basic to their 
understanding are: 

1. their mechanism; and 
2. their site of origin. 

The mechanisms that produce arrhythmias are either: 

1. problems of impulse formation (automaticity); or ] 
2. problems of impulse conduction (block or reentry). _ 
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PROBLEMS OF AUTOMATICITY 

A 
Nonnal 

B 
Accelerated 

(Sympathetic) 

c 
Decelerated 

(Parasympathetic) 

FIG U R. E 14. 1. Schematic action potentials of a pacemaking cell. A. Normal sinus rhythm. 
B. Excess sympathetic activity increases the slope of the slow spontaneous depolarization, creating an 
accelerated rhythm, as in sinus tachycardia. C. Excess parasympathetic activity decreases the slope 
of the slow spontaneous depolarization, creating a decelerated rhythm, as in sinus brachycardia. 
Arrows indicate the slow spontaneous depolarization in all three conditions. See Animation 14.1. 

Arrhythmias caused by problems of automaticity can originate in any cell in the pace
making and conduction system that is capable of spontaneous depolarization. Such cells, 
termed pacemaker cells, are present in the: 

1. Sinus node. 
2. Purkinje cells scattered through the atria. 
3. Common (His} bundle. 
4. Right and left bundle branches. 
5. Purkinje cells in the fascicles and peripheral ventricular endocardial network. 

See Chapter 1, Figure 1. 7 . 

• 
. 

. 

Animation 14.1 
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Normally, the automaticity of the sinus node exceeds that of all other parts of the 
pacemaking and conduction systems, allowing it to control the cardiac rate and rhythm. 
This is important because of both the location of the sinus node and its relationship to 
the parasympathetic and sympathetic components of the autonomic nervous system 
(see Chapter 3). A site below the sinus node can initiate the cardiac rhythm either because 
it usurps control from the sinus node by accelerating its own automaticity or because the 
sinus node abdicates its role by decreasing its automaticity. The term nectopicH is often 
applied to rhythms that originate from any site other than the sinus node. Cardiac cells 
function as pacemakers by forming electrical impulses called action potentials via the pro
cess of spontaneous depolarization (Fig. 14.1). When the automaticity of cardiac cells is 
severely impaired, the therapeutic use of an artificial pacemaker may be required (see 
Chapter 23). The acceleration of automaticity is limited by the maximal rate of impulse 
formation in pacemaker cells and therefore rarely causes a clinically important tachyar
rhythmia. 

The mechanism by which a tachyarrhythmia is perpetuated determines the treatment 
required for its management. Accelerated automaticity can best be treated by eliminat
ing the cause of the acceleration rather than by treating the acceleration itself. When the 
accelerated automaticity originates from the sinus node, the cause is increased sympa
thetic nervous activity resulting from systemic conditions such as exertion, anxiety, fever, 
decreased cardiac output, or thyrotoxicosis. When the accelerated automaticity origi
nates from another location, the most common causes are ischemia and digitalis toxicity. 
Therefore, accelerated sinus automaticity is treated by removing the responsible systemic 
condition, and accelerated nonsinus automaticity, termed "ectopic, H is treated by removing 
the responsible condition. 
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PROBLEMS OF IMPULSE CONDUCTION: BLOCK 

Table 14.1. I 
Impulse Conduction Block 

Site of Block Site Primarily Affected 

1. Sinus node 1. Atrial myocardium 

2. AV node 2. His bundle 

3. His bundle 3. Bundle branches 

4. Bundle branches 4. Ventricular myocardium 

The term block is used to refer to the situation in which conduction is slowed or fails 
to occur at all (e.g., AV block; see Chapter 22) or bundle-branch block (see Chapter 6). 
Cardiac impulses can be either partly blocked, causing conduction delay (e.g., a prolonged 
PR interval), or totally blocked, causing conduction failure (e.g., complete AV block). With a 
partial block of impulses, there is no change in the rate of the affected site, but with a total 
block of impulses, a bradyarrhythmia is produced in the affected site. Either partial or total 
block can occur at any site within the pacemaking and conduction system (Table 14.1). 
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PROBLEMS OF IMPULSE CONDUCTION: REENTRY 

A 
* 

B 

FIGURE 14. 2. Asterisks indicate sites of impulse formation, arrows indicate the directions 
of impulse conduction, perpendicular lines indicate block of impulse conduction, and shaded areas 
indicate areas that have not yet completed the repolarization process. See Animation 14.2. 

Although conduction abnormalities sufficient to produce block can occur only within 
the pacemaking and conduction systems1 uneven or inhomogeneous conduction can occur in 
any part of the heart. This inhomogeneous spread of electrical impulses can result in reen
try of an impulse into an area that has just previously been depolarized and repolarized. 1 

Reentry produces a circular movement of the impulse1 which continues as long as the 
impulse encounters receptive cells1 resulting in a single premD.ture beat, multiple premature 
beats1 a nonsustained tachyarrhythmia, or even a sustained tachyarrhythmia. There are 
three prerequisites to the development of reentry: 

1. An available circuit. 
2. A difference in the refractory periods of the two pathways (limbs) in the circuit. 
3. Conduction that is sufficiently slow somewhere in the circuit to allow the remain

der of the circuit to recover its responsiveness by the time the impulse returns. 

In Figure 14.2, the diagrams represent three different situations regarding the homoge
neity of pathway receptiveness to impulse conduction: (A) Both limbs of the pathway are 
receptive-the left and right limbs have completed the recovery process and are receptive 
to the entering impulse; (B) both limbs of the pathway are refractory-the left and right 
limbs are still refractory (because of the persisting depolarized state) to being reactivated by 
the entering impulse; (Cl) one limb of the pathway is receptive and the other is refractory; 
(C2) the left limb of the pathway is refractory and the right limb is receptive. By the time 
the impulse reaches the distal end of the left limb (by traveling down the right limb), it 
is able to reenter because repolarization has been completed. The impulse continues to 
cycle within the re-entry circuit as long as it encounters receptive cells, thus producing a 
reentrant tachyarrhythmia . 

• 
' 

. 
. 

Animation 14.2 
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FIGuRE 14. 3. Top. The presence of a Kent bundle is indicated by the open space between the 
right atrium and ventricle and the AV node by the open space at the summit of the interventricular 
septum. X, site of the pacemaker in the sinus node (A) and in the right atrium (B). No pacemakjng 
is required in c. The arrows indicate the directions of impulse conduction. Bottom. the correspond
ing ECG, indicating sinus rhythm with a normal P wave immediately followed by the QRS complex, 
indicating ventricular preexcitation (A); an inverted P wave preceding the QRS complex, indicating 
an APB without preexcitation (B); and inverted P waves following the QRS complexes, indicating 
a reentrant junctional tachycardia (C). (Modified from Wagner GS, Waugh RA, Ramo BW. Cardiac 
Arrhythmias. New York, NY: Churchill Livingstone; 1983:13, with permission.) See Animation 14.3. 

An example of the development of a *re-entry circuit" in the presence of an accessory AV 
conduction pathway is presented in Figure 14.3. During sinus rhythm (see Fig. 14.3A), both 
the AV node and the bundle of Kent have had time to recover from their previous activation. 
The premature atrial beat in Figure 14.3B encounters persisting refractoriness in the nearby 
bundle of Kent but encounters receptiveness in the more distant AV node, a situation analo
gous to that shown in Figure 14.2Cl. This leads to the development of a re-entry circuit (see 
Fig. 14.3C} analogous to that in Figure 14.2C2. Re-entry circuits vary in size from a local area 
of myocardial fibers (see Fig. 14.2C2) to atrial and ventricular chambers (see Fig. 14.3C). 

The term micro-re-entry describes the mechanism that occurs when a re-entry circuit is too 
small for its activation to be represented by a waveform on the surface ECG. The impulses 
formed within the re-entry circuit spread through the surrounding myocardium just as they 
would spread from an automatic or pacemaking site. The P waves and Qlt.S complexes on the 
ECG are produced by this passive spread of activation through the atria and ventricles. Micro-re
entry commonly occurs in the AV node (see Chapter 18) and in the ventricles (see Chapter 19). 

The term macro-re-entry describes the mechanism that occurs when a re-entry circuit is 
large enough for its own activation to be represented on the surface ECG (see Fig. 14.3). 
Cycling of the activating impulse through the right atrium (see Fig. 14.3C) is represented by 

• 

a portion of the P wave, with the remainder of the P wave produced by spread 
of the impulse through the uninvolved left atrium. Cycling of the impulse 
through the right ventricle (see Fig. 14.3C) is represented by a portion of the 
QRS complex, with the remainder of the QRS complex produced by spread of 

Animation 14.3 the impulse through the uninvolved left ventricle. 
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FIGURE 14.4. The diagram in Figure 14.2 is used to illustrate reentry (A) and the four mecha
nisms of termination (B-E). Asterisks, arrows, perpendiculars, and shaded areas have the same meanings 
as in Figure 14.3. The asterisk inC indicates an ectopic site of impulse formation, the three asterisks in 
D indicate impulse reception from all sides initiated by the precordial electric shock, and the single 
asterisk in E indicates sinus node impulse formation. See Animation 14.4. 

There are also forms of macro-re-entry in which the re-entry circuit is entirely within either 
the atrial or ventricular myocardium. When this occurs, sawtooth-like or undulating ECG 
waveforms replace discrete P waves (see Chapter 17) or QRS complexes (see Chapter 19). 

In attempting to treat reentry, it is important to understand its mechanism. For any 
re-entry circuit to perpetuate itself, the advancing head of the recycling impulse must not 
catch up with the refractory tail (Fig. 14.4A). Thus, there must always be a gap of nonre
fractory cells between the head and the tail of the recycling impulse. A sustained reentrant 
tachyarrhythmia can be terminated by: 

1. Administering drugs that accelerate conduction of the impulse in the re-entry cir
cuit so that it encounters an area that has not yet recovered (see Fig. 14.4B). 
Termination also results if a drug prolongs the recovery time. 

2. Introducing an impulse from an artificial pacemaker that depolarizes (captures) 
part of the re-entry circuit, thereby rendering it nonreceptive to the returning 
impulse (see Fig. 14.4C). 

3. Introducing a precordial electrical shock, termed cardioversion, that captures all 
receptive parts of the heart, including those in the re-entry circuit, rendering the 
circuit nonreceptive to the returning impulse (see Fig. 14.40). 

4. Performing surgical or catheter ablation of one limb of the tissue required for the 
re-entry circuit. For example, ablation of the accessory AV pathway in a patient 
with ventricular preexcitation (see Fig. 14.4E). 

Animation 14.4 
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CLINICAL METHODS FOR DETECTING ARRHYTHMIAS 

~MiCill
1

11111111111111111111111111111111111111111111111 el 
FIGURE 14. 5. A. Right-bundle-branch block during sinus rhythm, and both lead V1-positive 
(fourth beat) and lead V1-negative (sixth beat) VPBs (see Chapter 19). B. The basic rhythm is atrial 
fibrillation, with most beats conducted normally; however, beats four through seven are not conducted 
through the right bundle. Note the typical triphasic appearance of the initial wide QRS complex. 

The introduction of coronary care units (CCUs) in the early 1960s stimulated rapid 
advances in the diagnosis and treatment of cardiac arrhythmias. In the CCU, patients who 
have either arrhythmias, or a high risk of developing arrhythmias because of conditions 
such as acute myocardial infarction, are continuously monitored (see Chapter 2). A modi
fied chest lead V1 (MCL1) is commonly used as the display lead because it provides both a 
good view of atrial activity and of differentiation between right and left ventricular activity 
(Fig. 14.5).2 Often, however, multiple leads are displayed on both bedside and central sur
veillance monitors to provide multiple views of the cardiac electrical activity to facilitate 
rapid and accurate rhythm interpretation. 
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DYNAMIC (HOLTER) MONITORING 
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FIGURE 14. 6. Holter recording of leads MCL1 and MCL5 revealing VPBs and ventricular tachy
cardia in a 57-year-old man with dyspnea and palpitations following hospital discharge for an acute 
myocardial infarction. 

A method for continuous ECG monitoring of ambulatory patients in their own environ
ment was developed in the 1960s by Holter and has since been further enhanced. 3 The 
patient is attached via chest electrodes to a portable recorder that records one to three ECG 
leads for 24 hours. The patient keeps a diary of activities so that symptoms, activity, and 
cardiac rhythm can be correlated. Thus, the patient is monitored during situations that 
actually occur in real-life situations. Holter monitoring is used to identify any correlation 
between an arrhythmia and symptoms such as palpitations, dizziness, syncope, or chest 
pain (Fig. 14.6). 

In a study of 371 patients who received a 24-hour Holter monitoring for detection of car
diac arrhythmias, 174(47%) had symptoms. However, symptoms coincided with a distur
bance of cardiac rhythm in only 48 (27%) of the patients; the remaining 126 patients (73%) 
experienced their symptoms when their rhythm was entirely normal. Thus, of the original 
371 patients who received monitoring, the Holter method revealed whether symptoms 
were or were not due to the arrhythmias in approximately half. However, the 48 patients 
in whom arrhythmia was the probable cause of the symptoms represented only about 1 of 
8 of the original371 patients.4 

Holter monitoring is also of value in specific cardiac diseases or in conditions in which 
information about the heart's rhythm is important for prognosis and management. These 
conditions include ischemic heart disease, mitral valve prolapse, cardiomyopathy, conduc
tion disturbances, evaluation of pacemaker function, or Wolff-Parkinson-White syndrome. 
Holter monitoring may also be helpful in the asymptomatic patient in whom an arrhythmia 
has been detected on routine examination. In addition, Holter monitoring may be of value 
in assessing the therapeutic effect of antiarrhythmic drugs and adjusting drug dosages. In 
this context, however, it is important to realize that the frequency of an arrhythmia may 
have day-to-day variation of up to 90%5 and that a marked and consistent reduction in the 
incidence of the arrhythmia must occur before its successful treatment can be assumed. 
The limited span of (usually)24 hours of Holter monitoring makes it unsuitable for detect
ing infrequent disturbances in cardiac rhythm. 

CHAPTER 14: Introduction to Arrhythmias 301 



TRANSTELEPHONIC MONITORING 

HEART RATE 151 HEART RATE 154 

FIGURE 14. 7. A single-lead ECG recording from a 17 -year-old woman with a history of 
palpitations, who transmits this rhythm strip by telephone immediately after the recurrence of her 
symptoms. 

The problem of detecting infrequent arrhythmias by Holter monitoring has been large
ly overcome by transtelephonic monitoring.6

•
7 When using this method, the patient carries 

a pocket-sized transmitter and transmits his or her cardiac rhythm via telephone when 
symptoms occur. This permits more efficient and economical monitoring than with Holter 
monitoring and facilitates extended periods of monitoring (days to weeks; Fig. 14. 7). 
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MEMORY LOOP MONITORING 

HEART RATE 85 HEART RATE 125 

HEART RATE 124 HEAR 

RATE 127 OODOOH 04M HEART RATE 131 

FIGURE 14. 8. A continuous recording of the 30 seconds of rhythm stored by the memory 
loop monitor preceding manual activation (indicated by the mark in the middle of the bottom strip). 
This 72-year-old man had a history of recurrent shortness of breath and activated his recorder as 
soon as his symptoms began 20 seconds after the onset of his irregularly irregular supraventricular 
tachycardia that is almost certainly atrial flutter-fibrillation. 

It is often clinically important to observe the initiation of an intermittently occurring 
symptomatic cardiac arrhythmia. This requires a umemory loop" that continually stores 
the patient's cardiac rhythm for a set period of time. 8 The patient manually activates the 
permanent recording function of the arrhythmia monitor as soon as symptoms begin. The 
prior period of rhythm, which has been stored on the memory loop, is captured to reveal 
the onset of an arrhythmia accompanying the patient's symptoms. This system may reveal 
the transition from normal rhythm to abnormal brady- or tachyarrhythmias (Fig. 14.8). 
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INVASIVE METHODS OF RECORDING THE 
ELECTROCARDIOGRAM 

aVF 

lA \\\\\ 

FIGURE 14.9. Simultaneous recording from surface leads vs (top) and aVF (middle) and from 
an intra-atrial electrode (IA) (bottom) from an 81-year-old woman with congestive heart failure. An 
irregularly irregular ventricular rhythm is apparent in lead VS, and intermittent atrial activity can 
be detected in lead aVF. The diagnosis of the rapid atrial rhythm (flutter-fibrillation) with variable 
AV block is confirmed by the intra-atrial recording, with arrows indicating the atrial rate of 330 beats 
per minute. 

Because monitoring systems via electrodes on the body surface provide access only to 
electrical activity from the atrial and ventricular myocardia, a definitive rhythm diagno
sis is often not possible. The atrial activity may be obscured during a tachyarrhythmia 
because of superimposed QRS complexes and T waves. When the use of alternate body 
surface sites for electrodes fails to reveal atrial activity, either transesophageal or intra
atrial recording may be necessary. Figure 14.9 illustrates the ability of intra-atrial recording 
to reveal diagnostic atrial activity when none is clearly visible on the body surface. The 
atrial flutter-fibrillation is confirmed in this patient. 
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FIGURE 14. 1 0. Electrograms from the right atrium (RA) and His bundle (HBE) are presented, 
along with recordings from standard leads II and V1. The atrium-to-His {A-H) interval of 100 mil
liseconds and His-to-ventricle (H-V) interval of 50 milliseconds combine to form the 150 millisec
onds PR interval. M.S., milliseconds. (From Wagner GS, Waugh RA, Ramo BW. Cardiac Arrhythmias. 
New York, NY: Churchilllivingstone; 1983:117, with permission.) 

An even more definitive rhythm diagnosis can be obtained by positioning a multipolar 
catheter across the tricuspid valve, providing direct access to recording from the common 
or His bundle.9- 11 With a more proximal electrode in the right atrium, simultaneous record
ing from multiple intracardiac locations is possible !Fig. 14.10). This diagnostic information 
is clinically important when AV block is present, and differentiation between AV nodal 
versus His-Purkinje location cannot be inferred from the surface ECG. 
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A. Proximal Block-A-V Node 

1°: Long A-H, Normal H-V 

B. Distal Block-Bundle Branches 

1°: Normal A-H, Long H-V 

2° : HIS Spike 
Present 

2° :HIS Spike 
Present 

FIGURE 14. 11. His-bundle electrograms from two patients with initial delay and then com
plete failure of AV conduction. Conduction delays proximal (A) and distal (B) to the His bundle are 
indicated by the relationships among atrial (A), His (H), and ventricular (V) spikes. In A, during the 
initial slowly conducted beats (1 to 4), the A-H time is long but the H-V time is normal; however, in 
B, during the initial slowly conducted beats (1 to 2), the A-H time is normal and the H-V time is long. 
When AV conduction fails to occur in A (during the fifth cardiac cycle), no His activation occurs; 
however, when AV conduction fails to occur in B (during the third cardiac cycle), the His activation is 
present (arrow). Slow AV conduction resumes at the end of both A and B. (From Wagner GS, Waugh 
RA, Ramo BW. Cardiac Arrhythmias. New York, NY: Churchill Livingstone; 1983:119, with permission.) 

Recording from the His bundle provides division of the PR interval into its two com
ponents: from the atria through the AV node to the His bundle (atrium-to-His interval), 
and from the His bundle to the ventricles (His-to-ventricle interval). This method pro
vides direct identification of the site of an AV block (Fig. 14.11).12 His-bundle recordings 
have provided proof for many of the originally assumed electrocardiographic principles 
discussed in later chapters. 
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INCIDENCES OF ARRHYTHMIAS IN HEAL THY POPULATIONS 

Many studies have documented high incidences of various arrhythmias in healthy indi
viduals of all ages. In a study of 134 infants during the first 10 days of life,13 the maximal 
heart rate reached 220 beats per minute, and the minimal rate was 42 beats per minute. 
Atrial premature beats (APBsJ were found in 19 (14%) of the infants, and sinus pauses 
occurred in 72%, with the longest pause reaching 1.8 seconds. 

In a study of 92 healthy children ages 7 to 11 years,14 the highest rate attained was 
195 beats per minute and the lowest rate was 37 beats per minute. First-degree AV block 
was found in nine children and second-degree AV block in three. APBs and ventricular 
premature beats (VPBsJ were found in 21% and sinus pauses in 66%. 

In a third study, of 131 healthy boys ages 10 to 13 years, 15 waking maximal heart rates 
ranged between 100 and 200 beats per minute, with minimal rates between 45 and 80 
beats per minute. Maximal heart rates during sleep were between 60 and 100 beats per 
minute, with minimal rates between 30 and 70 beats per minute. First-degree AV block 
was found in 8% and second-degree AV block in 11%. Single APBs and VPBs were found 
in 13% and 26%, respectively. 

In a study of 50 healthy women ages 22 to 28 years,16 the waking maximal heart rate 
ranged from 122 to 189 beats per minute, with minimal rates between 40 and 73 beats per 
minute. Maximal heart rates during sleep ranged from 71 to 128 beats per minute, with 
minimal rates between 37 and 59 beats per minute. APBs occurred in 64% and VPBs in 
54%. One had one three-beat run of ventricular tachycardia and two (4%) had periods of 
second-degree AV block. 

In a study of 50 healthy male medical students/7 the waking maximal heart rate ranged 
from 107 to 180 beats per minute, with minimal rates between 37 and 65 beats per minute. 
Maximal heart rates during sleep were between 70 and 115 beats per minute, with minimal 
rates of 33 to 55 beats per minute. Half of the students had sinus arrhythmia sufficient to 
cause a 100% change in consecutive cycles, and 28% had sinus pauses of > 1. 75 seconds. 
APBs were found in 56% of the students, and VPBs were found in 50%. Three (6%) had 
periods of second-degree A V block. 

An investigation of 98 healthy elderly subjects ranging from 60 to 85 years with normal 
maximal treadmill tests18 revealed sinus bradycardia in 91%, supraventricular premature 
beats in 88%, supraventricular tachycardia in 13%, and atrial flutter in 1%. Ventricular 
arrhythmias included premature beats in 78% (many with pairs or multiform beats) and 
ventricular tachycardia in 4%. 

A study of 20 male long-distance runners ranging in age from 19 to 29 years19 found 
that all had APBs, 70% had VPBs, and 40% had periods of second-degree A V block. 
Another study, of 101 healthy women, 20 disclosed VPBs in 34% and complex forms in 10%. 
Supraventricular premature beats were recorded in 28%, and VPBs were more frequent in 
women taking contraceptive pills or thyroid medication. 

In a study of 50 healthy 80- to 89-year-old men and women, 21 supraventricular premature 
beats were found in 100%, with 65% having >20 such beats per hour. Supraventricular 
tachycardia was found in 28%. More than 10 VPBs per hour were found in 32% of the sub
jects, with multifocal beats in 18%. 

Among 147 healthy Swedish workers ranging in age from 15 to 65 years,22 95% of those 
<40 years old had <3 VPBs per hour, whereas in those >40 years old, 95% had >36 VPBs 
per hour. 
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LADDER DIAGRAMS 
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FIGURE 14. 12. A. The format by which ladder diagrams are constructed: Spaces are provided 
for representing atrial (A), junctional (AV), and ventricular (V) activation. The two stages of con
struction of a ladder diagram: Stage 1 involves the use of slanted lines to include the duration of the 
obvious waveforms representing both atrial and ventricular activation. The forward or backward 
slope of the slanted lines indicates the presumed direction of spread of activation. B. Stage 2 involves 
constructing lines in the AV junctional space to connect the atrial and ventricular lines to repre
sent the presumed direction of the spread of junctional activation. These lines are terminated and 
capped with short perpendicular lines to indicate the presumed failure of impulse conduction. 

Ladder diagrams are often helpful for understanding difficult arrhythmias. These dia
grams have rows for indicating atrial (A), atrial-to-ventricular (AV) junction, and ventricu
lar activation (Fig. 14.12A). Additional rows can be added as needed to diagram more 
complex arrhythmias. The ladder diagram should be constructed directly under or on a 
photocopy of the ECG recording in two sequential stages as follows: 

L 

1. Include what you can see (e.g., draw lines to represent the visible P waves and 
QRS complexes). 

2. Add what you cannot see (e.g., connect the atrial and ventricular lines to repre
sent A V or ventriculoatrial [VA] conduction, and draw lines to represent any 
missing P waves at regular PP intervals between visible P waves). 

Figure 14.12B provides an illustration of the use of ladder diagrams to understand a car
diac arrhythmia with varying PR intervals and varying QRS complex morphologies. In the 

308 SECTION Ill: Abnormal Rhythms 



A 
A-V 

v 
A a b c 

A 
A-V 
v 

B a c 

A T 
A-V I / 

I 

v 
c j J J 

a b c 

A 
A-V 

v 
D a c 

FIGuRE 14. 1 3 • A. A normal sinus beat (a) encounters prolonged AV conduction (b) and is then 
replaced by an atrial beat that encounters both prolonged AV conduction and aberrant ventricular con
duction (indicated by the split line) (c). Solid circles indicate the site of impulse formation. B. AV-junctional 
beats with progressively longer retrograde conduction times to the atria: in a, the P wave precedes the QRS 
complex, but in b, it follows the QRS complex. Inc, the retrograde conduction time is so long that a second 
QRS complex is generated. Arrowheads have been added to indicate the direction of impulse conduction 
(c), but the direction of the impulse is also indicated by the slopes of the lines. c. Ventricular beats with 
progressively greater penetration into the AV junction: no conduction (a), partial conduction (b), and com
plete retrograde VA conduction (c). D. In a, there is complete AV dissociation; in b, AV conduction results 
in "fusion" during the QRS complex; and inc, VA conduction results in fusion during the P wave. 

first stage of the diagram, all visible P waves and ~ complexes have been represented. 
Note the reversed slope representing the premature wide QRS complex, indicating the like
lihood that it originated from the ventricles. When the lines representing A V conduction 
are added in the second stage/ the prolonged PR interval following the third P wave is indi
cated by a slant to represent a conduction delay. The VPB must have traveled retrogradely 
into the AV junction so that the next sinus impulse found the junction relatively refractory. 

In subsequent chapters, ladder diagrams are used as visual aids to understand mecha
nisms of arrhythmias. Figure 14.13A-D presents four examples to indicate how various 
symbols may be used to represent aberrant ventricular conduction (see Fig. 14.13A), junc
tional rhythm (see Fig. 14.13B), ventricular rhythm (see Fig. 14.13C), and dissociation 
between atrial and ventricular rhythms (see Fig. 14.130). 
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GLOSSARY 

Atrial flutter: the tachyarrhythmia at the slow 
end of the flutter/fibrillation spectrum, pro
duced by macro-re-entry within a single cir
cuit in the atria and characterized by regular, 
uniform F waves. 

Automaticity: the ability of specialized cardiac 
cells to achieve spontaneous depolarization 
and function as •pacemakers" to form new 
cardiac-activating impulses. 

AV dissociation: a condition of independent 
beating of the atria and ventricles, caused 
either by block of the atrial-activating 
impulse in the A V junction or by interfer
ence with conduction of the atrial-activating 
impulse by a ventricular impulse. 

Block: either a delay (first degree), partial fail
ure (second degree), or total failure (third 
degree) of impulse conduction through a part 
of the heart. 

Bradyarrhythmia: any rhythm with a ventric
ular rate of <60 beats per minute. 

Cardioversion: application of an electric shock 
to restore a normal heartbeat. 

Dysrhythmia: a synonym (by usage) for 
arrhythmia. 

Inhomogeneous conduction: the phenom
enon in which the wave front of cardiac acti
vation spreads unevenly through a part of 
the heart because of varying refractoriness 
from previous activation, creating the poten
tial for impulse reentry. 

Isorhythm.ic dissociation: A V dissociation, 
with the atria and ventricles beating at the 
same or almost the same rate. 

junctional: a term referring to the cardiac 
structures that electrically connect the atria 
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and ventricles and normally including the 
AV node and common (His) bundle and 
abnormally including an accessory AV con
duction (Kent) bundle. 

Macro-re-entry: recycling of an impulse around 
a circuit that is large enough for its own activa
tion to be represented on the surface ECG. 

Micro-re-entry: the recycling of an impulse 
around a circuit that is too small for its own acti
vation to be represented on the surface ECG. 

Pacemaker cells: specialized cardiac cells that 
are capable of automaticity. 

Palpitation: a sensation felt in the chest as a 
result of the stronger ventricular contraction 
following a prolonged cardiac cycle. 

Premature beat: a beat that occurs before the 
time when the next normal beat would be 
expected to appear. 

Re-entry circuit: a circular course traveled by 
a cardiac impulse, created by reentry, and 
having the potential for initiating premature 
beats and tachyarrhythmias. 

Relative refractory: a term referring to cells 
that have only partly recovered from their 
previous activation and are therefore capable 
of slow conduction of another impulse. 

Spontaneous depolarization: the ability of a 
specialized cardiac cell to activate by alter
ing the permeability of its membrane to a 
sufficient degree to attain threshold potential 
without any external stimulation. 

Transtelephonic monitoring: cardiac moni
toring in which the patient uses a pocket
sized ttansmitter to send a cardiac rhythm 
strip over the telephone when cardiac symp
toms occur. 
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PREMATURE BEAT TERMINOLOGY 

FIGURE 1 5 . 1 . The timing of a regular underlying rhythm is indicated by the curoed lines with 
arrows. A PB interrupts this rhythm (1), preventing the occurrence of the next normal beat (2); 
however, the following normal beat occurs at the expected time (3). 

Normal sinus rhythm is commonly interrupted by a premature beat (PB). An alternate 
term for "beat" is •contraction," with both terms referring to the mechanical event initiated 
by the early QRS complex on the electrocardiogram (ECG) recording. A PB is recognized 
by the early appearance of a QRS complex, either normal or abnormal in configuration 
and either preceded or not preceded by a P wave. Other terms are often substituted for 
the term "premature beat," including "premature contraction," "early beat," «extrasystole, H 

«premature systole," and ectopic beat. 
The individual who has a PB may or may not experience a palpitation. This palpitation is 

felt during the next on-time beat because of the increased ventricular contraction strength 
caused by the higher volume of blood that enters the ventricles during the delay following 
the PB. Figure 15.1 illustrates the following sequence of events that occur as a result of a 
single PB: 

1. The PB occurs early in the cardiac cycle. 
2. The presence of the PB prevents the occurrence of the next normal beat. 
3. There is a pause following the PB until the next normal beat occurs. 

A single PB is potentially the first beat of a sustained tachyarrhythmia ("tach"). It may be 
followed by any number of similarly appearing beats to which the terms in the following 
two paragraphs are applied (Table 15.1). 

- - ---------

Table 15.1. I 
Terminology of Quantities of Premature Beats 

Number of Consecutive Beats Term 

1 A premature beat 

2 A pair or a couplet 

3-30-s continuation Nonsustained tach 

>30-s continuation Sustained tach 
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FIGURE 15. 2. The anatomic parts of the supraventricular and ventricular areas are indicated. 
Note the wide red band connecting the left atrium and left ventricle on the epicardial surface, which 
represents a Kent bundle. AV, atrioventricular; SA, sinoatrial. (Modified from Netter FH. The Ciba 
Collection of Medical Illustrations. Vol 5: Heart. Summit, NJ: Ciba-Geigy; 1978:49, with permission) 

When a PB follows every normal beat, the term bigeminy is used; when a PB follows 
every second normal beat, the term trigeminy is used. PBs may originate from any part of 
the heart other than the sinoatrial(SA) node. They are generally classified as supraventricular 
premature beats (SVPBs) or ventricular premature beats (VPBs; Fig. 15.2). This distinction 
is useful because beats originating from anywhere above the branching of the common 
bundle (SVPBs) are capable of producing a normal or abnormal QRS complex depending on 
whether they are conducted normally or aberrantly through the intraventricular conduction 
system. PBs originating from beyond the branching of the common bundle (VPBs), how
ever, can produce only an abnormally prolonged QRS complex of ~0.12 second because 
they do not have equal access to both the right and left bundle branches. It should be 
emphasized that VPBs are always abnormally prolonged, but SVPBs are not always of nor
mal duration. 

SVPBs may be either atrial premature beats (APBs) or junctional premature beats UPBs). 
The term •junctionalH is used instead of "nodal" because it is impossible to distinguish 
beats originating within the atrioventricular (A V) node from those originating in another 
structure located between the atria and the ventricles. Normally, the A V junction consists 
of only the AV node and the common bundle. Abnormally, however, an accessory AV con
duction pathway (Kent bundle) is also a part of the AV junction as shown in Figure 15.2. 
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DIFFERENTIAL DIAGNOSIS OF WIDE PREMATURE BEATS 

A 

B 
FIGURE 15.3. The straight arrows indicate the premature wide QRS complexes in A and B. The 
c:uroed arrows marking the baseline PP interval indicate that the P waves after the PBs occur "on time~ 
(at twice the normal PP intetval) in A but not on time (at less than twice the normal PP interval) in B. 
Note that in A, the P waves following the PB occurs at the same time as the curved arrows, but in B, 
the P wave following the PB occurs before the time as the c:uroed arrows. 

When SVPBs produce abnormally prolonged or wide QRS complexes {>0.12 second), 
identification of their supraventricular versus a ventricular origin may be facilitated by 
observing the effect on the regularity of the underlying sinus rhythm {Fig. 15.3). A VPB 
typically does not disturb the sinus rhythm, because it is not conducted retrogradely 
through the slowly conducting A V node into the SA node (see Fig. 15.3A). Although the 
SA node discharges on time, its impulse cannot be conducted antegradely into the ven
tricles because of the refractoriness following the VPB. The pause between the VPB and 
the following conducted beat is termed a compensatory pause because it compensates for 
the prematurity of the VPB. The interval from the sinus beat prior to the VPB to the sinus 
beat following the VPB is equal to two sinus cycles. 

In contrast to a VPB {see Fig. 15.3B), an SVPB does disturb the sinus rhythm. Unlike 
the VPB, the SVPB can be conducted retrogradely into the SA node, discharging it ahead 
of schedule and causing the following cycle to also occur ahead of schedule. The pause 
between the SVPB and the following sinus beat is therefore less than compensatory. This 
is apparent because the interval from the sinus beat before the SVPB to the sinus beat 
after the SVPB is less than the duration of two sinus cycles. However, when the SVPB pre
maturely discharges the SA node, it occasionally suppresses SA nodal automaticity. This 
overdrive suppression may delay the formation of the next sinus impulse for so long that the 
resulting pause is compensatory, or even longer than compensatory. Thus, the compensa
tory pause must not be relied upon as the sole indicator of ventricular origin of a wide PB. 
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MECHANISMS OF PRODUCTION OF PREMATURE BEATS 

A 

FIGURE 1 5 . 4. The arrows in the rhythm strips indicate the VPBs coupled to preceding normal 
beats (A) and related to each other (B). In B, the fourth arrow indicates where a VPB would have 
occurred had the ventricles been receptive rather than refractory, as indicated by the presence of 
theTwave. 

PBs may be caused by the two mechanisms indicated in Chapter 14: reentry or auto
maticity. It is usually difficult to determine the mechanism of PBs unless two or more 
occur in succession. Fortunately, the mechanism of a PB is usually not clinically important 
unless consecutive abnormal beats are present. When identification of the mechanism for 
a PB is considered clinically important, the following observations of the coupling intervals 
between beats may be helpful (Fig. 15.4): Reentry produces a constant relationship between 
normal and PBs (see Fig. 15.4A), whereas automaticity produces a varying relationship 
between normal and abnormal beats but a constant relationship between abnormal beats 
(see Fig. 15.4B) as in Table 15.2. 

- --

Table 15.2. 

Keys to Diagnosis of Premature Beat (PB) Mechanism 

Observations 

There are identical coupling intervals between each PB and the 
preceding normal beat (see Fig. 15.4A) 

There are not identical coupling intervals between PBs and normal 
beats, but there are identical intervals between consecutive PBs 
(see Fig. 15.4B) 

There are neither identical coupling intervals between PBs and 
normal beats nor between consecutive PBs 

Mechanism 

Reentry 

Enhanced automaticity 

Either 
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ATRIAL PREMATURE BEATS 
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FIGURE 15.5. Three-lead II rhythm strips. Arrows indicate normal-appearing premature 
P waves in A, the aberrant QRS resulting from the earliest of the three APBs in 8, and the timing of 
the fully compensatory pause resulting from the early APBs in C. 

r 
The usual APB has three features: 

1. A premature and abnormal-appearing P wave. 
2. A QRS complex similar to that of the normal sinus beats. 
3. A following interval that is less than compensatory because of the retrograde 

activation of the SA node. 

Usually, all of these characteristics are obvious, but Mdeceptions• occur !particularly 
when the APB is most premature) so that no one characteristic is completely reliable. 
In Figure 15.5A, the premature P waves appear normal; in Figure l5_5B, the premature 
QRS complexes are not always similar to those of the normal sinus beats. Some common 
ECG deceptions in recognizing APBs are: 

1. The P wave may be unrecognizable because it occurs during the previous T wave 
(see Fig_ 15.5B, C). 

2. The ~ complex may show aberrant ventricular conduction jsee Fig. 15.5B}. 
3. The pause between the APB and the following P wave is compensatory, probably 

because of the extreme earliness of the APB jsee Fig. 15.5C}. 

It is extremely rare to have all three of these deceptions appear at the same time. 
Therefore, with care, one usually has no difficulty in identifying an APB. 
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A 

B 
FIGURE 15 • 6. In A, every normal sinus beat, and in B. every second nonnal sinus beat is 
coupled through constant PP intervals to APBs. The QRS complexes resulting from these APBs are 
indicated by the arrows in the lead II rhythm strips. 

When an APB follows every sinus beat, the result is atrial bigeminy (Fig. 15.6A); when 
it follows every two consecutive sinus beats, the result is atrial trigeminy (see Fig. 15.6B). 

FIGURE 15. 7. Nonconducted premature P waves are indicated by arrows, but even some 
on-time P waves have some conduction delay as indicated by prolonged PR intervals (asterisks). 

When APBs occur very early (a short coupling interval), some parts of the heart may 
not have had time to complete their recovery from the preceding normal activation. This 
may result in failure of the premature atrial activation to cause any ventricular activa
tion. Indeed, the most common cause of an unexpected atrial pause is a nonconducted 
APB (Fig. 15.7). It is better to refer to such beats as "nonconducted" rather than «blocked" 
because, by definition, 11block" implies an abnormal condition. APBs fail to be conducted 
only because they occur so early in the cycle that the A V node is still in its normal refrac
tory period. It is important to differentiate normal (physiologic) from abnormal (pathologic) 
nonconduction to avoid mistakenly initiating an antiarrhythmia treatment. 
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B 

FIGURE 15.8. A and B. T waves preceding the pauses (arrows) appear different from usual. 
C. There are suspicious peaks on the T waves (arrows), but there are no "usual" T waves available for 
comparison. 

Nonconducted APBs that occur in a bigeminal pattern are particularly difficult to 
identify (Fig. 15.8). H the premature P waves are obscured by the Twaves of the preceding 
normal beats, and if the earlier T waves during the regular sinus rhythm are not available 
for comparison, then the rhythm is often misdiagnosed as sinus bradycardia. 
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B 
F I G U R E 1 5 . 9 . Recordings of lead V1 illustrate other varieties of physiologic conduction delays 
that may occur when theAV node alone (A) or both the AV node and the right bundle branch (B) have 
not had time to fully recover from their preceding normal activation. Arrows indicate prolonged AV 
nodal conduction in A and B, and asterisks indicate RBB aberrancy in B. 

When APBs occur very early in the cardiac cycle of normal beats, they may have other 
effects on conduction to the ventricles (Fig. 15.9). In Figure 15.9A, there is prolonged AV 
conduction, whereas in Figure 15.9B there is both slightly prolonged AV conduction and 
also aberrant intraventricular conduction. In Figure 15.9B, there are varying coupling inter
vals (PP intervals) between normal sinus beats and APBs. When the PP interval is long, 
the premature PR interval is normal, but when the PP interval is short, the premature PR 
interval is prolonged. This inverse relationship occurs because of the uniquely long relative 
refractory period of the AV node: The longer the duration from its most recent activation, 
the better is the node able to conduct the following impulse and vice versa. This concept is 
vital to use of the ECG to differentiate a nodal versus Purkinje location of A V block. 

When an early APB traverses the AV junction but encounters persistent normal refrac
toriness in one of the bundle branches or fascicles, aberrant ventricular conduction occurs 
(see Fig. 15.9B). The morphology of the QRS complex is altered, and its duration may be 
so prolonged that it resembles a VPB. Detection of the preceding P wave and/or finding 
that the pause between the APB and the next sinus beat is less than compensatory usually 
establishes the diagnosis of an APB . 

..................................................................................................................................... 
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FIGURE 15.1 0. Arrows indicate two early APBswithPPintervals of0.40second (40milliseconds). 
The first PP interval is longer than half the preceding PP interval of 0. 70 second (70 milliseconds), but 
the second is shorter than half the preceding PP interval of 0.88 second (88 milliseconds), initiating an 
atrial reentrant tachyarrhythmia (see Chapter 17). 

APBs may occur so early that even parts of the atria have not completed their refrac
tory periods. During this time (the vulnerable period), the APB may initiate a reentrant atrial 
tachyarrhythmia (Fig. 15.10). In this instance, the APB becomes the first beat of atrial flutter/ 
fibrillation (see Chapter 17). Killip and Gault1 developed the rule that when the PP interval is 
<50% of the previous PP interval, an APB is quite likely to initiate atrial flutter/fibrillation. 
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JUNCTIONAL PREMATURE BEATS 

a b c 
FIGURE 1 5. 11. Three impulses (a, b, c) are formed within the AV junction (A V) as illustrated 
in the ECG recordings and explained in the ladder diagrams. In the ladder diagram, the anatomic site 
of impulse formation (solid circle) varies, but the AV nodal conduction velocity is constant, resulting 
in the varying P~RS relationships. 

PBs arising in the AV junction may retrogradely activate the atria before, during, or 
after ventricular activation, and the retrograde P wave may therefore be seen preceding or 
following the QRS complex or may be lost within the QRS complex. These variations are 
illustrated in Figure 15.11. 

FIGURE 1 5 • 12. The contrasting appearances of P waves originating from the sinus node and 
the AV junction (arrows) are illustrated in this lead II rhythm strip. 

The diagnosis of junctional origin of PBs is easiest when a premature normal QRS 
complex is closely accompanied by an inverted P wave (Fig. 15.12). As expected, the mor
phology of the P waves associated with JPBs is markedly different from that of the P waves 
of normal sinus rhythm. The polarity of the P waves associated with jPBs is approximately 
opposite that of the P waves of normal sinus rhythm, as is best seen in a lead with base
to-apex orientation, such as lead II. A P wave originating from the AV junction is also 
inverted in the other inferiorly oriented leads (e.g., aVF), is upright in superiorly oriented 
leads a VR and a VL, and is almost flat in leftward-oriented leads I and V5. 
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II 

FIGURE 1 5 . 13 . Top and bottom panels are recordings of lead II from the same individual. 
Note that the regular sinus rhythm (arrows) "marches through" or is "not reset" by the PBs. 

A JPB may be confused with an APB when a premature normal QRS complex is not 
closely accompanied by an abnormal P wave (Fig. 15.13). In the top panel, the normally 
appearing and normally timed P wave after the premature normal QRS complex indicates 
a JPB. In the bottom panel, there are no accompanying P waves to provide clues to a junc
tional versus atrial origin of the PBs. Differentiation of these two sites of origin requires 
observation of the influence of the PB on the regularity of the underlying sinus rhythm. 
The sinus rhythm is typically reset by an APB but may or may not be reset by a JPB. The 
pause following a JPB is usually fully compensatory. 

FIGURE 15. 14. The long-axis (base-to-apex) orientation of lead aVF (F) provides the best view 
of the inverted P waves (arrows) in this case of JPBs with RBB aberration, and the short-axis (right 
versus left) orientation of lead V1 provides the best view of the varying amounts of RBB aberrancy 
(arrows). The combined contributions of both leads confirm the junctional origin of the PBs. 

A JPB may be confused with a VPB when the premature QRS complex is wide 
(~0.12 second). The various principles presented in Chapters 19 and 20 for differentiating 
supraventricular beats with aberrant intraventricular conduction from ventricular beats 
may be applied. Figure 15.14 shows JPBs with differing degrees of right bundle branch 
(RBB) aberration. The retrograde atrial activation is apparent from the P waves following 
the premature QRS complexes. Although the first PB in each ECG strip cannot be distin
guished from a VPB, the fact that the second PB manifests a lesser degree of RBB block is 
a strong point for aberrant conduction from a JPB. 
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VENTRICULAR PREMATURE BEATS 

\ \ 

FIGURE 15. 15. The views of typical VPBs (arrows) from multiple, simultaneously recorded 
ECG leads. Note that VPBs occur only during displays of the first and fourth groups of leads. 

The characteristic VPB (Fig. 15.15) is not preceded by a premature P wave and is 
represented by a wide and bizarre QRS complex. It is followed by a compensatory pause 
because of its inability to conduct retrogradely through the AV node to reset the SA node. 
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FIGuRE 15. 16. Multiple VPBs are obvious in many ECG leads. However, in lead Vl (arrow), the 
QRS complexes of the VPBs coincidentally appear very similar to those of the normal sinus beats. 
If only a lead V1 recording was available, the erroneous diagnosis of APBs might be made. 

The following exceptions to all of these characteristics may occur, thereby confounding 
the distinction of a ventricular from a supraventricular origin of the PB. 

1. Regarding a preceding premature P wave, a VPB may be preceded by a premature 
P wave if both an APB and a VPB are present. 

2. Regarding the appearance of the QRS complex, a VPB, although typically 
~0.12 second, may appear to have a normal duration in any single lead because 
its initial or terminal component is isoelectric. A VPB may even, by coincidence, 
appear similar to the normal beats in a single lead, as illustrated in lead Vl 
in Figure 15.16. It is important to consider two or even three simultaneously 
recorded leads in determ;ning the origin of a PB. 

3. Regarding the pause following the VPB, if there is marked variation in the under
lying sinus regularity because of sinus arrhythmia, it cannot be determined 
whether or not a pause is compensatory. When the sinus rhythm is regular, how
ever, there are rare occurrences of a VPB that lacks a following compensatory 
pause. 

A VPB that lacks a compensatory pause occurs for one of two reasons: (a) the VPB 
is interpolated between consecutive sinus beats or (b) the VPB resets the sinus rhythm. 
Examples of these two possibilities are seen in Figures 15.17 and 15.18. 
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The Ventricular Premature Beat Is Interpolated between 
Consecutive Sinus Beats 

FIGURE 1 5. 1 7. A single interpolated VPB occurs (arrow) between the third and fourth sinus 
beat. Note the slight sinus irregularity (sinus arrhythmia). 

When a VPB is extremely premature (close to the time of the preceding sinus impulse), 
it cannot be conducted retrogradely through the still refractory AV node. However, when 
the sinus rate is slow, such a VPB occurs long before the following sinus impulse, and 
there is ample time for the AV node and ventricles to complete their refractory periods 
before the next normal sinus impulse is conducted anterogradely. The VPB is therefore 
interpolated between sinus beats, and there is no pause (Fig. 15.17). 
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FIGURE 15. 18. The ladder diagram indicates the relationships between the P waves and QRS 
complexes when both anterograde and retrograde activation prevent full recovery of the AV node. 

The PR interval of the sinus beat following the VPB is prolonged when the A V node 
is still partly refractory from its retrograde activation by the VPB. This is an example of 
11Concealed conduction," because the absence of both a retrograde P wave and resetting 
of the sinus rhythm indicates that the impulse produced by the VPB never reached the 
atria. The continued bombardment of the AV node from both anterograde and retrograde 
directions prevents its complete recovery. If there is a recurrence of early VPBs, there may 
be progressively longer PR intervals (Fig. 15.18) until there is complete failure of conduc
tion. Only then is the A V node able to completely recover, as indicated by the normal 
PR interval of the next sinus cycle. As was discussed with regard to APBs, this represents 
a physiologic case of nonconduction in contrast to pathologic AV block. 
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The Ventricular Premature Beat Resets the Sinus Rhythm 
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FIGURE 15 • 1 9. The arrow points to the retrograde attial activation by a VPB that resets the sinus 
node, as indicated by the less-than-compensatory pause (the b-e interval is less than the a-b interval). 

When a VPB is only slightly premature (close to the time of the next sinus impulse), it 
can pass retrogradely through the AV node because this structure has recovered from the 
anterograde conduction of the previous sinus beat. The VPB can then enter the SA node 
and reset it in much the same way as does an APB. The retrograde P wave caused by this is 
usually obscured in the T wave of the VPB1 but it may be detected in the ST segment of the 
VPB (Fig. 15.19}. The pause until the next sinus beat is therefore less than compensatory. 

FIGURE 15. 2 0. The VPBs in this ECG recording occur so late in the cycle that they follow the 
P waves of the normal sinus beats (arrows). Note, as in Figure 15.16, that the VPBs appear similar to 
the normal sinus beats in lead V1 (asterisk). 

When a VPB occurs so late that the next sinus P wave has already appeared (Fig. 15.20), 
the compensatory pause is not really a pause at all. Only the short PR interval provides a 
clue that the wide QRS complex is indeed from a VPB. If the PR interval were normal, the 
incorrect diagnosis would most likely be intermittent bundle-branch block. The pattern 
of a normal P wave1 short PR interval, and wide QRS complex could also be produced by 
ventricular preexcitation (see Chapter 7). 
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THE RULE OF BIGEMINY 

* * * 

FIGURE 15. 21. The use of lead MCL1 provides identification of the ventricle of origin of the 
VPBs. The arrow shows the initial VPB (from the RV) producing a long cycle that precipitates another 
VPB (from the LV), which is shown by the asterisk. This pattern continues, resulting in a bigeminal 
rhythm. 

The occurrence of a long cardiac cycle (or pause) tends to precipitate reentry after the 
next normal beat. As discussed in Chapter 3, the ventricular recovery time, as estimated 
by the QT interval, varies with the heart rate. Therefore, the normal beat that follows 
a compensatory pause has a longer recovery time than other normal beats. This longer 
recovery time increases the likelihood that adjacent myocardial cells are at different stages 
of the repolarization process. This greater difference in the cells' electrical potentials cre
ates the possibility for a current to •reenter" a recently recovered cell and to thus initiate 
another VPB. z A bigeminal pattern occurs, with every normal beat followed by a VPB and 
with constant coupling intervals between each pair of normal sinus and VPBs (Fig. 15.21). 
Preventing only the first VPB prevents all subsequent VPBs. 
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RIGHT- VERSUS LEFT-VENTRICULAR PREMATURE BEATS 
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FIGURE 15. 2 2. The contrasting appearances of Vi-positive (left ventricular) (A) and 
Vi-negative (right ventricular) (B) VPBs (arrows). 

Figure 15.22 illustrates the contrast between VPBs originating in the right ventricle {right 
VPBs) and those originating from the left ventricle {left VPBsJ. The ventricle of origin of 
ectopic beats can best be recognized in lead Vl, which is oriented to differentiate right-versus 
left-sided cardiac activity (see Chapter 1). If the VPB in lead Vl is predominantly positive 
(Vl positive), the impulse must be traveling anteriorly and rightward from its origin in the 
posteriorly located left ventricle (see Fig. 15.22AJ. If the VPB in lead Vl is predominantly 
negative (Vl negative), the impulse must be traveling posteriorly and leftward, usually 
from its origin in the anteriorly located right ventricle (see Fig. 15.22B).3 However, myocar
dial infarctions may produce left ventricular reentrant tachyarrhythmi.a.s with Vl-negative 
morphology (see Chapter 19). 
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FIGURE 15. 2 3. The monophasic Vl R wave (arrow) and diphasic V6 rS wave (asterisk) appear
ances that typify a left VPB. However, note that the first "rabbit ear" is atypically shoner than the 
right in the VPB in lead V1. 

The differentiation between a right· and left-ventricular origin of VPBs is clinically 
useful for the following reasons: 

1. Left VPBs are more often associated with heart disease, whereas right VPBs are 1 
commonly seen in individuals with normal hearts. 4•5 

2. Left VPBs are more likely than right VPBs to precipitate ventricular fibrillation. 

A study of > 1,000 consecutive patients found no instances of ventricular fibrillation 
in the 249 patients who manifested only VPBs with a right·ventricular pattern in lead 
MCL1• Patients with VPBs with a left-ventricular pattern, however, developed ventricular 
fibrillation 10.4% of the time (82 of 787 patients). 

Morphologic features of left VPBs are: 

1. Usually a monophasic (R) or diphasic (qR) complex in lead V1 and a diphasic (rS) 
or monophasic (QS) complex in lead V6 (Fig. 15.23). 

2. An often greater amplitude of the first peak of a two-peaked (.,rabbit ears•) Ql{S 
L complex in lead Vl. This is illustrated in Figures 15.21 and 15.22A.6 
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FIGURE 15. 2 4. Typical morphology of a VPB originating from the right ventricle viewed from 
limb leads I and aVF (F) and precordial leads V1 and V6. 

Morphologic features of right VPBs are: 

1. An often typically positive morphology in lead V6 but a right-axis deviation in the 
frontal plane and a wide !>0.04 second) initial R wave in lead Vl(Fig. 15.24).5

•
7 

2. A deeper rS or qS complex in lead V4 than in lead V1.7 
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MULTIFORM VENTRICULAR PREMATURE BEATS 

FIGURE 15. 2 5. This lead V2 rhythm strip reveals ventricular bigeminy with constant coupling 
intervals but continually varying (multiform) VPB morphology. 

When VPBs manifest different QRS complex morphologies in the same lead !Fig. 15.25), 
they are termed multiform VPBs. Because such VPBs are assumed to arise from different 
foci, they are also called multifocal VPBs. It is possible, however, that the variation in QRS 
complex morphology produced by VPBs may result from varying intraventricular conduc
tion rather than from varying sites of origin. Indeed, varying patterns of VPBs have been 
produced from the same artificially stimulated focus.8 Therefore, "multiform" is a more 
appropriate term than "multifocal" for VPBs showing different QRS complex morphology. 
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GROUPS OF VENTRICULAR PREMATURE BEATS 

A 

::::::::::::::::::::::::::::::::::::::::::::::::::::::::·::::::::::::::::::::::::::::::·::::::::::::::::::::::::::::::::::::::::::::::::·:·:::::::::::::::::::::::::::::::·::::::::: ::::·::::::::::::::::::::: 

B 

c 
fIGURE 1 s. 2 6. The contrasting appearances of the different sequences of VPBs in lead II 
rhythm strips. 

fIGURE 15.2 7. A continuous recording of lead MCLr The ventricular rate varies from 110 to 
140 beats per minute during the "tachycardia." 

The definitions of the various groupings of VPBs was provided earlier in this chapter. 
Figure 15.26 illustrates the typical appearances of ventricular bigeminy jsee Fig. 15.26A), 
trigeminy jsee Fig. 15.26B), and couplets (see Fig. 15.26C) of VPBs. 

In the typical form of bigeminy jsee Fig. 15.26A), a VPB is substituted for every alternate 
sinus beat, and each VPB is followed by a compensatory pause. However, when the VPBs 
are interpolated, a tachyarrhythmia with a bigeminal pattern is produced (Fig. 15.27}. 
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VENTRICULAR PREMATURE BEATS INDUCING 
VENTRICULAR FIBRILLATION 

Ill 
FIGURE 15 . 2 8. A lead aVL (L) rhythm strip reveals a bigeminal rhythm produced by very 
closely coupled VPBs. The VPB that triggers the ventricular flutter has the same coupling interval 
and morphology as the other VPBs. 

When VPBs occur so early that they interrupt the peak of the preceding T wave 
(Fig. 15.28), they may be considered dangerous.9 During this early phase of ventricular 
recovery, there is such inhomogeneity of receptiveness and refractoriness of conduction 
that the premature impulse may continue to encounter a receptive pathway. The impulse 
may repetitively reenter, thereby producing a tachyarrhythmia, which has been termed 
"ventricular tachycardia of the vulnerable period, H "ventricular flutter, H and "coarse ven
tricular fibrillation. H The tachyarrhythmia may terminate spontaneously or progress to 
typical ventricular fibrillation. 

The peak of the T wave coincides with the vulnerable period in the cardiac cycle. In 
a series of 48 patients who developed ventricular fibrillation outside the hospital, the 
initiating beat was an "R-on-T VPB" in more than two thirds. 10 However, other studies 
have questioned the threat of R-on-T VPBs as compared with later VPBs.H One study 
that carefully documented the VPBs that initiated fibrillation in 20 consecutive patients 
demonstrated that in more than half, the culpable VPBs occurred after completion of the 
T wave.12 Therefore, ventricular fibrillation can even be initiated by late VPBs. Surawicz13 

summarizes the situation by concluding that R-on-T VPBs pose a risk of inducing ventricu
lar fibrillation only in the early stages of myocardial infarction, in hypokalemia, and in the 
presence of a long QT interval. 
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PROGNOSTIC IMPLICATIONS OF VENTRICULAR 
PREMATURE BEATS 

Table 15.3. ---

Lown's Grading System of Ventricular 
Premature Beats (VPBs) 

Grade Description of VPBs 

0 None 

1 <30/hr 

2 ~30/hr 

3 Multiform 

4A Two consecutive 

4B ~3 consecutive 

5 R-an-T 

VPBs are ubiquitous. Most people have them more or less frequently, and even continu
ous ventricular bigeminy is sometimes found in people with apparently normal hearts. 
Usually, VPBs are a benign nuisance. During the acute phase of infarction, they appear in 
80% to 90% of patients but are also found in the majority of actively employed middle-aged 
men. 14 Benign VPBs commonly disappear when the sinus rate increases, such as during 
exercise. The prognostic significance of exercise-induced VPBs is uncertain. VPBs have 
been reported to occur more readily with isometric than with isotonic (dynamic) exercise. 15 

Many studies have been directed at evaluating the prognostic significance of VPBs 
during and after acute myocardial infarction. In patients who have survived myocardial 
infarction, complex VPBs (multiform, couplets, etc.) have been shown to increase the risk 
of sudden death.16•17 This is in marked contrast with the prognostic importance of simi
larly appearing VPBs outside the setting of myocardial infarction. In a 7-year follow-up of 
72 asymptomatic subjects with frequent and complex VPBs, none died, although a number 
had angiographically proven significant coronary disease. 18 

Lawn's grading system for VPBs19•20 (Table 15.3) has become a popular frame of refer
ence for gauging the risk of death after myocardial infarction. There is increased risk as the 
numerical grade advances from 0 to 5. A subsequent study found that consecutive VPBs 
(grade 41 were associated with a worse prognosis than were early, single VPBs (grade 5).21 

Moss22 has proposed a simplified, two-level system for grading the prognostic signifi
cance of VPBs after acute myocardial infarction as follows: 

l Uniform morphology and late cycle 
Multiform and/or early cycle 

Low risk 
High risk 

(2-year mortality, 10%) 
(2-year mortality, 20%) 

A study by Califf et al23 documented the relationship between VPBs and left-ventricular 
function in patients with ischemic heart disease. A subsequent study by these same authors 
failed to find a subgroup of patients with VPBs of any description and good left-ventricular 
function that had a high risk of sudden death.24 Therefore, VPBs do not appear to be inde
pendent predictors of a high risk of mortality in patients with ischemic heart disease. 
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GLOSSARY 

Aberrantly: being conducted abnormally (usually 
through the ventricular conduction system). 

Atrial premature beat (APB): a P wave pro
duced by an impulse that originates in the 
atria. and appears before the expected time 
of the next P wave generated from the sinus 
node. 

Bigeminy: a rhythm pattern in which every 
sinus beat is followed by a PB. 

Compensatory pause: the long cycle length 
(pause) following a PB completely 4Compen
sates for• the short cycle length preceding 
the PB. This is identified when the interval 
between the beginning of the P waves of the 
sinus beats preceding and following a PB is 
equal to two PP intervals of sinus beats not 
associated with PBs. 

Couplet: two consecutive PBs. 
Coupling intervals: the periods between nor

mal sinus beats and PBs. With APBs, the PP' 
is the coupling interval, and with JPBs and 
VPBs, the QRS-QRS' is the coupling interval. 

Ectopic beat: a beat arising in any location other 
than the sinus node. 

Interpolated: occurring between normal beats. 
junctional premature beat OPBJ: a P wave 

and QRS complex produced by an impulse 
that originates in the A V node or His bundle 
and appears before the expected time of the 
next P wave and QRS complex generated 
from the sinus node. 

Left VPBs: PBs originating from the left ven
tricle, usually with a VI-positive morphology 
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but sometimes with a VI-negative morphol
ogy when associated with ischemic heart dis
ease. 

Multlfocal VPBs: VPBs originating from two 
or more different ventricular locations. 

Multiform VPBs: VPBs with two or more dif
ferent morphologies in a single ECG lead. 

Overdrive suppression: a decrease in the rate 
of impulse formation resulting from prema
ture activation of the pacemaking ceUs. 

Palpitation: the physical awareness of a heartbeat. 
PP interval: the interval between consecutive 

Pwaves. 
Right VPBs: PBs originating from the right ven

tricle, always with a VI-negative morphology. 
R-on-T VPB: a VPB that occurs so prematurely 

that it occurs during the T wave of the 
previous beat. 

Supraventricular premature beat ISVPB): 
either an APB or a JPB. 

Trigeminy: a rhythm pattern in which every 
second sinus beat is followed by a PB. 

Ventricular premature beat (VPBJ: a QRS 
complex produced by an impulse originat
ing from the ventricles and appearing before 
the expected time of the next QRS complex 
generated from the sinus node or other basic 
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induced by the introduction of a premature 
impulse. 
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INTRODUCTION TO ACCELERATED AUTOMATICITY 

FIGURE 16. 1. Lead V1 rhythm strip. Arrow indicates the time at which exercise was stopped, 
and asterisk indicates the P wave emerging from the T wave. (From Wagner GS, Waugh RA, Ramo 
BW. Cardiac Arrhythmias. New York, NY: Churchill Livingstone; 1983:145, with permission.) 

The arrhythmias presented in this chapter have gradual onsets and terminations because 
they result from acceleration of automaticity in the cells of the pacemaking and conduc
tion system. This is apparent on the electrocardiogram IECG) as a gradual decrease in the 
interval between cardiac cycles !the PP interval) during the period of onset and a gradual 
increase during the period of termination of a tachyarrhythmia. In Figure 16.1, there is a 
tachyarrhythmia during exercise at a rate of 140 beats per minute, with no visible P waves 
and wide jV1-negative) QRS complexes (0.14 second). When the exercise is stopped, the 
rate gradually slows and P waves emerge from the ends of each of the T waves, indicating 
that the rhythm is sinus tachycardia with left-bundle-branch block (LBBB). 

Cells termed pacemakers !see Chapter 1)-located in the sinoatrial!SA) node, at various 
sites in the atria, and throughout the His-Purkinje network-have the capacity for spontane
ous depolarization. Atrial and ventricular muscle cells and atrioventricular lA V) nodal cells 
do not have pacemaking capabilities. The rate of impulse formation by pacemaker cells is de
termined by the rate of their spontaneous depolarization, and the more superior the location 
of the pacemaking cell, the more rapidly this depolarization occurs. Accelerated automaticity 
is considered to be a tachyarrhythmia only when the heart rate exceeds the arbitrary limit 
of 100 beats per minute. Because the upper limit of normal automaticity of the SA nodal 
and atrial cells is 100 beats per minute, any acceleration in the rate of automaticity of these 
cells is considered a tachyarrhythmia. The upper limit of normal automaticity is 60 beats per 
minute in the common bundle and 50 beats per minute in the bundle branches. The rhythm 
produced is called an accelerated rhythm until it reaches 100 beats per minute (Table 16.1). 

-------------------------------------------------------------------
Table 16.1. 

Sites, Terms, and Rates of Pacemaker Tachyarrhythmias 

Site 

Sinus node 

Atria 

Common bundle 

Bundle branches 

Term 

Sinus tachycardia 

Atrial tachycardia 

Accelerated junctional rhythm (AJR) 

Accelerated ventricular rhythm (AVR) 
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Rate Range (beats/min) 

1Q0-200 

1Q0-200 

6Q-130 

SQ-110 



fIGURE 16.2. Lead li rhythm strips with arrows indicating abnormally directed P waves (A) and 
absence of P waves (B and C). 

Examples of arrhythmias due to accelerated atrial, junctional, and ventricular automa
ticity are presented in Figure 16.2. In Figure 16.2A, the accelerated atrial rhythm ~~ is 
apparent from the frequent, regular (evenly spaced), but .adifferent from sinus" P waves. 
In Figure 16.2B, the accelerated junctional rhythm (A]RJ is apparent from the frequent, 
regular, narrow QRS complexes not preceded by P waves. In Figure 16.2C, the accelerated 
ventricular rhythm jAVRJ is apparent from the frequent, regular, wide QRS complexes not 
preceded by P waves. 

Usually, the cardiac rhythm is controlled by the SA node. However, there are several 
reasons why the rhythm becomes dominated by the accelerated pacing activity from a 
nonsinus site. These include: 

1. A pharmacologic agent that selectively increases automaticity in lower pacemakers. 
2. Blockage of sinus impulses in the AV conduction system, permitting an escape 

focus in the common bundle to control the ventricular rhythm. 
3. Local pathology (especially ischemia) that induces automaticity in lower areas 

with pacemaking capability. 
4. Local pathology that decreases automaticity within the SA node. 
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SINUS TACHYCARDIA 

FIGURE 16. 3. Lead V1 rhythm strip with arrows indicating the beginning and ending of 
carotid sinus massage. (From Wagner GS, Waugh RA, Ramo BW. Cardiac Arrhythmias. New York, NY: 
Churchill Livingstone; 1983:140, with permission.) 

The rate of cardiac impulse formation is regulated by the balance between the para
sympathetic and sympathetic divisions of the autonomic (or involuntary) nervous system. 
The more superior the location of pacemaking cells, the greater is the degree of their au
tonomic regulation. An increase in parasympathetic activity decreases the rate of impulse 
formation, whereas an increase in sympathetic activity increases the rate. The sympathetic 
nervous system becomes activated by any condition that requires uflight or fight. N Sinus 
tachycardia that results is therefore a physiologic response to the body's needs rather than 
a pathologic cardiac condition. By this principle, treatment of the tachyarrhythmia should 
be directed at correcting the underlying condition and not at suppression of the SA node it
self. Maximal sympathetic stimulation can increase the heart rate produced by the SA node 
to 200 beats per minute or, rarely, 220 beats per minute in younger individuals. The gen
erally accepted formula for maximal sinus rate is 220 beats per minute subtracted by age. 
The rate rarely exceeds 160 beats per minute in nonexercising adults. 

In sinus tachycardia, there is normally one normal P wave for every QRS complex, but 
coexisting abnormalities of A V conduction may alter this relationship. The PR interval is 
shorter than during normal sinus rhythm because the increased sympathetic tone that pro
duces the sinus tachycardia also speeds AV nodal conduction. The QRS complex is usu
ally normal in appearance but can be abnormal either because of a fixed intraventricular 
conduction disturbance (such as bundle-branch block, hypertrophy, or myocardial infarc
tion) or because the rapid rate of activation does not permit time for full recovery of the 
intraventricular conduction system before the arrival of the next impulse (see Chapter 6). 
Figure 16.3 demonstrates sinus tachycardia with LBBB. Conduction block is proven to be 
due to rate-related aberrancy when it disappears during carotid sinus massage-induced sinus 
slowing or AV block and returns when the rate gradually increases following the massage. 
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A 

B 

c 

F I G U R E 16 • 4. Lead II rhythm strips with arrows indicating sinus P waves (A), flutter waves (B), 
and retrograde P waves (C). (From Wagner GS, Waugh RA, Ramo BW. Cardiac Arrhythmias. New York, 
NY: Churchill Livingstone; 1983:176, with permission.) 

Although the other tachyarrhytbrnias caused by accelerated automaticity and discussed 
in this chapter do not mimic sinus tachycardia, a common clinical problem is the differen
tiation of sinus tachycardia from various reentrant tachyarrhythmias that are discussed in 
later chapters. If discrete P waves jwith anterograde orientation), a short PR interval, and 
a normal QRS complex duration are present, the diagnosis of sinus tachycardia is most 
likely. True sinus tachycardia is shown in Figure 16.4A, and two reentrant supraventricu
lar tachyarrhythmias that have a similar appearance to sinus tachycardia are shown in 
Figure 16.4B and C. When apparent sinus tachycardia is associated with a prolonged PR 
interval, one should suspect that it is not really a sinus tachycardia. Figure 16.4B pres
ents an example of the reentrant atrial tachyarrhythmia of typical sawtooth-like atrial 
flutter jsee Chapter 17) with only every other flutter wave conducted to the ventricles 
12:1 AV conduction). An abnormal limb lead P-wave axis also suggests a nonsinus origin of 
the tachyarrhythmia. Figure 16.4C presents an example of reentrant junctional tachycardia 
(see Chapter 18) with inverted P waves following each QRS complex and long PR interval. 
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B 

c 
FIGURE 16. 5. Lead II rhythm strips with arrows indicating gradual emergence of P waves from 
T waves (A}, sudden appearance of consecutive flutter waves (B), and sudden termination of the 
tachyarrhythmia (C). (From Wagner GS, Waugh RA, Ramo BW. Cardiac Arrhythmias. New York, NY: 
Churchill Livingstone; 1983;144:179, with permission.) 

When the appearance of atrial activity fails to provide the foregoing clinical differen
tiation of the source of a tachyarrhythmia, it may be necessary to observe the onset and 
termination of the tachyarrhythmia: A gradual change in rate establishes the diagnosis of 
sinus tachycardia (Fig. 16.5A). The sudden block in AV conduction allows visualization of 
the typical sawtooth-like atrial activity of flutter (see Fig. 16.5B). The sudden termination 
of the tachyarrhythmia establishes the diagnosis of reentrant junctional tachycardia (see 
Fig. 16.5C). If the beginning or ending of the tachyarrhythmia does not occur spontane
ously, a diagnostic maneuver or pharmacologic intervention to increase parasympathetic 
nervous activity, such as a vagal maneuver or adenosine administration, may be necessary. 
The absence of any change in the ECG during the vagal maneuver does not permit any di
agnostic conclusion. A transesophageal or intra-atrial recording may be required when no 
diagnosis can be made from surface ECG recordings (see Fig. 14.9). A summary of the steps 
toward the diagnosis of an unknown tachyarrhythmia includes the following: 

1. Note the P-wave morphology and the PR and QRS intervals in the ECG. 
2. Observe either the onset or the termination of the tachyarrhythmia in the ECG. 
3. Perform a maneuver to increase parasympathetic activity. 
4. Record the atrial activity from the esophagus or right atrium. 
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ATRIAL TACHY ARRHYTHMIAS 

Accelerated Atrial Rhythm and Paroxysmal Atrial Tachycardia with Block 
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FIGURE 16. 6. Lead 1I rhythm strips from a 75-year-old woman with heart failure treated with 
digitalis and diuretics. A. A "paroxysmal atrial tachycardia" caused by digitalis toxicity in the pres
ence of hypokalemia (K+ = 3.1 mEq!L). The atrial rate is 180 beats per minute (arrows) and there 
is 2:1 AV block. B. Digitalis was withheld and potassium given {K+ = 4.6 mEq/L), resulting in the 
slowing of the atrial rate to 168 beats per minute. (From Wagner GS, Waugh RA, Ramo BW. Cardiac 
Arrhythmias. New York, NY: Churchill Uvingstone; 1983:138, with permission.) 

Enhanced automaticity causes three varieties of atrial tachyarrhythmias: AAR, paroxys
mal atrial tachycardia (PAT) with block, and multi{ocal atrial tachycardia (MAT). 

Normal individuals may have periods when a lower atrial pacing site dominates the 
SA node, producing an AAR. The presence of AAR is apparent when the morphology of the 
QRS complex is normal in the presence of a ventricular rate in the range of 60 to 130 beats 
per minute and there are preceding abnormal P waves caused by the origination of the 
atrial activation in a site other than the SA node (see Fig. 16.2A). The PR interval may be 
normal or decreased depending on the distance from the atrial pacing site to the AV node. 

The term paroxysma.l is actually inaccurate with regard to PAT with block because it 
implies the sudden onset and termination of a cardiac rhythm. Because digitalis toxicity 
is the most common cause, this rhythm is now rare. The atrial rate gradually accelerates 
as digitalis is added (or potassium is depleted) and then gradually decelerates when the 
digitalis is withheld (or potassium is replacedi Fig. 16.6).1-Z Digitalis has a parasympathetic 
effect on both the SA and AV nodes, resulting in sinus slowing and AV block. However, 
digitalis has a sympathetic effect on other sites with pacemaking capability and thereby 
enhances automaticity. If the site of this enhancement is above the AV node, the result is 
the combination of atrial tachycardia with A V block, which has been incorrectly termed 
~~'PAT with block., 
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Multifocal Atrial Tachycardia 
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FIGURE 1 6. 7. A 12-lead ECG and lead 1I rhythm strip from a 53-year-old woman with severe 
puhnonazy emphysema. Arrows indicate marked variation in P-wave morphology in the rhythm strip. 

MAT is a rapid, irregular atrial tachyarrhythmia with multiple, differently appearing P 
waves that has also been termed chaotic atrial tachycardi.a3 (Fig. 16. 7). It almost always oc
curs with pulmonary disease. In contrast to the atrial acceleration that occurs with digitalis 
toxicity, there is no enhancement of the parasympathetic effect on the AV node in MAT, 
therefore every P wave is conducted to the ventricles (1:1 AV conduction). MAT is typi
cally a transitional arrhythmia between frequent atrial premature beats (APBs) and atrial 
flutter/fibrillation. In a series of 31 patients reported by Lipson and Nai.mi,3 20 had preced
ing APBs and 17 progressed to atrial flutter/fibrillation. 
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ACCELERATED JUNCTIONAL RHYTHM 
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FIGuRE 16. 8. A 12-lead ECG from a healthy 51-year-old woman. Arrows indicate retrograde 
P waves associated with junctional beats. 

AJR is produced by enhanced automaticity in common bundle (His) of the ventricular 
Purkinje system. As in AAR, acceleration of impulse formation in the AV junction occurs in 
AJR as a normal variation in cardiac rhythm. The presence of AJR is easily diagnosed when 
the morphology of the QRS complex is normal, the ventricular rate is in the range of 60 to 
130 beats per minute, and there are no preceding P waves (see Fig. 16.2B). Retrogradely 
conducted atrial activation is present during or after anterograde ventricular activation, 
but the inverted P waves may be obscured by the larger QRS complexes or may be hidden 
in T waves (Fig. 16.8). When inverted P waves are visible but the heart rate is rapid, it is 
difficult to determine whether the P wave is associated with the preceding QRS complex 
(AJR) or with the following QRS complex (sinus tachycardia with a prolonged PR interval). 
If P waves can be seen clearly on a 12-lead ECG, their direction in the frontal plane should 
provide differentiation of these conditions. 
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FIGURE 16.9. A lead II (L2) rhythm strip from a 72-year-old woman with digitalis toxicity. 
Arrows indicate the anterograde (sinus) P waves dissociated from the junctional beats (asterisks). 

Other forms of AJR may produce normal P waves before the QRS complexes, but with 
varying PR intervals, because the SA node is activating the atrium and an accelerated junc
tional pacing site is activating the ventricles. This is an example of dissociation between 
atrial and ventricular activity (Fig. 16.9). It may be necessary to observe a long rhythm 
strip to document this A V dissociation because the atrial and ventricular rates may be 
similar (isorhythmic) with a constant PR interval. 

348 SECTION Ill: Abnormal Rhythms 



Atrial Fibrillation 

II 

Vent Rate 70-Regular Diagnosis: A-V Dissociation 
due to Nonparoxysmal 
Junctional Tachycardia 

FIGURE 1 6. 1 0. Simultaneous recording of three ECG leads showing the slightly undu
lating baseline of atrial fibrillation dissociated from the regular narrow QRS complexes of AJR. 
"Nonparoxysmal junctional tachycardia" is another term used for AJR. (From Wagner GS, Waugh 
RA, Ramo BW. Cardiac Arrhythmias. New York, NY: Churchill Livingstone; 1983:149, with permission.) 

A regular ventricular rate of >60 beats per minute with normal-appearing QRS com
plexes in the presence of atrial fibrillation (see Chapter 17) is diagnostic of AJR. This is 
another example of A V dissociation, with one tachyarrhythmia resulting from reentry 
above the AV node and another tachyarrhythmia resulting from accelerated automaticity 
below the AV node (Fig. 16.10). This combination of decreased conduction in the AV node 
and enhanced automaticity in the common bundle is usually caused by digitalis toxicity 
(see Chapter 24). If this condition is unrecognized, additional digitalis further accelerates 
the AJR. 
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ACCELERATED VENTRICULAR RHYTHM 

B 

FIGURE 16. 11 . The contrasting appearances of the onset of an AVR that results from an 
increased discharge rate of the ventricular pacemaker (A) and its termination that results from 
slight acceleration of the sinus rate (B). Asterisk, fusion. 

A VR is produced by enhanced automaticity in the bundle branches or fascicles of the ven
tricular Purkinje system. As in AAR and AJR, this acceleration of impulse formation in the 
ventricles occurs as a normal variation in cardiac rhythm. The presence of A VR is easily diag
nosed when the morphology of the QRS complex is abnormal in the presence of a heart rate in 
the range of 50 to 110 beats per minute and there are no preceding P waves !see Fig. 16.2C). In 
A VR, retrogradely conducted atrial activation is present during or after anterograde ventricular 
activation, but the inverted P waves may be obscured by the larger QRS complexes or T waves. 

A VR is often given other names, such as accelerated idioventricular rhythm or slow 
ventricular tachycardia. Because the pacing rate of the cells causing A VR that are located at 
the distal end of the pacemaking and conduction system is normally very slow, A VR is di
agnosed when the ventricular rate is >50 beats per minute. The most rapid rate of AVR is 
110 beats per minute, and the heart rate in this condition is rarely >100 beats per minute. 
A VR most commonly occurs following reperfusion of an acute myocardial infarction, with 
reported incidences ranging from 8% to 46%. Its occurrence has been shown to indicate 
less than optimal reperfusion.4 A VR is also a common manifestation of digitalis toxicity. 

A VR occurs either because the sinus rhythm slows and permits the A VR to reveal itself 
or because the ventricular rhythm accelerates so much that it usurps control from a nor
mally functioning SA node (Fig. 16.11A). These precipitating sources of AVR can therefore 
be differentiated by observing the pattern of sinus rhythm preceding the onset of the A VR. 
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When A VR is present, the rates of sinus and ventricular impulse formation are usu
ally similar. The dominance of the ventricular pacemaker may begin and terminate (see 
Fig. 16.11B) with one or more QRS complexes formed partly by a sinus-originated impulse 
and partly by a ventricular-originated impulse (fusion beats). 

FIGURE 16.12. In this ECG, AVR appears after two beats of sinus rhythm. It is initially 
dissociated from the atrial activity (asterisk), and the causative impulse is then conducted retro
gradely to capture the atrial rhythm (arrows). 

AVR, like AJR, commonly occurs when atrial fibrillation is accompanied by decreased 
A V nodal conduction. These combined effects often result from digitalis toxicity. Once the 
A VR caused by these effects begins, it usually proceeds as a regular rhythm, although it 
sometimes shows progressive acceleration or progressive slowing until it spontaneously 
ceases. 

In some instances of AVR, there is retrograde conduction to the atria (Fig. 16.12) rather 
than dissociation between the atria and ventricles. A VR is usually benign, even when mul
tiform, and neither affects the blood pressure nor leads to more serious ventricular ar
rhythmias.5·6 However, because the normal sequence of atrial and ventricular activation is 
absent, and there is loss of the normal atrial contribution to ventricular filling, A VR may be 
accompanied by a feeling of weakness. 
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GLOSSARY 

Accelerated atrial rhythm (AARJ: tachyar
rhythmia caused by an increase of automatic
ity in atrial pacemaking cells. 

Accelerated junctional rhythm (AJR}: 
tachyarrhythmia caused by an increase of 
automaticity in the pacemaking cells of the 
His bundle. 

Accelerated rhythm: an increase in a particu
lar cardiac rhythm above its normal limit. 

Accelerated ventricular rhythm IAVR): 
tachya:rrhythm.ia caused by an increase of au
tomaticity in pacemaking cells of the bundle 
branches and their fascicles. 

Carotid sinus massage: manual stimulation of 
the area of the neck that overlies the bifur
cation of the carotid artery to increase para
sympathetic nervous activity. 

Chaotic atrial tachycardia: another term used 
forMAT. 

Digitalis toxicity: an arrhythmia produced by 
digitalis. 

Multifoc::al atrial tachycardia (MAT): a rapid 
rhythm produced by increased automaticity 
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in pacemaking cells located at multiple sites 
within the atria. 

Pacemaker: a cell in the heart or an artificial 
device that is capable of forming or generat
ing an electrical impulse. 

Paroxysmal: a term referring to an arrhythmia 
of sudden occurrence. 

Paroxysmal atrial tachycardia (PATJ with 
bloc::k: a tachyarrhythmia, commonly caused 
by digitalis toxicity, in which a rapid atrial 
rhythm is accompanied by failure of some of 
the atrial impulses to be conducted through 
the AV node to the ventricles. 

Slow ventricular tachycardia: another term 
used for an A VR. 

Sympathetic tone: the relative amount of sym
pathetic nervous activity as compared with 
the amount of parasympathetic activity. 

Vagal maneuver: an intervention that in
creases parasympathetic activity in relation 
to the amount of sympathetic activity. 
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THE SUPRAVENTRICULAR TACHYARRHYTHMIAS 

/ I ~ 
ENHANCED AUTOMATICITY 

SINUS 
TACH MAT AJR 

MICRO-RE-ENTRY MACRO-RE-ENTRY 
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~~-+~~~-+~~~~~~~~~~~~,_~-+--~--~--~ 

VENTRICLES-

FIGURE 1 7 • 1. In the ladder diagrams, X indicates the site of impulse formation, a vertical line 
indicates normal conduction through atria or ventricles, a diagonal line indicates normal conduction 
though the atrioventricular (AV) node and conduction around a re-entry circuit, and a short perpen
dicular line indicates the site of block of impulse conduction . .A]R, accelerated junctional rhythm; 
MAT, multifocal atrial tachycardia; PAT, paroxysmal atrial tachycardia; RJT, reentrant junctional 
tachycardia; SA, sinoatrial; TACH, tachycardia. See Animations 17.1-17.4. 

The supraventricular tachyarrhythmias in the atrial flutter/fibrillation spectrum are caused 
by the continuing reentry of an electrical impulse within the atrial myocardium. Figure 
17.1 schematically contrasts this mechanism with the tachyarrhythmias caused by acceler
ated automaticity as described in Chapter 16 and those caused by junctional reenby as de
scribed in Chapter 18. Because the reentrant circuit includes a large area of atrial myocar
dium1 the reenby mechanism responsible for atrial flutter/fibrillation should be considered 
macro-re-enby (see Chapter 14). (Atrial micro-re-entrant tachyarrhythrnias also occur but 
are very uncommon; they are also diagrammed in Figure 17.1.) 

Atrial flutter and atrial fibrillation are at the two extremes of a spectrum. At the flutter end 
of the spectrum, the causative reentering impulse cycles around a single circuit (usually 
within the right atrium), producing slower, regular, uniform, and sharp (jjsawtooth-Iike•) 
waves (F waves). At the fibrillation end of the spectrum, the causative reentering impulse 
cycles around multiple circuits, producing more rapid, irregular, multiform, and rounded 
waves (f waves). As a result of the macro-re-enby mechanism responsible for both atrial 
flutter and fibrillation, P waves are replaced either by F waves, representing the continuous 
activation within the flutter circuit1 or by f waves, representing the continuous activation 
within the fibrillation circuits. 

Ia l8j •. . :' •. : :' 
121 Ill . . · - . -·· 

Animation 17.1 Animation 17.2 Animation 17.3 Animation 17.4 
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PAROXYSMAL ATRIAL TACHYCARDIA 

A 

B 
FIGuRE 17. 2. Lead II (L2) and Vl rhythm strips from a woman presenting with shortness 
of breath who was found to have idiopathic cardiomyopathy. Arrows indicate similar-appearing 
P waves in L2 and Vl in the presenting condition (A) and during carotid sinus massage (B). 

Although atrial micro-re-entrant tachycardia (paroxysmal atrial tachycardia [PAT]) 
occurs rarely, it is useful to present an example because of its clearly identifiable char
acteristics (Fig. 17.2). In Figure 17.2A, a micro-re-entrant tachycardia masquerades as a 
typically appearing sinus tachycardia (110 beats per minute) with first-degree atrioven
tricular (A V} block (0.26 second}. However, in Figure 17.2B, the true atrial rate of 220 beats 
per minute is revealed by the vagal stimulation provided by carotid sinus massage. This 
atrial tachyarrhythmia could possibly be atrial flutter, but the discrete P waves rather 
than a sawtooth-like morphology in both leads Vl and L2 (II) makes flutter unlikely. In 
the patient presented in Figure 17.2, sinus rhythm emerged after electrical cardioversion, 
confirming the reentrant mechanism of the tachycardia. The similar P-wave morphologies 
observed during PAT and sinus rhythm indicate that the micro-re-entrant circuit was in or 
near the sinus node, high in the right atrium. 
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ATRIAL RATE AND REGULARITY IN ATRIAL 
FLUTTER/FIBRILLATION 

A 

B 

....................................................................................................................................................................................................... 
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::·::::::::::::::·:::::::::::::::::::::::::::::::::::::::::::::::::::: 

c 

D 
F I G U R E 1 7 . 3 . The contrasting appearances of four points in the atrial flutter/fibrillation 
spectrum. A. Flutter. B. Flutter-fibrillation. C. Coarse fibrillation. D. Fine fibrillation. 

The F waves of atrial flutter typically occur at rates between 200 and 350 beats per minute 
jFig. 17 .3A). 1•2 At an atrial rate of > 350 beats per minute, either the atrial waves have some 
characteristics of both flutter and fibrillation at a single point in time {see Fig. 17.3B) or 
there are alternations between F and £ waves, with the appropriate term being atrial (l:utter
fibrilla.tion. Fibrillation varies from coarse to fine. In coarse fibrillation, prominent f waves 
are clearly visible in many leads of the electrocardiogram (ECG; see Fig. 17.3C); in fine fi.bril
ID.tion, either there are small£ waves or no visible atrial activity (see Fig. 17.3D). 
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Postdigitalis 

Postquinidine 

FIGURE 17. 4. The effect of digitalis (A) and quinidine (8) on the atrial flutter/fibrillation spec
trum in two patients. The arrow in B indicates the quinidine-induced termination of atrial reentry, 
and the asterisk indicates the onset of sinus rhythm. (From Wagner GS, Waugh RA, Ramo BW. Cardiac 
Arrhythmias. New York, NY: Churchill Livingstone; 1983:159, with permission.) 

Some patients' atrial tachyarrhythmias may spontaneously undergo a change from 
flutter to fibrillation, whereas others have such variation only when certain drugs are 
administered. Digitalis increases the atrial rate toward the fibrillation end of the spectrum 
by shortening the refractory periods of atrial myocardial cells within the re-entry circuit 
(Fig. 17.4A). Conversely, drugs such as quinidine and procainamide (Vaughn Williams 
class lA) and flecainide (class I C) decrease the atrial rate toward the flutter end of the spec
trum by lengthening the refractory periods of the atrial myocardial cells (see Fig. 17.4B). 
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VENTRICULAR RATE AND REGULARITY IN ATRIAL 
FLUTTER/FIBRILLATION 

FIGURE 1 7. 5 . A lead V1 rhythm strip from an elderly woman with chronic heart failure and 
a history of recurrent "rapid heartbeats." The first arrow indicates the APB that initiates the atrial 
reentrant tachycardia, and the second and third arrows indicate the f waves when the ventricular 
rate slows. (From Wagner GS, Waugh RA, Ramo BW. Cardiac Arrhythmias. New York, NY: Churchill 
Livingstone; 1983:155, with permission.) 

Atrial flutter produces a ventricular rhythm that varies from precisely regular to i"egu
larly i"egular; however, fibrillation always produces an irregularly irregular ventricular 
rhythm. Therefore, when atrial fibrillation is accompanied by a regular ventricular rate, 
there is dissociation between the atrial and ventricular rhythms. A pacemaking Purkinje 
cell in the common bundle or bundle branches is initiating the regular ventricular rhythm. 

Because the atrial rate may vary dramatically within the flutter/fibrillation spectrum, 
the ventricular rate may also vary. At times, it may change abruptly from rapid and regular 
to slow and irregular, incorrectly suggesting a change in the basic underlying atrial rhythm 
(Fig. 17.5). Mter two beats of sinus rhythm, an atrial premature beat (APB) initiates a 
supraventricular tachyarrhythmia that is initially regular and then becomes irregular. The 
regular phase is most likely caused by flutter at a rate of 200 beats per minute with 1: 1 
AV conduction, after which the irregular phase occurs because the atrial rate accelerates 
into the flutter/fibrillation spectrum at 300 beats per minute, with a resultant slower, ir
regular ventricular rate. 
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FIGURE 17. 6. Lead II rhythm strips from five patients with atrial flutter. Various typical pat
terns of AV conduction in atrial flutter are shown. A. There is 1:1 conduction with a rate of 200 beats 
per minute. B. The atrial rate is 250 beats per minute and there is a regular ventricular rate of 
125 beats per minute with a constant relationship between the flutter waves and the QRS com
plexes. C. The atrial rate is 300 beats per minute (note the typical flutter waves during periods of 
increased AV block), and there is a variable, irregular ventricular response. D. The atrial rate is 
270 beats per minute, and there is a regularly irregular ventricular response in a pattern of six flut
ter waves for every two QRS complexes. E. The atrial rate is 240 beats per minute, and there is a 4:1 
ventricular response, again with a constant relationship between atrial activity and each ventricular 
complex. (From Wagner GS, Waugh RA, Ramo BW. Cardiac Arrhythmias. New York, NY: Churchill 
Livingstone; 1983:156, with permission.) 

During atrial flutter, the ratio of atrial to ventricular waveforms may vary from 1:1 to 
2:1 to 6:2 to 4:1 !Fig. 17.6A-E) so that the ventricles may or may not have a rapid rate. 
The ratio of atrial-to-ventricular waveforms depends on the capability of the slowly con
ducting A V node to transport the atrial impulses to the common bundle. When ratios of 
atrial-to-ventricular waveforms of 1:1, 2:1, or 4:1 remain constant (see Fig. 17.6A, B, and 
E), the ventricular rhythm is regular. When the ratio is 6:2(because the atrial impulses are 
blocked at two levels within the AV node), the ventricular rhythm is regularly irregular. 
When the AV conduction ratio is variable (e.g., switching between 2:1 and 6:2 conduction), 
the ventricular rhythm is irregularly irregular. 
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FIGuRE 17. 7. Ventricular rate regulation by the balance between sympathetic (SYM) and 
parasympathetic (PARASYM) tone is indicated by arrows. Note that the ventricular rate follows the 
atrial rate to about 100 beats per minute regardless of the mechanism of increase in atrial rate 
as indicated by the open squares. (From Wagner GS, Waugh RA, Ramo BW. Cardiac Arrhythmias. 
New York, NY: Churchill Uvingstone; 1983:9, with permission.) 

When atrial fibrillation is present, the innumerable f waves compete for penetration 
of the AV node1 making it most difficult for any impulse to reach the common bundle. 
Therefore, the ventricular rhythm is slower at the fibrillation end of the flutter/fibrillation 
spectrum (Fig. 17.7).3-5 Typically, a 1:1 AV relationship persists to the upper limit of the 
atrial rate during exercise or with other conditions that enhance sympathetic stimulation. 
However/ when the atrial rate increases through other mechanisms (such as artificial atrial 
pacing or a reentrant tachyarrhythmia), the 1:1 AV relationship persists only until the 
atrial rate reaches 150 to 160 beats per minute. Above this atrial rate, the physiologic 
delay in AV nodal conduction prevents some atrial impulses from reaching the ventricles. 
As the atrial rate increases further, the ventricular rate decreases because of the competi
tion within the AV node. The nonconducted atrial impulses are blocked only after they 
have been able to penetrate some distance into the node. This concealed conduction depolar
izes a part of the AV node1 making it refractory to the following atrial impulse.6 Changes 
in the sympathetic-to-parasympathetic balance can either facilitate (sympathetic) or fur
ther inhibit (parasympathetic) AV nodal conduction1 as indicated by the directions of the 
arrows at the right side of the figure. 
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ONSET OF ATRIAL FLUTTER/FIBRILLATION 

FIGURE 17. 8. A lead II (2) continuous rhythm strip from a patient with complaint of recurrent 
"palpitations." Arrows indicate three APBs, two of which initiate brief runs of atrial flutter. 

Both spontaneous and electrically induced atrial flutter/fibrillation may typically be pro
duced when APBs occur within a narrow range of the atrial refractory period. Thus, flut
ter/fibrillation is typically sudden in onset, as are all reentrant arrhythmias (Fig. 17.8). 

FIGURE 17. 9. A lead MCL1 recording from an elderly woman with pulmonary emphysema. 
The 1 indicates the APB occurring just outside and the 2 indicates the APB occurring just inside the 
atrial vulnerable period. 

Like the ventricles, the atria have a vulnerable period: a point in the atrial cycle at which 
an APB is most likely to precipitate atrial flutter/fibrillation (Fig. 17.9). Killip and Gaule 
have formulated the situation as follows: If the interval from the normal P wave to the 
premature P wave is less than half of the preceding interval between normal P waves, the 
premature P wave is within the atrial vulnerable period and may induce flutter/fibrillation. 
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TERMINATION OF ATRIAL FLUTTER/FIBRILLATION 
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FIGuRE 17 • 1 o. Ladder diagrams used to contrast the expected responses of tachyarrhythmias 
caused by atrial macro-re-entry (A) with those caused by enhanced atrial automaticity (B). Asterisks 
indicate the site of automaticity and the arrow indicate the time of the precordial direct-current 
shock. (From Wagner GS, Waugh RA, Ramo BW. Cardiac Arrhythmias. New York, NY: Churchill 
Iivingstone; 1983:25, with permission.} See Animation 17.5. 

As illustrated in Figure 17.8, atrial flutter/fibrillation may terminate spontaneously. 
Presumably, the reason for this is that the recycling impulse fails to encounter receptive 
cells and thus has "nowhere to go." When the reentry persists and creates either acute 
cardiac dysfunction or a chronic clinical problem, some medical intervention may be re
quired. There are two possible treatment strategies: 

1. Enhance the AV block to slow the ventricular rate. 
2. Terminate the flutter/fibrillation. 

Terminating or "breaking" this atrial reentrant tachycardia may be accomplished either 
with drugs or through electrical stimulation. A drug can effect termination of a tachyar
rhythmia either by increasing the speed of the recycling impulse so that it encounters only 
cells that are still refractory or by prolonging the refractory periods of the involved cells. 
No drugs yet exist that both speed conduction and prolong the refractory period. The pri
mary therapeutic effect of available drugs is prolongation of refractoriness. An electrical 
stimulation can terminate a tachyarrhythmia by suddenly depolarizing all cardiac cells that 
are not already in the depolarized state (Fig. 17.10A). This eHminates the receptivity to 
reentry that is required to maintain the tachyarrhythmia. As illustrated in Figure 17.10B, 
such an electrical stimulation cannot .c~break" a tachyarrhythmia produced by accelerated 

automaticity; instead, the rapidly discharging site continues to maintain the 
• tachyanhythmia after a brief interruption. 

Animation 17.5 
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---------------------------------------------~ 

Table 17.1. 

Characteristics of the Atrial Flutter/Fibrillation Spectrum at the Various 
Atrial Rates 

Atrial rate 200 220 300 360 400 ~soo 

Ventricular rate 200 180 150 120 100 70 

Ventricular rhythm Regular Regularly Regular Regularly Irregularly Irregular 
irregular irregular irregular 

\....._ 
v ./ \....._ 

v ./ \....._ 
v ./ 

Name Flutter Flutter-fibrillation Fibrillation 

Digitalis decreases Seldom Sometimes Usually 
A V conduction 

DC shock terminates Low energy Intermediate energy High energy 

Pacing terminates Usually Sometimes Almost never 

Modified from Wagner GS, Waugh RA, Ramo BW. Cardiac Arrhythmias. New York, NY: Churchill Livingstone; 

1983:154, with permission. 

When the atrial re-entry is orderly, as at the flutter end of the flutter/fibrillation spec
trum, it can be suddenly terminated by intra-atrial electrical stimulation from a pacemaker. 
Maintenance of the orderly reentry of the impulse requires that areas of atrial myocar
dium have completed their refractory periods and are receptive to the advancing wave 
of depolarization. A properly timed stimulus, delivered via a pacing electrode, produces 
premature activation of receptive areas, and the advancing wavefront encounters no cells 
that it can depolarize. 

When the reentry is disorderly, as at the fibrillation end of the spectrum, it cannot be 
terminated by intra-atrial stimulation because no particular areas of atrial myocardium are 
essential for maintenance of the reentry. Therefore, electrical termination requires that 
stimuli be applied simultaneously to the entire atrial myocardium (see Fig. 17.10AJ. Such 
premature activation of all potentially receptive areas leaves the advancing wavefronts 
with nothing available to depolarize. A body surface electrical shock (electrical cardiover
sionJ can terminate tachyarrhythmias in the entire flutter/fibrillation spectrum. 

Table 17.1 summarizes many of the characteristics of the atrial flutter/fibrillation 
spectrum. 
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ATRIAL FLUITER 

n: aVL V2 vs 

FIGURE 17. 11. Twelve-lead ECG and lead II rhythm strip from a 68-year-old man 1 day after 
cholecystectomy. The patient had a long histozy of poorly treated hypertension. Arrows indicate the 
typical "sawtooth" appearance ofF waves in the lead II rhythm strip. 

Atrial flutter is much less common in adults than is atrial fibrillation. It is most often 
found in patients with ischemic heart disease and is particularly rare in mitral valve disease. 
Flutter may complicate any form of heart disease, may be precipitated by any acute illness, 
and often occurs transiently after cardiac surgery. In the first few years of life, flutter is 
much more common than fibrillation, presumably because fibrillation requires a greater 
mass of atrial muscle. 

In the usual variety of atrial flutter, the sawtooth pattern of F waves is best seen in the 
inferiorly oriented leads of the BCG (Fig. 17.11). Indeed, the F-wave deflections are posi
tive in leads Vl and V2 and negative in leads V5 and V6, and there may be no evidence 
of atrial activity in the laterally oriented leads such as I and aVL. In leads Vl and V2, the 
F waves commonly mimic discrete P waves. 
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FIGuRE 17. 12. Twelve-lead ECG and lead II rhythm strip from an elderly woman during a rou
tine health evaluation. No cardiac-related symptoms were present. Arrows indicate the "sawtooth" 
appearance of the F waves in lead V1. 

In a rare variety of atrial flutter, however, the F waves may be inconspicuous in the 
limb leads and seen clearly only in precordial leads V1 to V3 (Fig. 17.12). 
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PATTERNS OF ATRIOVENTRICULAR CONDUCTION 

F I G U R E 1 7 • 1 3 • A lead II rhythm strip from a patient with mitral valve disease who presented 
with acute shortness of breath. Arrows indicate the F waves during 2:1 conduction, which then 
became obvious during later 3:1 conduction. 

When atrial flutter is untreated, the usual AV conduction ratio is 2:1(Fig. 17.13) because 
of the normal refractoriness in the AV node. This rhythm should be termed "atrial flutter 
with 2:1 conductionH rather than M2:1 block," because the AV node is in its normal physi
ologic role as a "shieldH that protects the ventricles from the rapid atrial rate. It may be 
difficult to recognize either of the F waves in each cardiac cycle because one of the waves 
is masked by the QRS complex and the other is masked by the T wave. The diagnosis be
comes obvious only when an increase in the AV nodal block slows the ventricular rate to 
unmask F waves (see Fig. 17.13). 
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A 
Vl 

B 

F I G U R E 1 7 . 14. Lead V1 rhythm strips from a woman who had undergone repair of an atrial 
septal defect as a child and who presented to the hospital emergency department with profound 
dyspnea and weakness. No atrial activity is visible during the presenting wide QRS complex tachyar
rhythmia (A). but arrows indicate the flutter waves in B occurring at the identical rate as the QRS 
complexes in A, recorded after several days of intensive treatment of congestive heart failure. 

Odd-numbered AV conduction ratios (1:1, 3:1, etc.J are rare. Figure 17.14 presents an 
example of 1:1 conduction with both atrial and ventricular rates of about 250 beats per 
minute. Such abnormally rapid AV conduction is rarely possible unless an accessory path
way is present (see Chapter 7). In a patient with such conduction, the regular wide QRS 
complexes without obvious atrial activity often lead to an erroneous diagnosis of ventricu
lar tachycardia (see Chapter 19). 

366 SECTION Ill: Abnormal Rhythms 



FIGURE 1 7 . 1 5 . A two-channel rhythm strip (II and V1) from a woman with chronic obstructive 
lung disease. 

Figure 17.15 presents atrial flutter with the rare 3:1 AV ratio. The diagnosis is obvious 
in lead II, but the recording in lead V1 has the appearance of sinus tachycardia. Instead of 
one P wave, there are three F waves during each cardiac cycle. The first F wave mimics 
a P wave, the second is obscured by the QRS complex, and the third appears as a peak in 
the Twave. 
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FIGuRE 17. 16. Leads Vl and 1I (L2) rhythm strips from a patient who presented to the emer
gency departtnent with weakness and a feeling of his "heart fluttering" (A) and after ~-adrenergic
blocking treatment was begun (B). No atrial activity is visible in A, but arrows indicate the locations 
of the F waves in B. The ladder diagram beneath the rhythm strip in B illustrates 2:1 conduction in 
level 1 of the AV node and 3:2 conjunction in level 2. The size of the diagram has been increased to 
approximately twice that of the rhythm strip in B to enhance clarity. 

An interesting feature of atrial flutter is the variety of conduction patterns that may 
develop because of the intezplay at various levels within the AV node.6 These may produce a 
regularly irregular ventricular rhythm with a bigeminal pattern. Although all of the atrial im
pulses enter the AV node, as indicated by the ladder diagram, only two of every three reach 
the ventricles. A supraventricular tachyarrhythmia (Fig. 17.16A) is proven to be atrial flutter 
with a 2:1 AV conduction ratio by pharmacologic sympathetic blockade (see Fig. 17.16B). 
The intervention causes a second level of block within the node. The regularly irregular 
ventricular rhythm has six F waves for every two QRS complexes (6:2 AV conduction ratio). 

3&8 SECTION Ill: Abnormal Rhythms 



B 

FIGURE 1 7. 17. A QRS complex with RSR' configuration in lead MCL1 in A is due to right
bundle-branch block and that in lead V1 in B is due to an escape focus in the left bundle branch. 
Arrows in A indicate constant F-to-QRS interval intervals and in B indicate varying intervals. 

Conduction ratios of~ 6:1 are sometimes produced when atrial flutter is accompanied 
by an AV nodal conduction abnormality (Fig. 17.17). In this situation, it may be diffi
cult to distinguish between some AV conduction (termed "second-degree block") and no 
A V conduction (termed 11third-degree block"; see Chapter 22). Some AV conduction may be 
assumed when, as in Figure 17.17 A, a constant ventricular rate (RR intervals) is accompa
nied by a constant relationship between atria and ventricles (FR intervals). In contrast, the 
rhythm strip shown in Figure 17 .17B presents an example of atrial flutter with complete 
(third-degree) AV block, as indicated by constant RR intervals accompanied by varying 
FR intervals. 

FIGURE 1 7 . 18. Lead II rhythm strips from an elderly man receiving chronic digitalis therapy 
for heart failure before Oanuary 31) and 1 day after quinidine therapy was begun in an attempt to 
convert the patient's cardiac rhythm to sinus rhythm. 

The atrial rate in the flutter/fibrillation spectrum may be greatly influenced by drugs. The 
rate may be accelerated by digitalis and decelerated by quinidine, procainamide I class lA), 
and flecainide I class I C). In Figure 17.18, the top strip was taken on a day when the patient 
was receiving digitalis alone. The bottom strip was obtained 1 day later, 24 hours after 
quinidine was begun. The atrial rate slowed from 270 to 224 beats per minute, but the ven
tricular rate increased from 96 to 108 beats per minute. This inverse relationship between 
atrial and ventricular rates (see Fig. 17. 7) occurs because the more beats that enter the 
AV node, the fewer are able to completely traverse it and reach the ventricles. 
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ATRIAL FIBRILLATION 

Atrial fibrillation may complicate any cardiac disease and is sometimes seen in the 
absence of any apparent cardiac disease (lone fibrillation). 8 The five most common condi
tions that produce atrial fibrillation are9•

10
: 

1. Rheumatic heart disease (typically mitral stenosis); 
2. Ischemic heart disease; 
3. Hypertensive heart disease; 
4. Heart failure of any cause; and 
5. Thyrotoxicosis. 

Advancing age and increased left-atrial size are also related to the development of atrial 
fibrillation. 11•12 Chronic atrial fibrillation in the elderly often conceals an underlying sick 
sinus node, and such patients may have postmortem evidence of narrowing of the sinus 
node artery with atrophy of the sinus node cells. 13 It is not known whether dysfunction of 
the sinus node leads to the atrial fibrillation, or whether disuse of the sinus node during 
chronic atrial fibrillation leads to its dysfunction. 

Chronic atrial fibrillation, unless therapeutically terminated, usually lasts for life. 
However, it may occasionally revert to sinus rhythm after surgical replacement of a stenotic 
mitral valve.14 Atrial fibrillation appears during two stages of ischemic heart disease: acute 
myocardial infarction and chronic heart failure. 
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CHARACTERISTICS OF THE fWAVES 
OF ATRIAL FIBRILLATION 
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FIGURE 17.19. A-C. Lead V1 rhythm strips from three patients with atrial fibrillation. Arrows 
indicate the hidden QRS complexes in A. 

Abi.al fibrillation is recognized by irregular undulation of the ECG baseline, with 
an irregularly irregular ventricular rhythm. The undulation may be gross and distinct 
(Fig. 17.19A), intermediate in form (see Fig. 17.19B}, or barely perceptible (see Fig. 17.19C). 
For descriptive purposes, the fibrillation may be coarse, medium, or fine, respectively. 
Although the size of the f waves in atrial fibrillation has not been found to correlate with 
the size of the atria or the type of the heart disease, 15 large f waves are unlikely to occur in 
the presence of a normal-sized left atrium. 16 
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FIGURE 1 7. 2 0. Twelve-lead ECGs from a patient with a previous anterior myocardial infarction 
(A) and a 57-year-old woman with chronic obstructive pulmonary disease (B). 

When there is no recognizable deflection of the baseline, atrial fibrillation may be 
inferred from an irregularly irregular ventricular rhythm (Fig. 17.20A). In fine fibrillation, 
some baseline undulation may be present in leads Vl to V3 (see Fig. 17.20B). 
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PATTERNS OF ATRIOVENTRICULAR CONDUCTION 

FIGURE 1 7. 21. A and B. Lead V1 rhythm strips from two patients with atrial fibrillation. 
Arrows indicate irregularly irregular ventricular rhythm. 

The ventricular rate during atrial fibrillation is variable. If the AV node is normal and 
its conduction has not been suppressed by digitalis, a J3-adrenergic receptor blocker, or 
a calcium antagonist, rates as high as 200 beats per minute may develop (Fig. 17.21A). 
However, if the AV node is diseased or markedly suppressed by drugs, the ventricular rate 
may be markedly reduced (see Fig. 17.21B). 

Unlike the slower, more orderly atrial flutter, atrial fibrillation is not capable of producing 
a regular ventricular rhythm. Therefore, when both atrial fibrillation and a regular 
ventricular rhythm coexist, they are independent of each other. Such AV dissociation may 
occur for two reasons: 

1. There is excessive AV block, which creates the need for emergence of impulse 
formation from a site in the ventricular Purkinje system (see Chapter 22). 

2. There is normal AV conduction, but interference has developed from enhanced 
automaticity in the ventricular Purkinje system (see Chapter 16). 
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F I G U R E 1 7 . 2 2 . Lead Vl rhythm strips from three patients with a trial fibrillation. Arrows 
indicate regular ventricular rhythms. 

In Figure 17.22, the ventricular rhythm is regular and the rate varies from accelerated (65 
beats per minute; see Fig. 17.22A) to within the typical escape range ISO beats per minute; 
see Fig. 17.22B} to a rate in the slow escape range (40 beats per minute; see Fig. 17.22C}. 
The proper terminology for each of these conditions would be atrial fibrillation with (a) A V 
dissociation owing to high-degree AV block and accelerated junctional rhythm {AJR; see 
Fig. 17.22A}, (b) complete AV block with right-ventricular escape rhythm (see Fig. 17 .22B), 
and (c) complete A V block with left-ventricular escape rhythm {see Fig. 17 .22C). At times, 
the escape site may be below the branching of the common bundle, producing a widened 
QRS complex. 

Whenever atrial fibrillation is accompanied by a regular ventricular rate and the patient 
is receiving digitalis, one should consider the possibility of digitalis toxicity. 17 Additional 
digitalis could cause acceleration of the junctional or ventricular rhythm, producing an AJR 
or accelerated ventricular rhythm (A VR; see Chapter 16). In this situation, the atrial fibril
lation is accompanied by a regular ventricular rhythm at an accelerated rate. The proper 
terminology would be •atrial fibrillation with AV dissociation due to AJR or A VR.• 
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ATRIAL FLUTTER/FIBRILLATION WITH 
VENTRICULAR PRE EXCITATION 

A 

B 
FIGURE 17.2 3. ECG recordings from two teenage patients evaluated in the emergency 
department with complaints of palpitations and weakness. A previous ECG during sinus rhythm 
(A) documented ventricular preexcitation (leads 2, V1, and V4). Leads II (2) and V4 rhythm strips 
in A and lead I rhythm strips in B document the rapid, irregularly irregular wide QRS tachycardias. 
Note the marked slowing of the ventricular rate following lidocaine administration in B. 

Normally, the AV node is the only electrical pathway connecting the atria and the ventri
cles. However, as discussed in Chapter 7, some individuals have the congenital abnormality 
of an accessory AV conduction pathway (bundle of Kent). Because this pathway is composed 
of myocardial cells, these individuals have a bypass of the A V nodal protection that is so 
important when atrial flutter/fibrillation occurs. The normal inverse relationship between 
the atrial and ventricular rates illustrated in Figure 17.7 is lost. Instead, the pre-excitation 
pathway permits a direct relationship between the two rates and thereby allows for particu
larly rapid ventricular rates at the fibrillation end of the spectrum. The refractory period of 
the accessory pathway determines the ventricular rate, and rates as high as 300 beats per 
minute may occur (Fig. 17.23A, B).18

•
19 There is a serious risk of ventricular fibrillation, either 

because the impulse arrives during the vulnerable phase of the ventricular cycle or because 
the rapid ventricular rate causes such a low cardiac output and causes myocardial ischemia. 
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It can be extremely difficult, and sometimes impossible, to differentiate atrial flutter/ 
fibrillation with preexcitation from a ventricular tachycardia. At the flutter end of the spec
trum, there is often a 1:1 AV ratio and a regular ventricular rhythm (see Figs. 17.14 and 
17.23A, B, top). Intermittent irregularity or normal-appearing QRS complexes (second strip 
in Fig. 17.23B) also indicate atrial flutter. With fibrillation, there is a <1:1 ratio accompa
nied by an irregular ventricular rhythm (bottom two strips in Fig. 17.23A). Throughout 
the atrial flutter/fibrillation spectrum, a slow QRS upstroke may indicate the delta wave 
of ventricular preexcitation. When atrial fibrillation and ventricular preexcitation coexist: 

1. The ventricular cycle length may be as short as 0.20 second, the equivalent of a 
rate of 300 beats per minute (see Fig. 17.23A, B, top rhythm strips). 

2. Some ventricular cycles may be more than twice as long as the shortest cycles 
(bottom two rhythm strips in Fig. 17.23A). 

This latter variation of > 100% in cycle length represents an extremely unusual degree of 
irregularity in a reentrant ventricular tachycardia (see Chapter 19). 

Failure to recognize the presence of a preexcitation pathway in the presence of atrial 
fibrillation may lead to a serious therapeutic error. This is because digitalis has the oppo
site effect on the ventricular rate when a preexcitation pathway is present than when only 
the AV node is available for conduction. When atrial fibrillation is present, the ventricular 
rate is determined by the length of the refractory period of the AV conduction pathway. 
As noted, digitalis prolongs the refractory period of the A V node. However, as discussed in 
Chapter 13, digitalis shortens the refractory period of myocardial cells. As a result, digitalis 
can paradoxically increase the ventricular rate and induce ventricular fibrillation when a 
preexcitation pathway is present. 20 
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GLOSSARY 

Atrial fibrillation: the tachyarrhythmia at the 
rapid end of the flutter/fibrillation spectrum; 
it is produced by macro-re-entry within mul
tiple circuits in the atria and is characterized 
by irregular multiform f waves. 

Atrial flutter: the tachyarrhythmia at the slow 
end of the flutter/fibrillation spectrum; it is 
produced by macro-re-entry within a single 
circuit in the atria and is characterized by 
regular uniform F waves. 

Atrial flutter-fibrillation: the tachyarrhyth
mia in the middle of the flutter/fibrillation 
spectrum; it has some aspects of flutter and 
some of fibrillation. 

Atrial flutter/fibrillation spectrum: a range 
of tachyarrhythmias caused by macro-re
entry in the atria and which extends from 
flutter, with an atrial rate of 200 beats per 
minute, through flutter-fibrillation and 
coarse fibrillation to fine fibrillation with
out atrial activity detectable on the body 
surface. 

Calcium antagonist: a drug that diminishes 
calcium entry into cells and slows conduc
tion through the AV node. 

Coarse fibrillation: fibrillation marked by 
prominent f waves in some of the ECG leads. 

Concealed conduction: nonconducted atrial 
impulses that depolarize part of the A V node 
and thereby make it refractory to following 
impulses. 
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INTRODUCTION TO REENTRANT JUNCTIONAL 
TACHYARRHYTHMIAS 

A A B C C C 

FIGURE 18. 1 . Formation and conduction of the cardiac impulse during sinus rhythm (A) and an 
APB (B) and impulse conduction through the various parts of the heart during a sustained tachyarrhythmia 
(C) are shown anatomically (top) and electrocardiographically (bottom). The P waves are designated asP in 
sinus rhythm, as P' during the R)T, and as ~for the APB that initiates the RJT. Sites of impulse formation 
are indicated by x, the directions of impulse conduction by arrows, the AV node by an open channel at the 
summit of the venoicular septum, the Kent bundle by an open channel between the right aoium and ven
tricle, and persistent refractoriness in the ventricles and Kent bundle by stipp!tng. (Modified from Wagner 
GS, Waugh RA, Ramo BW. Cardiac Arrhythmias. New York, NY: Churchillllvingstone; 1983:13, with permis
sion.) See Animation 18.1. 

The reentrant junctional tachyarrhythmias IRJTs) usually occur in young people without 
underlying heart disease. An alternative term for 11reentrant RJT• is 11reciprocating RJT. • If 
conduction proceeds homogeneously, there can only be entry into the structures ahead and 
no reentry into structures behind. However, the presence of nonhomogeneous conduction 
leads to reentry from the distal end of one pathway into the distal end of another pathway. 

Reentry in the atrioventricular (A V) junction can occur entirely within the A V node when 
differences in refractoriness cause nonhomogeneous conduction or when an accessory AV path
way provides a site for reentry from the ventricles back to the atria as illustrated in Figure 18.1. 

Reentry within the AV junction can result in a single junctional premature beat or in 
sustained RJT (see Fig. 18.1C). These tachyarrhythmias may be more difficult to under
stand and identify than those originating in the atria and ventricles because the A V junc
tion is not represented by any waveform in the ECG. 

In the normal heart, the only electrically conducting structures of the junction between the 
atria and ventricles are the AV node and the common (His) bundle. However, congenitally 
anomalous accessory AV (Kent) bundles, either located centrally in the region of the AV node 
and His bundle or peripherally, may serve as part of the circuit of RjTs. Usually, the accessory 
pathway is identified by ECG evidence of ventricular preexcitation during sinus rhythm (see 

• 

Chapter 7). The combination of ventricular pre-excitation and RJT is called the 
Wolff-Wolff-Parkinson-White syndrome (see Chapter 7; Fig. 18.1).1 The younger 
the individual with RJT, the more likely that an accessory AV conduction path
way is present. The definitions of the P, P', and P" symbols appearing in Figure 

Animation 18.1 18.1 are presented in Table 18.1. 
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Variations in Accessory Pathway Conduction 

Table 18.1. 

Characteristic Atrial Activity 

AIThythmia 

Sinus tachycardia 

Ectopic atrial tachycardia 

Atrial flutter 

R]Ts 

Atrial Activity 

Discrete anterograde P waves 

Discrete modified P waves 

Regular undulating waves 

Discrete retrograde P waves 

R]T, re-entrant junctional tachyarrhythmias. 

Symbol 

p 

P'' 

F 

P' 

In most individuals, the accessory pathway is capable of conduction in both the antero
grade and retrograde directions. However, the accessory pathway may be capable of con
duction only in one direction, causing either ventricular preexcitation or RJT: 

1. H only anterograde conduction is possible along an accessory A V pathway, there 
is preexcitation during sinus rhythm. 

2. H only retrograde conduction is possible along an A V accessory pathway, there 
is no preexcitation during sinus rhythm but there is the potential for RJT. In this 
instance, a concealed {a3t AV-bypass pathway is present. 
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Natural History of the Reentrant junctional Tachyarrhythmias 
There have been several follow-up studies of children and young adults with RJT, both 

with and without evidence of ventricular preexcitation. 2•3 A high percentage of neonates 
with RJT have evidence of ventricular preexcitation, but many of these spontaneously 
lose their accessory pathway during the first year of life. Some lose only the capability for 
anterograde conduction through their accessory A V pathway but retain the capability for 
retrograde conduction, as evident from recurrent episodes of RJT. There is a decreasing 
incidence of evidence of preexcitation among progressively older individuals with RJT. 

One study reported that 85% of adults with RJT did not have evidence of an accessory 
pathway and that those without accessory pathways were older than those with pathways 
(a mean of 55 versus 40).4 There was also a much higher incidence of underlying heart dis
ease in adults without accessory pathways (50% versus 10%). 

Terms That Characterize the Reentrant junctional Tachyarrhythmias 
Many different terms used to characterize an RJT fall into three categories: 

1. Those that apply to the clinical behavior of the RJT: paroxysmal, persistent, per
manent, incessant, sustained, nonsustained, chronic, relapsing, and repetitive; 

2. Those that describe the site of origin of the RJT: supraventricular, atrial, AV nodal, 
AV bypass, and junctional; and 

3. Those that describe the mechanism of the RJT: reentrant, reciprocating, circus 
movement, slow-fast, fast-slow, orthodromic, and antidromic. 
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VARIETIES OF REENTRANT JUNCTIONAL 
TACHYARRHYTHMIAS 

Reentrant Junctional Tachyarrhythmias (RJT) 

AV-Nodal Tachycardia (AVNT) 

Orthodromic Antidromic ,, 

{~ 
' 

FIGURE 18. 2. The typical forms of the three varieties of RJT are illustrated. Arrows indicate the 
direction of conduction and dashed versus solid lines indicate the speeds of conduction in the AV node 
(slow} and myocardiwn (fast). The .i symbol indicates blocked conduction. See Animation 18.2. 

The mechanism that produces RJT may be either micro-re-entry occurring totally 
within the A V node (A V nodD.l tachycardia; Fig. 18.2A) or macro-re-entry involving one 
atrium, an accessory pathway, one ventricle, and the AV node (A V-bypass tachycardia; 
see Fig. 18.2B). The AV node is the slowest conducting structure with the longest refrac
tory period in the heart. If an impulse entering from the atria encounters a part of the 
node that has not yet completed its refractory phase, the condition for A V nodal reentry 
occurs as shown in Figure 18.2A and may lead to either single premature atrial contrac
tions or to AV nodal tachycardia. The presence of an accessory AV conduction pathway 
creates the potential for the development of re-entry circuits in which the impulses travel 
in either the normal or reverse direction through the A V node and ventricular Purkinje 
system. Although its re-entry circuit also includes atrial and ventricular myocardium, 
AV-bypass tachycardia is included as an RJT because its existence depends on the pres
ence of a congenital anomaly in the junction between the atria and ventricles. The term 
orthodromic (A V-bypass) tachycardia is used when the impulse proceeds in the normal 
direction, and the term antidromic (A V-bypass) tachycardia is used when the impulse pro
ceeds in the reverse direction. (This reverse impulse direction results from a premature 
beat that occurs in close proximity to the A V node and therefore finds the node still in 
its refractory phase.) The AV node also must be far away from the accessory pathway as 
seen with the left-side pathway. A concealed A V-bypass pathway is capable only of partici
pating in an orthodromic tachycardia . 

• 
. 

-

Animation 18.2 
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CONDUCTION THROUGH THE ATRIA AND VENTRICLES 

c 

p 

FIGuRE 18. 3. The same format as in Figure 18.1 is used to present the relationships between 
intracardiac impulse conduction and the surface ECG during sinus rhythm (A). AV nodal reentrant 
tachycardia (B). orthodromic AV-bypass tachycardia (C), and antidromic AV-bypass tachycardia 
(D). The circle above the summit of the interventricular septum represents the AV node, and the 
small circle within this larger circle in B represents the micro-re-entry circuit shown in Figure 18.2A. 
See Animation 18.3. 

Because the A V junction is distal to the atria, RJT produces retrograde atrial activation 
(P') resulting in inversion of the P waves in the ECG (see Fig. 18.1). The P' waves are there
fore negative in the limb leads (e.g., lead II). 

Two of the varieties of RJT-AV nodal tachycardia (Fig. 18.3B) and orthodromic AV
bypass tachycardia (see Fig. 18.3C)-produce anterograde ventricular activation that can 
result in normal-appearing QRS complexes, and these two varieties of RJT are therefore 
considered supraventricular tachyarrhythmias. Like all supraventricular tachyarrhyth
mias, however, an RJT can result in abnormal QRS complexes if it encounters "aberrant 
conduction" within the bundle branches or fascicles. Conversely, antidromic AV-bypass 
tachycardia can produce only abnormal Q;RS complexes because the impulses have "aber
rant conduction" to the ventricles via the accessory pathway (see Fig. 18.3D). Note the 
normal P-wave appearance and timing in Figure 18.3A, the absence of a P' wave because 
atrial activation occurs during the Q.RS complex in Figure 18.3B, the inverted P' wave im
mediately following the QRS complex in Figure 18.3C, and the inverted P' wave following 
the wide QRS complex in Figure 18.3D . 

• 
. 

. 

Animation 18.3 
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DIFFERENTIATION FROM OTHER TACHYARRHYTHMIAS 

m 

tltltltlti!HHHIIIiHilllilll:lllillliH:IIItltltltltltltHIHIIIiHillliiiHIIillliH:IIItlliiHIIIiii!HiillliiHHiHJitltltltltltlli:HIHIIIiii!HiillliiHIIIiiiH!tltltHIHII!Hiilllill:l: 
FIGURE 18.4. Twelve-lead ECG recording from a 20-year-old woman who presented to the 
emergency department with a sudden onset of weakness and palpitations. 

When the QRS complex is normal, RJT superficially resembles sinus tachycardia, ec
topic atrial tachycardia, and flutter (with a 2:1 AV conduction ratio). H atrial activity is 
visible in the BCG, its appearance should be diagnostic because it differs markedly in RJT, 
sinus tachycardia, ectopic atrial tachycardia, and flutter (Table 18.1). 

However, there may be no visible atrial activity in any of the ECG leads, as in the exam
ple shown in Figure 18.4. The ventricular rate may also be diagnostically helpful because 
sinus tachycardia rarely exceeds 150 beats per minute in a nonexercising adult, whereas 
RJT almost always exceeds this rate (about 155 beats per minute in Fig. 18.4). 
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FIGURE 18. 5. A three-lead rhytlun strip from the patient in Figure 18.4 during spontaneous 
tennination of the tachyarrhythmia. 

Observance of the onset or termination should differentiate sinus tachycardia from RJT 
because the enhanced automaticity of sinus tachycardia gradually accelerates and deceler
ates in contrast with the abrupt behavior of reentrant tachyarrhythmias. This characteris
tic, however, does not differentiate RJT from ectopic atrial tachycardia or flutter with 2:1 
AV conduction because the ventricular rates in these arrhythmias are similar. Further olr 
servation of the rhythm may, however, help in differentiating these three arrhythmias be
cause the 2:1 conduction pattern of ectopic atrial tachycardia or flutter tends to be unstable 
with variable AV block, thereby providing a clear view of the P" or F waves. However, no 
differentiating features among ectopic atrial tachycardia, atrial flutter with 2:1 conduction 
and RJT may be apparent even on a 12-lead BCG, as shown in Figure 18.4. Figure 18.5 
illustrates typical abrupt termination of an RJT. Note, however, that there may be slight 
slowing of the tachyarrhythmia just before the abrupt termination. The period of asystole 
following termination of the reentry is quickly ended by reemergence of the normal sino
atrial node pacemaker. In this instance, an escape pacemaker also emerges so that the ini
tial Q.RS complex after the RJT is a fusion beat. This coincidental occurrence masquerades 
as ventricular preexcitation, but the subsequent sinus beats have no delta wave. 
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FIGURE 18. 6. Lead Vl rhythm strips from three patients with various supraventricular 
tachyarrhythmias. All three appear as undifferentiated SVT at the left and then differentiated as a 
particular entity at the right. Arrows above the rhythm strips indicate the onset of carotid sinus mas
sage in these typical examples of the responses of paroxysmal atrial tachycardia (A), atrial flutter 
(B), and RJT (C). 

When an arrhythmia fails to terminate spontaneously, a vagal maneuver may provide 
the differential diagnosis. A classic review by Lown and Levine5 provides a comprehensive 
review of the techniques for safely and effectively performing this intervention. The typi
cal responses of paroxysmal atrial tachycardia, atrial flutter, and RJT to vagal maneuvers 
are presented in Figure 18.6. All three tachyarrhythmias have a supraventricular appear
ance (Q;RS complex duration <0.12 second), with atrial activity either apparent after the 
T waves (see Fig. 18.6A, B) or absent (see Fig. 18.6C). The paroxysmal atrial tachycardia (see 
Fig. 18.6A) and the atrial flutter (see Fig. 18.6B) are unaffected by the maneuver, but the di
agnosis is provided by the increased AV nodal block. The abrupt termination of the arrhyth
mia seen in Figure 18.6C is a typical response of RJT. The increase in parasympathetic activ
ity terminates RJT by prolonging the A V nodal refractory period, thereby eJjmjnating the 
receptive pathway for the recycling impulse. When the arrhythmia fails to respond to the 
parasympathetic stimulation, the diagnosis remains uncertain; a pharmacologic interven
tion with adenosine, intravenous (IV) 13-blockers, or IV calcium antagonists may be used. 

When the QRS complex. is abnormal because of aberrant conduction via the accessory 
pathway in antidromic AV-bypass tachycardia or via the Purkinje system in either ortho
dromic AV-bypass tachycardia or AV nodal tachycardia, the differential diagnosis becomes 
more difficult because ventricular tachycardia must also be considered. Clues to this dif
ferentiation are presented in Chapters 19 and 20. 
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DIFFERENTIATION BETWEEN AV NODAL AND AV-BYPASS 
TACHYCARDIAS 

A Normal QAS with no visible P'wave 

B P1wave following normal QRS 

C p' weNe preceding normal or abnormal QAS 

AVNODAL AV BYPASS with 
ORTHODROMIC 
CONDUCTION 

AV BYPASS with 
ANTIDROMIC 
CONDUCTION 

FIGURE 18. 7. The three P wave to QRS complex relationships are illustrated as they occur dur
ing the three re-entrant junctional tachycardias. 

The differentiation between AV nodal and AV -bypass tachycardias becomes most im
portant when the arrhythmia is resistant to conservative treatment and catheter ablation 
is being considered. The diagnosis of antidromic AV-bypass tachycardia is made obvious 
by the presence of delta waves at the onset of the QRS complexes in the ECG, because the 
impulses causing this type of tachycardia enter the ventricles via the accessory pathway, as 
illustrated by the slow QRS upstroke in Figure 18.7C. 

The relationship of the P wave to the QRS complex is helpful in distinguishing AV nodal 
from orthodromic AV-bypass tachycardia. Because the micro-re-entry circuit of AV nodal 
tachycardia is contained within the AV node, the P waves and QRS complexes must occur 
either completely or almost simultaneously. Among the AV nodal tachycardias, about two 
thirds have no visible P waves (see Fig. 18.7A), one third have P' following the QRS (see 
Fig. 18. 7B), and only a very few have P' waves preceding the QRS complex (see Fig. 18. 7C). 
Because the macro-re-entry circuit in orthodromic AV-bypass tachycardia includes both an 
atrium and a ventricle, the P waves and QRS complexes cannot occur simultaneously, and 
because of the direction of the re-entry circuit, the P wave cannot immediately precede the 
QRS complex. Therefore, differentiation between AV nodal tachycardia and orthodromic 
AV-bypass tachycardia is only difficult when P waves immediately follow the QRS com
plexes (see Fig. 18.7B). However, the retrograde P wave in AV nodal tachycardia typically 
appears as a "pseudo-S waveH of the QRS complex in leads II, III, and aVF or pseudo-R' 
wave in lead Vl. In contrast, the normal QRS complex and the retrograde P wave in ortho
dromic AV-bypass tachycardia (see Fig. 18.7B) and the retrograde P wave and abnormal 
QRS complex in antidromic AV bypass tachycardia (see Fig. 18. 7C) are identified. 
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FIGURE 18.8. A standard 12-lead ECG in a patient with symptomatic RJT and left-sided 
preexcitation. 

The differentiation between A V nodal tachycardia and orthodromic A V-bypass tachy
cardia is more challenging. Orthodromic AV-bypass tachycardia may be assumed when 
there has been preexcitation during sinus rhythm (see Fig. 18.1A). However, the accessory 
pathway may be concealed during sinus rhythm if the bypass pathway is incapable of an
terograde conduction. The diagnosis of orthodromic AV-bypass tachycardia is facilitated by 
observing the following characteristics, which are uniquely present because of the location 
of the macro-re-entry circuit6: 

1. A negative P wave in leads I and aVL, which suggests that both the left atrium and a 
left-sided accessory pathway are components of a rcuit8 (Fig. 18.8). 

FIGuRE 18. 9. Lead II ECG of a patient before ablation of left lateral pathway. 

2. A sudden decrease in the rate of the tachycardia coincident with the development 
of aberrant conduction. This suggests that both the bundle branch in which the 
aberrancy has occurred and an accessory pathway on the same side of the heart are 
components of a macro-re-entry circuit (Fig. 18.9). The first two atrial-paced beats 
produce ventricular preexcitation. The paced atrial premature beat causes RJT with 
left-bundle-branch block morphology. The end of the recording shows normaliza
tion of the QRS complex. 
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FIGURE 18. 1 0. The contrasting P-wave-to-QRS-complex relationships during the three variet
ies of AV nodal tachycardia, presented in the same order as in Figure 18.7 (A-C), and the P-wave-to
QRS-complex relationship in orthodromic AV-bypass tachycardia (D). Arrows indicate the retrograde 
P waves appearing as pseudo-S waves (B), pseudo-Q waves (C), and notched T waves (D). 

Figure 18.10 presents examples of the three varieties of the relationship between the 
P wave and QRS complex in AV nodal tachycardia (see Fig. 18.10A-C) and the typical 
relationship of the P' wave and QRS complex in orthodromic AV-bypass tachycardia (see 
Fig. 18.100}. Lead II rhythm strips have been selected for illustrating these examples be
cause this frontal plane view provides the inverted appearance of the retrogradely con
ducted atrial activation (P' waves). Note that these P' waves could be mistaken for either 
the S wave (see Fig. 18.10B) or Q wave (see Fig. 18. 10C) of the QRS complex. 

390 SECTION Ill: Abnormal Rhythms 



FIGuRE 18. 11. A three-lead ECG rhythm strip during sinus rhythm and the abrupt onset of 
orthodromic AV-bypass tachycardia. Arrows indicate the retrograde P waves visible in lead II. 

Because of the decreased duration of the QT interval during a tachyarrhythmia 
(see Chapter 3}, the following retrograde P wave may be concealed in the T wave during 
orthodromic AV-bypass tachycardia (Fig. 18.11). The multiple views provided by simul
taneous ECG leads may be required for recognition of the P waves when they occur si
multaneously with the T waves. In Figure 18.11, the diagnosis of orthodromic AV-bypass 
tachycardia is clearly established by the presence of delta waves during the baseline sinus 
rhythm, and abrupt onset of the arrhythmia initiated by an inverted P wave in lead VS. 
However, of the three leads presented, the P waves during the tachycardia are clearly 
visible only in lead II. 
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THE TWO VARIETIES OF AV NODAL TACHYCARDIA 

Typical AV Nodal Tachycardia (Slow-Fast) 

FIGURE 18. 12. Continuous recording in lead II of a 52-year-old woman before slow pathway 
ablation. Typical AV nodal RT with no visible P wave (hidden by the QRS). APB (arrow) unmasks 
the slow pathway (prolonged PR) and initiates the RT. PVB (arrow) terminates the tachycardia by a 
concealed penetration of the AV node. 

The typical form of AV nodal tachycardia, sometimes termed «slow-fast," is common in 
adults. It may be congenital but more often results either from diseases or drugs that im
pair A V nodal conduction. The A V nodal reentry is usually initiated by an APB associated 
with a prolonged PR interval (Fig. 18.12). The premature impulse finds the faster pathway 
still refractory but the slower pathway available for its conduction to the ventricles. By the 
time the impulse reaches the distal AV node, the fast pathway has completed its refractory 
period and reentry is possible. This process may result in a single junctional premature 
beat (an echo beat) or in slow-fast Av nodal tachycardia. The retrograde P wave is often hid
den by the QRS complex because activation of the atria occurs via the fast pathway at the 
same time that activation of the ventricles occurs via the Purkinje system. The P' wave is 
either invisible, as in Figure 18.7A, or is seen just emerging from the terminal part of the 
QRS complex, as in Figure 18.7B and Figure 18.12. 
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Atypical AV Nodal Tachycardia (Fast-Slow) 
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FIGURE 18. 13. A standard 12-lead ECG from a young woman with a long history of paroxysmal 
tachycardia. 

The atypical form of AV nodal tachycardia is sometimes referred to as ufast-slow" AV 
nodal tachycardia, as presented in Figure 18.13. This form is extremely rare in children 
and adults. Because it occurs only intermittently, it is not associated with tachycardia
induced cardiomyopathy. 
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THE THREE VARIETIES OF AV-BYPASS TACHYCARDIA 

Orthodromic 

FIGuRE 18.14. Typical (slow-fast) (A) and atypical (slow-slow) (B) onhodromic AV-bypass 
tachycardia. ATTOws indicate the direction of conduction and dashes indicate similarly slow speed 
through the AV node in A and B and also through the accessory pathway in B. See Animation 18.4. 

The typical form of orthodromic AV-bypass tachycardia has been previously presented in 
Figure 18.2. The retrograde (ventriculoatrial [VA]) conduction via the accessory pathway is 
much more rapid than the anterograde (A V) conductions, as would be expected for myocar
dial versus AV nodal tissue. However/ there is an atypical form in which the retrograde con
duction is much slower because the accessory pathway has AV nodal-like function. The typ
ical form could be termed slow-fast1 and the atypical form termed "slow-slow" (Fig. 18.14). 

The atypical form of orthodromic AV bypass tachycardia was first described by 
Coumel et al9 and is currently known as "permanent11 R]T.10•11 The majority of these acces
sory pathways are localized in the right posterior septum zone near the orifice of the coro
nary sinus. Patients with the permanent form of RJT, mostly children, are at risk of develop
ing tachycardia-induced cardiomyopathy. This atypical form of AV-bypass tachycardia must 
be differentiated from A V nodal tachycardia by intracavitary electrophysiologic studies. 

Animation 18.4 
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FIGURE 18. 1 5. The 12-lead ECG of a patient admitted for near-syncope episode. 

The hallmarks of the 12-lead ECG include an inverted, wide P wave (P') in leads II, Ill, 
and aVF in the frontal plane and in leads V2 through V6 in the transverse plane (Fig. 18.15). 
These P' waves are wide and negative because the accessory pathway delivers the retro
grade conduction initially into the right atrium. 

This tachycardia must be differentiated from ectopic atrial tachycardia either by using 
pharmacologic or vagal intervention or by observing a period when the tachycardia tem
porarily interrupts. 

A 

B 
FIGURE 18.16. A. An infant with permanent RJT and congestive heart failure. Note the end 
of the episode (arrow} with retrograde P wave (P') and the begirming of another episode without PR 
prolongation (arrow}. B. A patient with permanent RJT prior to right-side atrial posteroseptal ablation 
above the coronary sinus. 

Permanent RJT initiation is commonly related to critical shortening of the atrial cycle 
length without following prolongation of AV conduction, as shown in Figure 18.16. This 
permanent RJT ends with a retrograde P wave (P') ruling out ectopic atrial tachycardia. 
Most often, however, termination of permanent RJT is associated with a block in the 
slowly conducting accessory pathway, as seen in Figure 18.16B. 
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Antidromic 

1 

\ 
FIGuRE 18. 1 7. Continuous two-lead {V1 and II) rhythm strips from a patient with pre
excitation who developed a wide QRS complex tachycardia (top) that could have been ectopic atrial 
tachycardia with 1:1 conduction, or antidromic AV-bypass tachycardia. Arrows indicate delta waves 
present before, during, and after the tachycardia. Asterisks indicate abnormally appearing P waves 
preceding each wide QRS complex. 

Figure 18.17 shows the sudden onset and offset of a wide QRS tachyarrhythnria that is 
typical for antidromic AV-bypass tachycardia. The delta wave can be clearly seen during 
sinus rhythm. Then the premature P wave originates from a location with access to the 
Kent bundle, initiating orthodromic conduction around a reentry circuit that sequentially 
includes the ventricles, AV node, atria and Kent bundle. However, the tachycardia is not 
sustained, stopping abruptly after 24 cycles. Since there is no abnormal appearing P wave 
following the final wide QRS complex, it is most likely that the reason for the cessation is 
the encounter of refractoriness during retrograde conduction through the AV node. After 
an appropriate pause, sinus rhythm resumes. 
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GLOSSARY 

Antidromic tachycardia: an RJT of the 
AV-bypass variety produced by macro-re-entry 
in which the causative impulse recycles sequen
tially through an accessory AV-bypass pathway, 
a ventricle, the AV node, and an atrium. 

AV·bypass tachycardia: an RJT produced by 
macro-re-entry, which includes the AV node 
along with an atrium, a ventricle, and an 
accessory AV-bypass pathway. 

AV nodal tachycardia: an RJT produced by 
micro-re~ntry within the AV node. 

Concealed AV-bypass pathway: a Kent bun
dle that is capable only of VA conduction and 
is therefore incapable of producing ventricu
lar preexcitation. 

Echo beat: an APB produced by reentry within 
theAVnode. 

Fast-slow accessory pathway tachycardia: 
refers to the permanent (another term is 
"incessant• I form of reciprocating junctional 
tachycardia. 

Fast-slow AV nodal tachycardia: an RJT of the 
AV nodal variety produced by micro-re-entry 
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in which the impulse travels down the fast 
pathway and up the slow pathway. 

Orthodromic tachycardia: an RJT of the 
AV-bypass variety produced by macro-re
entry in which the impulse recycles sequen
tially through the AV node, a ventricle, an 
accessory AV-bypass pathway, and an atrium. 

Reentrant junctional tachyarrhythmias 
(RJTs): any of the tachyarrhythmias (RJTs) 
produced by continual recycling of an 
impulse through structures that are present 
either normally or abnormally between the 
atria and the ventricles. 

Retrograde atrial activation: spread of an 
activating impulse from the A V junction 
through the atrial myocardium and toward 
the sinoatrial node. 

Slow-fast AV nodal tachycardia: an RJT of 
the AV nodal variety produced by micro-re
entry in which the impulse travels down the 
slow pathway and up the fast pathway. 

Slow-slow AV-bypass tachycardia: the per
manent form of A V junctional tachycardia. 
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VARIETIES OF VENTRICULAR TACHY ARRHYTHMIAS 

THE VENTRICULAR TACHYARRHYTHMIAS 

/ I ""' ENHANCED 
AUTOMATIC! TY 

I 
ACCELERATED 
VENTR ICULAR 
RHYTHM 

MICRO -RE-ENTRY 

I 
VENTRICULAR 
TACHYCARDIA 

MACRO-RE-ENTRY 

I 
TORSADES AND 
VENTRICULAR FLUTIER/FIBRILLATION 

SANODE-~~~~~~4-~-4~-¥--~~--¥-~--~~~.--v--w-~ 

ATRIA
~~--~--~~~~~~-t--~~--~~~~--~~~~~~~ 

AV NODE
PURKINJE-~~~~~-¥~~~~~+-~--~~~t-~~~~~~~~ 

VENTRICLES-

FIGURE 1 9. 1. In the ladder diagrams, an X indicates the site of impulse formation, a vertical 
line indicates normal conduction through the atria or ventricles, a diagonal Hne indicates conduction 
through the AV node and conduction around a re-enuy circuit, and a short perpendicular line indicates 
the site of block. (Modified from Wagner GS, Waugh RA, Ramo BW. Cardiac Arrhythmias. New York, 
NY: Churchill Livingstone; 1983:189, with permission.) See also Figure 17.1 and Animations 17.1 to 
17.4, in Chapter 17: Reentrant Atrial Tachyarrhythmias--The Atrial Flutter/Fibrillation Spectrum. 

A ventricular tachyarrhythmia can result from enhanced automaticity in Purkinje cells 
(see Chapter 16) or from reentry occurring either in a localized area (micro-re-entry) or in 
a wider area of myocardium (macro-re-entry). •-s Only the most extremely accelerated ven
tricular rhythm (A VR) caused by enhanced automaticity can achieve a rate > 100 beats per 
minute and thereby actually qualify for the term 11tachyarrhythmia." Therefore, the great 
majority of the true ventricular tachyarrhythmias are caused by reentry (see Chapter 14). 

Figure 19.1 presents ladder diagrams that illustrate the mechanisms of the different ven
tricular tachyarrhythmias. The arrhythmia commonly called ventricular tachycardia (VT) 
is analogous to the atrioventricular (A V) nodal variety of junctional tachyarrhythmia {see 
Fig. 17.1) in that it originates from a re-entry circuit so small that it is not represented on 
the electrocardiogram (ECG). VT can be easily differentiated from A VR on the basis of 
rate (> 120 beats per minute versus <120 beats per minute, respectively). In contrast, the 
macro-re-entry mechanism of ventricular flutterl(i.brillo:tion is analogous to that of the atrial 
flutter/fibrillation spectrum presented in Chapter 17. This mechanism produces neither 
discrete QRS complexes nor T waves1 just as the atrial flutter/fibrillation mechanism pro
duces no discrete P waves. Torsades de pointes is an atypical form of reentrant ventricular 
tachyarrhythmia that is difficult to classify. In this chapter, torsades is considered a separate 
form of ventricular tachyarrhythmia rather than a variety of VT. There is no analogy to 
this tachyarrhythmia occurring in other parts of the heart. Torsades de pointes is probably 
caused by macro-re-entry: *macro-" because the ECG shows no discernible QRS complexes 
or T waves, and ~~re-entry" because the arrhythmia both appears and terminates abruptly . 

• •..•• ... · .,:· . . .. . . . . ~ 

Animation 17.1 Animation 17.2 Animation 17.3 Animation 17.4 

400 SECTION Ill: Abnormal Rhythms 



DESCRIPTION 

n aVL V2 vs 

Ill 
m aVF V3 V6 

FIGuRE 19. 2. A 12-lead ECG from a young girl with a viral myocarditis. Note that the QRS 
duration of the VT is slightly <0.12 second because of the patient's age. ATTOws indicate the P waves 
occurring without a fixed relationship to the QRS complexes. The P waves are clearly visible only in 
leads II, III, and Vt to V4. 

By definition, VT consists of at least three consecutive QRS complexes originating from 
the ventricles and recurring at a rapid rate (>120 beats per minute). Like other tachyar
rhythmias, VT is considered either nonsustained or sustained, depending on whether it 
persists for a specified time, as defined below. The rhythm of VT is either regular or only 
slightly irregular. 

In this chapter, the term ,.the ventricles" refers to any area distal to the branching of the 
common bundle (bundle of His) and includes both the Purkinje cells of the pacemaking 
and conduction system and the ventricular myocardial cells. The re-entry circuit in VT is 
confined to a localized region, and the remainder of the myocardium receives the electrical 
impulses, just as it would if they were originating from an automatic (pacemaking) focus 
(Fig. 19.2). The Q.RS complexes and T waves that appear on the ECG in VT are generated 
from the regions of ventricular myocardium not involved in the re-entry circuit. 
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ETIOLOGIES 

VT usually occurs as a complication of heart disease but may occasionally appear in 
otherwise healthy individuals. When VT occurs in healthy individuals, it may originate 
either from the right-ventricular outflow tract or the anterior or posterior fascicle of the 
left bundle branch.6- 13 VT originating from both of these regions can usually be "curedu by 
radiofrequency catheter ablation. 14 

VT is a major complication of ischemic heart disease, acutely during the early hours of 
myocardial infarction and chronically following a large infarction. VT may appear almost 
immediately after complete proximal obstruction of a major coronary artery when there is 
epicardial injury but not yet infarction. In this setting, VT tends to be unstable, often lead
ing to ventricular fibrillation. However, during the weeks to months after a large infarc
tion, a more stable form of VT may appear. These "arrhythmogenic infarctsu are typically 
large enough to decrease left-ventricular function and may have other typical anatomic 
characteristics. 15 One study has reported that in patients with a wide QRS complex tachyar
rhythmia, two aspects of the clinical history consistently predicted presence of VT. 

1. A previous myocardial infarction. 
2. No previous tachyarrhythmia. 

VT also occurs as a complication of various nonischemic cardiomyopathies,1 including 
the •idiopathic dilated," "hypertrophic obstructive," and "arrhythmogenic right-ventricular" 
forms. 

Many of the antiarrhythmic drugs also have proarrhythmic effects that are manifested 
either by VT or torsades de pointes. 1~>-18 Drugs that slow conduction !such as flecainide) 
may prolong the QRS complex and convert nonsustained VT into sustained VT; those that 
prolong recovery time !such as sotalolJ may prolong the QT interval and produce tors
ades de pointes !see Figure 19.16). VT is most likely to occur as a proarrhythmic effect in 
patients with poor ventricular function caused by ischemic heart disease. 3 
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DIAGNOSIS 

The diagnosis of VTs would be easy if the impulses causing all supraventricular 
tachyarrhythmias (SVTs) were conducted normally through the ventricles. However, 
aberrant conduction of supraventricular impulses because of either refractoriness in the 
bundle branches and fascicles or presence of an accessory pathway occurs frequently 
(see Chapter 20). The importance of differentiating VT from an SVT was emphasized in one 
study by the adverse responses of VT to the calcium channel-blocking drug verapamil. In 
this study, half of a group of patients were given verapamil because of an erroneous diag
nosis of SVT; as a result, many of these patients promptly deteriorated and some required 
resuscitation. 19 

It is also commonly believed that VT is associated with a greater alteration of hemody
namics than is SVT, but a study by Morady et al15 showed this to be a misconception. The 
main factors that determine a patient's tolerance to a tachyarrhythmia of any origin are the 
(a) ventricular rate, (b) size of the heart, (c) severity of the underlying clinical problem, and 
(d) associated conditions, such as drugs. 

With the advent of intracardiac recordings, it became possible to distinguish VT from 
SVT with bundle-branch block and to determine the site of origin of wide-complex tachy
cardia. This allowed confirmation of some oldero-zs and some more recently defined26- 31 

ECG criteria, and it has provided a basis for improving these criteria. Previously, both 
extremely prolonged QRS duration or extremely deviated frontal plane axis were consid
ered diagnostic of VT. However, because exceptions occur, it is now recommended to use 
a well-structured, systematic approach to wide QRS tachycardia in a stepwise manner. 

To ensure the diagnosis of VT using all available pertinent criteria, the nscan and zoom 
approach n is suggested. Scanning provides a global view of the 12-lead ECG in both frontal 
and transverse planes. Zooming provides specific inspection of QRS waveforms in leads 
such as Vl, V2, or V6. 
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Step 1: Scan the 12-Lead ECG for P Waues 
Atrioventricular Dissociation 

FIGURE 19.3. A 12-lead ECG from a young patient with a previous myocardial infarction 
and resultant ventricular aneurysm. Note the QRS duration is slightly <0.12 second because of 
the patient's age. Arrows indicate the P waves occurring without a fixed relationship to the QRS 
complexes. The P waves are dearly visible only in leads II, III, and V1 to V4. 

During VT, the atria may be associated with the ventricles via retrograde activation, or 
may be dissociated from the ventricles, with their own independent rhythm (usually sinus 
rhythm; Fig. 19.3). 

Because wide QRS complexes or T waves are occurring constantly in both of these situ
ations, the P waves are often lost in the barrage of rapid ventricular cycles. Sometimes, 
however, the P waves may be recognized as bumps or notches in the vicinity of T waves. 
One may look in lead Vl, where atrial activity tends to be most prominent, or in any lead 
with low amplitude or isoelectric QRS to improve accuracy. 

FIGURE 19.4. A 12-lead ECG from an elderly patient with a dilated cardiomyopathy. Arrows 
indicate consecutive P waves in lead II. 
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Figure 19.4 is an example in which the low Q.RS amplitude in lead II facilitates observation 
of P waves. Presence of A V dissociation is entirely specific but minimally sensitive because 
of difficulty in finding definitive P waves among the wide Q.RS complexes and T waves.31 

Intermittent Irregularity 

FIGuRE 19. 5. A three-lead rhythm strip from a 62-year-old man who presented with acute 
shottness of breath 2 months after an inferior-posterior myocardial infarction. Arrows indicate 
capture beats and asterisks indicate fusion beats. 

When the BCG waveform morphology of VT is consistent from beat to beat, the term 
monomorphic is applied. When an intermittent on-time narrowing of the Ql\5 complex 
occurs, the most likely cause is a breakthrough of conduction of the atrial rhythm to the 
ventricles. H the atrial breakthrough occurs during a QRS complex of the VT, the result 
is a "fusion beat." If the atrial breakthrough occurs before a QRS complex has begun, the 
result is a "capture beat," as in beats 5 and 18 in Figure 19.5. Fusion describes a hybrid 
Q.RS morphology, in which a portion of the Q.RS complex represents the areas of the ven
tricles activated by the VT while the other portion represents the areas activated by a 
competing atrial impulse, as in Figure 19.5, beats 10 and 15. *Capture• means that the 
entire Q.RS complex represents activation of the ventricles by a competing atrial impulse. 
H either fusion or capture beats are proven to be present, the diagnosis is almost certainly 
VT. However, fusion and/or capture beats are seldom seen in VT and only at the less rapid 
rates (<160 beats per minute}. Indeed, they appeared in only 4 of a series of 33 reported 
patients with sustained VT.26 
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Atrioventricular Association 

A 

B 

FIGURE 19. 6. VT with retrograde 1:1 conduction (A) and VT with variable AV conduction (B). 

When atrial and ventricular activation are associated, there is a particular ventricular
to-atrial ratio, such as 1:1, 2:1, or 3:2. In Figure 19.6A, the VT with retrograde 1:1 conduc
tion is terminated by the premature ventricular activation (arrow). This could be either 
a ventricular premature beat (VPB) or an atrial capture with aberrancy. The termination 
of the VT is followed by a sinus capture beat with normal QRS morphology (asterisk). In 
Figure 19.6B, there is initially variable retrograde conduction during nonsustained VT. 
Then, after the VT resumes, there is 1:1 retrograde conduction. 
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Step 2: Scan the Precordial Leads for Presence or Absence of RS 
Morphology 
NoRSPattem 

A B 
FIGURE 1 9. 7. The ECG recordings in the six precordial leads from a patient with recurrent 
VI' and heart failure (A) are contrasted with those of a patient who returned with acute chest pain 
1 month after a posterolateral myocardial infarction (B). 

Typically, right- or left-bundle-branch block bas an RS pattern in at least one of the pre
cordial leads (V1 to V6), and the time from the beginning of the R wave to the nadir of the 
Sis <100 milliseconds (see Chapter 6). 

When there is no RS morphology in any of the precordial leads, VT is strongly suggested. 
However, there is a low sensitivity (21 %) as documented by Brugada et ai:t7• Scanning all 
the precordial leads reveals R, qR, or qS QRS complex morphologies (Fig. 19.7). 
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RS Is Present 

FIGURE 19. 8. The six precordial leads of the ECG from a patient illustrating VI' with a pro
longed interval from onset of the QRS complex to the nadir of the s wave. Arrows indicate the period 
of 0.12 second from QRS onset to s nadir in leads V2 and V3. 

An interval >100 milliseconds from the beginning of the R wave to the nadir of the 
S wave in one precordial lead had a specificity of 0.98 and sensitivity of 0.66. z7 An RS inter
val >100 milliseconds is difficult to calculate when the QRS merges with the previous T 
wave1 masking the QRS onset during rapid tachycardia. An increased RS interval occurs in 
SVT with conduction over an accessory pathway and with drugs that prolong QRS duration 
(Fig. 19.8}. 
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Step 3: Zoom to Specific Precordial Leads for QRS Morphology 

Right-Bundle-Branch Block Pattern 

Smooth R 

A 

Notched 
Downslope R 

B 

QR 

FIGURE 19. 9. The three variations in QRS complex morphology in lead V, during "RBBB pat
tern VT." 

FIRST ZOOM TO LEAD Vl. Just as the presence of the terminal positive (R or R'l 
morphology in lead V1 of conducted beats indicates a right-bundle-branch block, this mor
phology during VT indicates that the RV is activated after the LV. Therefore, the term 
"right-bundle-branch block pattemH is used to classify VT as left ventricular in origin 
(Fig. 19.9). The terminal positive wave is preceded in Figure 19.9A and 19.9B by a smooth 
or notched R wave but by a Q wave in Figure 19.9C. The most commonly occurring vari
ety of the right-bundle-branch block is the notched downslope R. 

Wellens and colleagues20 and Drew and Scheinman31 analyzed the morphologic features 
of the ECGs of 122 and 121 patients, respectively, with proven SVT or SVT with aberration 
established by electrophysiologic studies. These three QRS morphologies were strongly 
suggestive of VT. 
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A 

B 

c 
FIGURE 1 9. 1 0. Signs of VT. A. Smooth R. B. Notched downslope R. C. QR pattern. 

Monophasic R waves (Fig. 19.10AJ are highly suggestive of VT. 
Biphasic RR' with the taller first rabbit ear (Marriott sign; see Fig. 19.10B) is by far the 

most specific criteria for VT, but the sensitivity is low. 
A qR pattern (see Fig. 19.10CJ can also be associated with SVT with right-bundle-branch 

block and myocardial infarction. 
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ZOOM TO LEAD V6 

A B 

FIGURE 1 9 . 11. A and B. The QS and RS morphologies of the QRS complex in lead V6 during 
"RBBB pattern VT" are illustrated. 

Observation of a QS morphology in lead V6, illustrated in Figure 19.11A, is valuable 
in either left- or right-bundle-branch block pattern VTs. The R/S < 1 pattern in lead V6 in 
Figure 19.11B should only be considered indicative of VT when there is left-axis deviation 
evident in the limb leads. 

Left-Bundle-Branch Block Pattern 

FIRST ZOOM TO LEADS Vl AND V2 

A= broad R wave (~.04 s) 
B = notched downslope in S wave 
C = onset of R wave to the nadir 

of S wave ~.06 s} 

FIGURE 19. 12. The three characteristics of the QRS morphology of "LBBB pattern VT" in leads 
Vl and V2 are illustrated. 

Just as the presence of the terminal negative morphology in lead V1 of conducted beats 
indicates a left-bundle-branch block, this morphology during VT indicates that the RV is 
activated after the left ventricle. Therefore the term "left-bundle-branch block pattern" is 
used to classify VT as right ventricular in origin. 

The ECG criteria illustrated in the diagram and presented in the box in Figure 19.12 
were proposed by Kindwall et al. 30 They evaluated 118 patients with VT or SVT with aber
ration who underwent intracavitary recording. Predictive accuracy was 96%. 
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Vl 

V2 

A B c 
FIGURE 19. 13. A-c. Each of the three characteristics of "LBBB pattern VT" in leads V1 and V2 
are illustrated. 

Zooming to leads Vl and V2 for the three ECG examples provides observation of the 
criteria of Kindwall et al30 for VT with the LBBB pattem1 as indicated by the arrows: 

Figure 19.13A: The broad R wave in Vl. 
Figure 19.13B: The notched S wave downslope in V2. 
Figure 19.13C: The prolonged R onset to the S nadir in V2. 

Note that the latter two criteria are not present in lead Vl in either Figure 19.13B and C. 
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ZOOM TO LEAD V6 

A B 
FIGURE 19. 14. A and B. The QRS and qR morphologies of the QRS complex in lead V6 during 
"LBBB pattern VTn are illustrated. 

QRS (Fig. 19.14AJ and qR (see Fig. 19.14BJ in V6 are diagnostic of VT but are seldom 
seen. 

In conclusion, there are limitations with this approach. 
Other specific criteria should be applied to patients with other etiology, such as idio

pathic left VT (L VTJ or right VT (RVTJ or VT associated with ventricular dysplasia. 
The usefulness of so many criteria is related to a low sensitivity yield (20% to 50% l of 

each criterion, even though they are associated with a high probability in favor of VT. 
Consideration of ventricular versus supraventricular with aberrant conduction in the next 
chapter focuses on this challenge. 

CHAPTER 19: Reentrant Ventricular Tachyarrhythmias 413 



VARIATION OF DURATION IN VENTRICULAR TACHYCARDIA 

FIGURE 19.15. Simultaneous recorCling of leads V1, 11, and VS from a 32-year-old woman who 
presented with palpitations but no other evidence of heart disease. Arrows indicate initiation of the 
episodes of palpitation by VPBs. 

VT is usually designated as either nonsustained VT or sustained VT, depending on whether 
it persists for >30 seconds.1 Nonsustained VT has alternatively been defined as VT lasting 
<1 minute32 and for <10 beats. 53 Figure 19.15 illustrates two recurrences of VT initiated by 
VPBs that satisfy most of these definitions of nonsustained VT. Note that the initial episode 
continues for > 10 beats. 

Episodes of nonsustained VT may recur chronically over a period of months to years. 34 

However, there are striking differences in incidence and prognosis between RVT and 
LVT.35 Patients with LVT tend to be older, to be male, and to have heart disease, whereas 
those with RVT tend to be younger, to be female, and to not have heart disease. RVT is 
more likely to be induced by particular situations, such as moderate exercise, emotional 
excitement/ upright posture, or smoldng.36•37 LVT, associated with either ischemic or idio
pathic cardiomyopathy, has also been shown to be exercise-induced.33 RVT is commonly 
associated with arrhythmogenic right-ventricular cardiomyopathy. 1 
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VARIATIONS IN THE ELECTROCARDIOGRAPHIC APPEARANCE 
OF VENTRICULAR TACHYCARDIA: TORSADES DE POINTES 

FIGURE 19.16. Simultaneous recordings of leads V1, II, and VS from a 62-year-old woman 
receiving diuretic therapy who presented after experiencing a syncopal episode at home. Syncope 
recurred in the emergency department during this ECG recording. The patient's serum potassium 
concentration was 2.3 mEq/L. 

All of the examples provided in the previous sections have been of monomorphic VTwith 
consistency of their QRS complex morphologies. However, torsades de pointes represents 
a commonly occurring VT with variations in morphology (polymorphic VT; Fig. 19.1). This 
French term translates as "twistings of the points. "39•40 Torsades de pointes VT is character
ized by undulations of continually varying amplitudes that appear alternately above and 
below the baseline. The wide ventricular waveforms are not characteristic of either QRS 
complexes or T waves, and the rate varies from 180 to 250 beats per minute (Fig. 19.16);~1 
Torsades de pointes VT is usually nonsustained; however, it may persist for >30 seconds, 
satisfying the definition of a sustained tachyarrhythmia. It may also at times evolve into 
ventricular fibrillation. 

Torsades de pointes almost always occurs in the presence of QTc-interval prolonga
tion. 4244 This may be caused by the proarrhythmic effect of drugs that prolong ventricular 
recovery time, such as sotalol, phenotbiazines, some antibiotics, some antihistamines, and 
tricyclic antidepressants.46•46 It also occurs with electrolyte abnormalities such as hypoka
lemia and hypomagnesemia, insecticide poisoning,47 subarachnoid hemorrhage, congenital 
prolongation of the QTc interval,49 ischemic heart disease, 50 and bradyarrhythmias.3 
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VENTRICULAR FLUTTER/FIBRILLATION 

Flutter 

Flutter/ 
Fibrillation 

Fibrillation 

Flutter 

Flutter/ 
Fibrillation 

Fibrillation 

A ATRIAL 

FIGURE 19.17. The atrial flutter/fibrillation spectrum (A) is compared with its ventricu
lar counterpart (B). (From Wagner GS, Waugh RA, Ramo BW. Cardiac Arrhythmias. New York, NY: 
Churchill Livingstone; 1983:22, with permission.) 
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Ventricular flutter/fibrillation is a macro-re-entrant tachyarrhythmia within the 
ventricular muscle that is analogous to the atrial flutter/fibrillation spectrum discussed in 
Chapter 17 (Fig. 19.17A). Neither QRS complexes nor T waves are clearly formed, and the 
rhythm looks similar when viewed right side up or upside down. Immediately after the onset 
of reentry, a regularly undulating baseline is present (see Fig. 19.17B, top). This ventricular 
(lu.tter looks like a larger version of atrial flutter, but it remains regular and orderly only tran
siently because the rapid, weak myocardial contractions produce insufficient coronary blood 
flow (see Fig. 19.17B, middle). As a result, there is prompt deterioration toward the irregular 
appearance of ventricular fibrillation (see Fig. 19.17B, bottom). Ventricular flutter has been 
given various names, including 11VT of the vulnerable period* and 11prefibrillation." 

Clinical Obseruations 

Atrial 
ttuner 

Ventricular 
ttuner 

Digitalis, Vagal Stimulation 

Amiodarone, etc. 

Time following onset 

P-Adrenergic, Calcium 

Atrial 
fibrillation 

Ventricular 
fibrillation 

FIGURE 1 9. 18. Movement in either direction along the flutter/fibrillation spectrum in the 
atria (A) and ventricles (B). The arrows indicate the direction in which the various factors tend to 
affect the rate of the reentry process. (From Wagner GS, Waugh RA, Ramo BW. Cardiac Arrhythmias. 
New York. NY: Churchillllvingstone; 1983:23, with permission.) See Animation 19.1. 

The various factors capable of creating movement along the flutter/fibrillation spectra in the 
atria and ventricles are presented in Figure 19.18. When the ventricular reentry is electrically 
induced during cardiac surgery (to decrease the myocardial energy requirement) and coronary 
blood flow is maintained by an external pump, slow-coarse ventricular flutter persists until 
it is electrically terminated at the completion of the surgical procedure. When ventricular 
flutter/fibrillation occurs spontaneously, it soon deteriorates toward the rapid-fine end of the 
spectrum, and electrical shock is less effective in its termination. This inverse relationship 

• 
. 

. 

. 

between the coarseness of the rhythm and the strength of the electrical current 
required for termination of ventricular flutter/fibrillation has clinical applicabil
ity. JJ-Adrenergic agents and calcium are commonly used when, during an epi
sode of ventricular fibrillation-induced cardiac arrest, even the maximal output 

Animation 19.1 of the electrical defibrillator fails to terminate the reentry process. 
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FIGURE 19. 1 9. Lead V1 from a preoperative ECG is used as a reference for the MCL1 

monitoring lead immediately after cholecystectomy in a 72-year-old woman. The arrows indicate the 
regularly occurring higher frequency waveforms representing the locations of the patient's normal 
QRS complexes. 

A common error in ECG-based diagnosis is mistaking an external electrical artifact (e.g., 
from skeletal muscle tremor) for ventricular flutter (Fig. 19.19). The patient whose ECG is 
shown in the figure mistakenly received emergency treatment for a ventricular arrhyth
mia, but close inspection of the rhythm strip reveals the higher frequency, normal QRS 
complexes superimposed on the artifactual waveforms. 

Critical care nurses have observed that patients with ventricular flutter may remain 
apparently stable for several seconds after the onset of this arrhythmia. A firm blow to the 
chest (Mthump-version") may terminate ventricular flutter. 51 It is important to quickly scan 
the rhythm strip for continuing, regular QRS complexes (as in Fig. 19.19) before initiating 
the emergency therapy. 
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FIGURE 19.20. Continuous bedside recording of lead MCL1 from a 67-year-old man at the 
onset of a cardiac arrest. An arrow indicates the early occurring VPB that initiates the ventricular 
flutter that rapidly deteriorates into ventricular fibrillation. 

Holter recordings that fortuitously capture the onset of ~sudden death" have confirmed 
that the cause is usually ventricular fibrillation (Fig. 19.20). The onset may be preceded by 
another reentrant ventricular tachyarrhythmia. 52

•
53 In patients undergoing continuous bed

side monitoring during acute myocardial infarction, the arrhythmias observed just before 
the onset of ventricular fibrillation have been a single R-on-T VPB, sustained monomorphic 
VT, nonsustained monomorphic VT with a rate >180 beats per minute, or polymorphic 
VT.54 The wide QRS complex tachyarrhythmia lin the top and middle strips of Fig. 19.19) 
could be either LVT or an SVT with RBB aberrancy. In the ECG shown in Figure 19.20, 
sinus rhythm resumes after termination of the VT; however, the ensuing lengthened car
diac cycle precipitates an R-on-T VPB. This in turn initiates ventricular flutter that rapidly 
degenerates into fibrillation in the bottom strip. 
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GLOSSARY 

Monomorphic: a single appearance of all QRS 
complexes. 

Monomorphic VT: VT with a regular rate and 
consistent QRS complex morphology. 

Nonsustained VT: VT of <30-second duration. 
Polymorphic VT: VT with a regular rate but fre

quent changes in QRS complex morphology. 
Sustained VT: VT of 2!:30--second duration or 

requiring an intervention for its termination. 
Torsades de pointes: a polymorphic ventricu

lar tachyarrhythmia with the appearance of 
slow polymorphic ventricular flutter without 
discernible QRS complexes or T waves. The 
ventricular activity has constantly changing 
amplitudes and seems to revolve around the 
isoelectric line. 
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Having considered all of the commonly occurring tachyarrhythmias, it may help to 
consider in depth the differential diagnosis of tachyarrhythmias of ventricular origin and 
tachyarrhythmias of supraventricular origin with aberrant ventricular conduction. The 
term •ventricular ectopy" is useful for indicating a ventricular origin for a given tachyar
rhythmia because such arrhythmias range from a single wide premature beats PBs to sus
tained wide QRS complex tachyarrhythmias. The diagnostic differentiation of ventricular 
ectopy from aberrant conduction must be made whenever the QRS complex is nwideH 
(duration ~ 120 milliseconds) because aberrancy does not always result in a QRS complex 
sufficiently wide as to •mimic" an arrhythmia of ventricular origin. Indeed, aberrancy 
often produces only minor distortion of the normal QRS complex, with little or no prolon
gation (<120 milliseconds). 

In its general consideration, •aberrantH ventricular conduction occurs either intermit
tently or persistently in individuals with abnormalities of intraventricular conduction (see 
Chapter 6). Ventricular preexcitation (see Chapter 7) is also technically an aberrancy, but it 
is not considered again in this chapter. Aberrancy occurs when a supraventricular impulse 
encounters refractoriness in a part of the ventricular conduction system, usually because of 
a change in length of the cardiac cycle. Aberrancy is important because: 

1. It is very common during paroxysmal tachyarrhythmias. 
2. It is often overlooked, with the result that supraventricular arrhythmias are 

misdiagnosed as ventricular arrhythmias and are treated as such. 

Almost all physicians are occasionally required to diagnose and treat cardiac arrhyth
mias and should therefore have the ability to differentiate between supraventricular and 
ventricular sites of their origin. 
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CIRCUMSTANCES PRODUCING ABERRANCY 

1 2 3 

.A t---1 -~l:::(:;~:~;tf:n::::~:~::::?t'rH~i I 
1 2 3 

a .......... I --~l}:j: ............ ~tt::~::;::::::?~r:~:r:r-;~:: -: 

1 2 3 

c ~---( ---~i::::t:t~~:::;r::::~~r:~t:~rt::::;:~:=~=:tm:~+-:=1: 
FIGURE 2 0 .1. A-c. In the diagrams, 1, 2, and 3 are consecutive beats and the stippled area rep
resents the refractory period of some pan of the conducting system during the second cycle. 

When responsive tissue reacts to a stimulus, the reaction is followed by a dormant inter
val (the refractory period) during which the tissue cannot respond to another stimulus. 
This period of rest is necessary for the tissue to recoup and return to a state in which it 
can again react normally to the stimulus. Characteristics of the refractory period differ for 
different portions of the conduction system. The His-Purkinje system usually exhibits an 
"all-or-none.., response in contrast to the atrioventricular (AV) node, which exhibits a vari
able response. 

The refractory period of the cardiac conducting pathways is proportional to the length 
of the preceding cycle (RR interval). Thus, the longer the cycle and slower the rate, the 
longer the ensuing refractory period, and vice versa. Ventricular aberration can therefore 
result from a shortened immediate cycle, an extended preceding cycle, or a combination 
of both (Fig. 20.1). When there are two regular cycles with normal conduction, as shown 
in Figure 20.1A, the conduction in the third beat (beat 3) is also normal. However, the 
conduction in the third beat may become aberrant (lower two diagrams) if either the sec
ond cycle is shortened (see Fig. 20.1B) or the first cycle is lengthened (see Fig. 20.1C). 
Shortening of the cycle (see Fig. 20.1B) may bring that beat within the refractory period of 
part of the conducting system. Lengthening of the preceding cycle (see Fig. 20.1C) prolongs 
the refractory period so that the next beat, although occurring no earlier than in the previ
ous cycle, falls within the now longer refractory period. 
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FIGURE 2 0. 2. Arrows indicate the premature P waves initiating the fourth and the seventh 
cycles, and an asterisk indicates the right bundle branch aberrancy during the fourth cycle. 

Figure 20.2 illustrates right-bundle-branch block (RBBB) aberration of atrial premature 
beats (APBs). The atrial extrasystole arises after three normally conducted beats, and its 
impulse arrives at the right bundle branch while the latter is still refractory. The extrasys
tole is therefore conducted with RBBB aberration. In Figure 20.2, the seventh beat is also 
an extrasystole, but it is less premature and is therefore conducted normally. 

RBBB aberration is much more common (about 80% of all aberration) than is left
bundle-branch block (LBBB) aberration.1•2 In an individual with cardiac disease, however, 
LBBB aberration constitutes a greater proportion (about 33%) of the aberrant conduction 
encountered. In a study by Kulbertus et al,3 in which investigators were able to produce 
116 different aberrant configurations by inducing APBs in 44 patients, RBBB accounted for 
only 53% of the experimentally produced aberrancies-a smaller than expected proportion. 
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CHARACTERISTICS 

FIGURE 2 0. 3. A continuous lead V1 rhythm strip from a patient with severe chronic obstruc
tive pulmonary disease. Arrows indicate the three premature P waves and asterisks indicate the aber
rantly conducted premature QRS complexes. 

Aberrant conduction is a secondary phenomenon, always the result of some primary 
disturbance, and never requires treatment. At times, the morphology of the aberrant QRS 
complex is indistinguishable from ventricular ectopy. At other times, however, the mor
phologies of the QRS complexes provide hints of their having a supraventricular origin. 

The first principle in the diagnosis of aberrancy is not to diagnose it unless there is 
evidence favoring it, because wide QRS complexes are more often produced by beats origi
nating in the ventricular rather than in the supraventricular regions. An axiom in medi
cal diagnosis is: "When you hear hoof beats, think first of a horse rather than a zebra
only consider a zebra if you see its stripes." The six key characteristics of aberration jits 
"stripes") are presented in Table 20.1. 

The first four 0 StripesH are observable in Figure 20.3, in which the two continuous 
rhythm strips contain three clusters of rapid beats. Each cluster is initiated by a premature 
ectopic P wave jstripe 3). The third beat alone has a bizarre appearance jstripe 4). It has a 
triphasic jrsR'l RBBB pattern jstripe 1), with the initial deflection identical to that of the 
conducted sinus beats jstripe 2). These points clinch the recognition of aberration. 

I Table 20.1. I 

The "Stripes" of Aberration 

1. Triphasic morphology 

a. rsR' variant in V1 

b. qRs variant in V6 

2. Initial deflection identical to normal beat (if RBBB) 

3. Immediately preceding atrial activity 

4. Second-in-the-row phenomenon 

5. Alternating BBB patterns separated by single normal beat 

6. Identical wide QRS pattern previously diagnosed as 
aberrancy 
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Triphasic Lead V1/V6 Morphology of the QRS Complex 

FIGURE 2 0. 4. Simultaneous lead Vl and lead V6 rhythm strips from a woman with severe 
pulmonary emphysema. An arrow indicates the premature P wave. 

The shape of the ~ complex is in many cases diagnostic of aberrancy. Triphasic con
tours (rsR' in lead Vl and qRs in lead V6) heavily favor the diagnosis of aberration. Figure 
20.4 illustrates an atrial tachyarrhythmia with RBBB aberration. The rsR' pattern in lead 
Vl and the qRs pattern in lead V6 would each alone be virtually diagnostic of the supra
ventricular origin of this arrhythmia. Note that the sinus rhythm following termination of 
the tachyarrhythmia is rapid and irregular, as is typical with severe pulmonary disease (see 
Chapter 16). 

Despite the availability of morphologic clues introduced during the past 40 yearsM,s 
and confirmed more recently,6-9 many authors persist in ignoring them1o-1z and instead 
continue to give predominant and undue weight to the presence or absence of independent 
atrial activity. When independent atrial activity (AV dissociation) is evident, it is a most 
valuable clue to the diagnosis of ventricular tachycardia (VT). The presence of AV dissocia
tion cannot, however, be relied upon, for three reasons: 

1. A V dissociation is present in only a minority of VTs. In one carefully studied 
series, it was found in only 27 of 100.13 

2. Even when AV dissociation is present, the independent P waves may be difficult 
or impossible to recognize in the clinical tracing. 

3. Rarely, junctional tachyarrhythmias with bundle-branch block may be dissoci
ated from an independent sinus rhythm (see Fig. 20.4). 

Initial Deflection of the Abnormal Beat Is Identical to Normal Beat 
There is no reason for a ventricular impulse to produce an initial deflection identical 

to that of a normally conducted supraventricular impulse. Conversely, because normal 
ventricular activation begins on the left side, RBBB does not interfere with initial activa
tion unless there is also block in one fascicle of the left bundle. As a result, if a wide QRS 
complex has a pattern compatible with RBBB and begins with a deflection identical to that 
of conducted beats, aberration is probably the diagnosis. 
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Atrial Activity Immediately Preceding the Abnormal Ventricular Beat 

~· 
FIGURE 2 0. 5 . Simultaneous lead V1 and lead V6 rhythm strips from a woman with chronic 
angina who presented with severe chest pain. Arrows in lead V1 recording indicate sinus P waves 
preceding the normally and aberrantly conducted QRS complexes, and asterisks in lead V6 indicate 
premature P waves preceding the final (the third in the group of three) aberrantly conducted beats. 

Sometimes, the diagnosis of aberration depends on the recognition of P waves preceding 
the abnormal QRS complex. Figure 20.5 illustrates several paroxysms of wide QRS com
plexes. A careful inspection reveals, however, that each group of three abnormal ventricu
lar beats is preceded by a premature P wave, thereby confirming the diagnosis of aberrant 
conduction. The wide QRS complexes should be considered triphasic because there is a 
downward deflection between the r and K' waves that only sometimes penetrates below 
the baseline to form an S wave. Note that ventricular conduction becomes aberrant when 
a short, normal sinus cycle follows a long cycle that follows an APB, and returns to normal 
only when a long cycle after an APB follows a short cycle preceding the APB. This example 
also illustrates the value of recording at least two simultaneous ECG leads because the 
P waves in some cycles are visible only in lead V6, where there is minimal evidence of the 
aberrantly conducted QRS complexes. 

Aberrant Beats Occurring Exclusively as the Second in a Row of Beats 
The reason that only the second in a row of beats tends to be aberrant is that it is 

the only beat that ends a relatively short cycle preceded by a relatively long cycle (see 
Fig. 20.1). Because the refractory period of the conduction system is proportional to the 
length of the preceding ventricular cycle, the sequence of a long cycle (lengthening the 
subsequent refractory period) followed by a short cycle provides conditions for the devel
opment of aberration. 

Alternating Patterns of Bundle-Branch Block Separated by a Single 
Normal Beat 

When a pattern that could represent either LBBB or RBBB is separated by a single nor
mally conducted beat from a pattern that could represent the other bundle-branch block, 
it should be strongly presumed that there is bilateral aberration rather than ectopy from 
alternate ventricles. (See text and Fig. 20.14later in this chapter.) 
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Identical Wide QRS Complex Pattern Previously Diagnosed as Aberrancy 

A 

B 

FIGURE 2 0. 6. Twelve-lead ECGs from a patient in the postoperative recovery room after coro
nary anery bypass surgery. Arrows indicate the identical QRS complex appearances in the shon-axis 
view in lead V1 during tachycardia (A) and preoperative normal sinus rhythm (B). 

If one is lucky enough to have available a previous recording that shows the same wide 
QRS pattern associated with sufficient 11Stripes11 for the diagnosis of aberrancy, the arrhyth
mia in question is a supraventricular tachyarrhythmia (SVT) with aberrancy. Figure 20.6A 
shows a tachyarrhythmia that, although the smooth downstroke in lead Vl favors left 
bundle branch aberrancy, could also represent right-ventricular tachycardia. Figure 20.6B 
is a recording from the same patient taken 1 year earlier. Because this clearly shows sinus 
rhythm with LBBB and the QRS complexes of the two recordings are identical, the current 
tachyarrhythmia can be considered an SVT with left bundle branch aberrancy, most likely 
atrial flutter with 2: 1 A V block. 
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VENTRICULAR ABERRATION COMPLICATING ATRIAL 
FLUTTER/FIBRILLATION 

FIGURE 2 0. 7. Simultaneous leads V1, II, and III rhythm strips from an elderly woman with a 
recent inferior-wall myocardial infarction. An arrow indicates the triphasic RsR' in lead V1 for the 
first wide QRS complex, and an asterisk indicates the oppositely directed initial deflection in lead III 
for the second wide QRS complex. 

Ventricular aberration often complicates atrial flutter/fibrillation (see Chapter 17). 
Interruption of normal intraventricular conduction by wide QRS beats during atrial flutter/ 
fibrillation is more likely to be due to aberration than to a coincidental ventricular prema
ture beat (VPB) or (if there is a series of wide complexes) to VT. Because there is no preced
ing discrete atrial activity to indicate presence of aberrant conduction, one has to rely more 
heavily on the morphology of the wide QRS complexes to differentiate aberration from 
ventricular origin. Accordingly, the rsR' pattern in lead Vl or MCL1 (Fig. 20.7L or the qRs 
pattern in lead V6, assists in establishing the diagnosis of aberrant conduction. Figure 20.7 
provides contrast between an aberrantly conducted beat (the first wide QRS complex) and 
a VPB (the second wide QRS complex). Note that a short cycle following a long cycle sets 
the stage for aberrancy. 
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FIGURE 2 0. 8. A lead V1 rhythm strip from an elderly patient with a history of paroxysmal 
atrial fibrillation. An asterisk indicates the normal T wave that allows identification of the subse
quent premature P waves. Arrows indicate similar triphasic QRS complex morphology (rsR') for the 
APBs during sinus rhythm and for the wide beats during atrial flutter/fibrillation. 

Gouaux and Ashman1 first drew attention to the principle that aberrant conduction was 
likely to complicate atrial flutter/fibrillation when a longer cycle was followed by a shorter 
cycle (Fig. 20.8). Aberration produced by a long-short sequence is sometimes referred to as the 
u Ashman phenomenon." It is important to understand that this cycle sequence cannot be used 
to differentiate aberration from ectopy because, by the rule of bigeminy, a lengthened cycle also 
tends to precipitate a ventricular extrasystole. Therefore, a long-short cycle sequence ending 
with a wide QRS complex is as likely to represent a VPB as an aberrant beat. Morphologic 
clues are important in distinguishing these phenomena. Note that in sinus rhythm, a premature 
P wave is confirmed only by reference to the normal biphasic T wave during the first cycle and 
that aberrancy occurs only when a long cycle has preceded the short cycle induced by an APB. 
The fifth premature P wave in Figure 20.8 initiates the atrial flutter/fibrillation. 

Several other minor clues help to differentiate aberration from ventricular ectopy in the 
presence of atrial flutter/fibrillation. 4 

The Presence or Absence of a Longer Returning Cycle 

FIGURE 2 0. 9. A lead II rhythm strip from an elderly man with chronic atrial flutter/fibrillation 
who was being evaluated for elective abdominal surgery. An arrow indicates the shorter rather than 
longer preceding cycle. 

Ventricular ectopy tends to be followed by a longer returning cycle. This is because 
many ectopic ventricular impulses are conducted retrogradely into the A V node. The AV 
node is therefore made partly refractory by the retrograde invasion, so that the next several 
atrial impulses cannot penetrate to reach their ventricular destination. 

As indicated, a long preceding cycle favors both aberration and ectopy and cannot be used 
as a point for differentiating the two. On the other hand, the absence of a longer preceding 
cycle is evidence against aberration and therefore favors ventricular ectopy (Fig. 20.9). 

432 SECTION Ill: Abnormal Rhythms 



Comparatiue Cycle Sequences 

FIGURE 2 0. 1 0. A lead V2 rhythm strip from a man with severe mitral regurgitation. Arrows 
indicate the even longer and even shorter preceding cycles for another normally conducted beat 
than for the wide beat (asterisks). 

If a wide QRS complex ends a longer-shorter cycle sequence, differentiation between 
aberration and ventricular ectopy may be difficult. If an even longer cycle followed by an 
even shorter cycle is then followed by a normally conducted beat, the evidence against 
aberration is strong, and the diagnosis of ventricular ectopy is favored (Fig. 20.10). 

Undue Prematurity 

FIGURE 2 0. 11. A lead V1 rhythm strip from a patient with atrial fibrillation following a recent 
anterior infarction. An arrow indicates the immediately preceding cycle, which is remarkably short 
in comparison with all others. 

When so much AV block is present that all conducted cycles are long, the appearance of 
a wide QRS complex ending a cycle far shorter than any of the normally conducted beats 
favors the diagnosis of ectopy (Fig. 20.11). It is very unusual for a poorly conducting AV 
node to suddenly permit extremely early conduction to the ventricular Purkinje system. 
Note that the atrial flutter/fibrillation in the example shown in Figure 20.11 is so "fine" 
that, even in lead Vl, no atrial activity is visible. 
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Fixed or Constant Coupling 

Vl 
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FIGuRE 2 o. 12. A lead Vl rhythm strip from an elderly patient with a recent anterior infarc
tion. Arrows indicate the fixed intervals coupling all wide beats with their immediately preceding 
normally conducted beats. 

Fixed or constant coupling as a clue to the distinction of aberration from ventricular 
ectopy is obviously applicable only if several wide QRS beats are available for compari
son. H the interval between the normally conducted beat and the ensuing wide QRS beat 
is constant, ventricular ectopy is favored (Fig. 20.12). In the example, a "coarser" atrial 
flutter-fibrillation is present, and the absence of conduction with aberrancy is confirmed 
by variation of the intervals between the onsets of the wide QRS complexes and immedi
ately preceding f waves. 
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A 

B 
FIGURE 2 0. 13. Lead V1 rhythm strips from two patients receiving pharmacologic therapy 
for atrial flutter complicating chronic heart failure. A. Digitalis has been administered to slow the 
ventricular rate. B. Quinidine has been added to the maintenance digitalis to attempt conversion to 
sinus rhythm. Arrows indicate the fixed "F-wave-to-wide-QRS" intervals in both A and B. 

An extremely important form of aberration may complicate the flutter end of the atrial 
flutter/fibrillation spectrum. Atrial flutter usually manifests an AV conduction ratio of 2:1. 
If digitalis, propranolol1 or verapamil is then administered1 the conduction pattern often 
changes to alternating 2: 1 and 4:1. The beats that end the shorter cycles may develop aber
rant conduction (Fig. 20.13A)r producing the fixed coupling typical of a bigeminal rhythm. 
If the patient is receiving digitalis, the fixed coupling is likely to evoke a diagnosis of ven
tricular ectopy and be attributed to digitalis toxicity. The still-needed digitalis is then wrong
fully discontinued, when in fact the situation calls for more A V nodal blockade to further 
reduce conduction to a constant 4:1 with a normal ventricular rate, which is the appropriate 
goal of therapy. Figure 20.13B presents an example of fixed coupling occurring when slow
ing of the flutter rate (180 beats per minute) facilitates AV nodal conduction (3:2). In con
trast with Figure 20.12, note the constant interval between the onsets of the wide QRS 
complexes and immediately preceding flutter waves in both Figure 20.13A and B. 
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FIGURE 2 0. 14. Simultaneous leads V1 and III rhythm strips from a patient with an acute 
inferior-wall myocardial infarction. Arrows indicate the premature P waves and asterisks indicate 
first the right bundle branch, then the left bundle branch, and then again the right bundle branch 
aberrancy. 

There is a common tendency for an aberrancy of ventricular conduction to be bilateral 
(Fig. 20.14). There may even be an abrupt switch from one form of aberration to the other 
(from RBBB to LBBB or vice versa) via a single, intervening, normally conducted beat. This 
phenomenon is sufficiently characteristic to assist in differentiating bilateral aberrancy 
from bifocal ventricular ectopy. In Figure 20.14, the initiating premature P waves before 
each single wide QRS complex or series of wide QRS complexes ensures the supraventricu
lar origin of the ectopy. 
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CRITICAL RATE 

B 

FIGURE 2 0. 15. Arrows indicate the baseline atrial rate during normal condition and aster
isks indicate the accelerated rate that produces the right bundle branch (A) and left bundle branch 
(B) aberration. 

Most of the examples of aberration presented in the preceding sections occur because an 
impulse of supraventricular origin traverses the AV node early, suddenly creating a short 
ventricular cycle. However, aberration also may appear with the gradual acceleration of 
sinus rhythm. Figure 20.15 presents two examples of slight sinus acceleration in which the 
cardiac cycle gradually decreases until it becomes shorter than the refractory period of one 
of the bundle branches and aberrant conduction develops. The persisting refractoriness is 
encountered in the right bundle branch in the young healthy individual in Figure 20.15A 
and in an older patient with ischemic cardiomyopathy in Figure 20.15B. The wide QRS 
complexes will persist until the cycle lengthens sufficiently for normal conduction to occur. 

The rate at which the bundle-branch block develops is known as the critical rate, and 
when such block comes and goes with changes in the heart rate, the condition is known 
as rate-dependent bundle-branch block lin this instance, tachycardia-dependent bundle-branch 
block). The tachycardia may be either true (>100 beats per minute) or relative (faster than 
the preexisting rate). 
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FIGURE 2 0. 16. A continuous lead I rhythm strip from an elderly woman with chronic hyper
tension and cardiac failure. Numbers indicate the intervals between both normally and abnormally 
conducted beats (100 milliseconds), preceding the onset of left bundle branch branch aberrancy (91 
milliseconds), and preceding the return to normal conduction (108 milliseconds). 

One of the interesting features of tachycardia-dependent bundle-branch block is that 
the critical rate at which the block develops is faster than the rate at which the block 
disappears. In Figure 20.16, as the sinus rhythm accelerates, normal conduction prevails 
at a cycle length of 100 milliseconds (rate of 60 beats per minute), and the cycle at which 
the bundle-branch block develops is 91 milliseconds long (rate of 66 beats per minute). 
However, as the rate slows, the bundle-branch block persists at a cycle of 100 millisec
onds (rate of 60 beats per minute), and for normal conduction to resume, the cycle must 
lengthen further to 108 milliseconds (rate of 56 beats per minute). 
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FIGuRE 2 o. 17. Diagram of the two mechanisms responsible for the difference in the critical 
rate during acceleration and deceleration. 1 indicates the inability of the supraventricular impulse 
to initially penetrate the right bundle branch, and 2 indicates subsequent penetration of the right 
bundle branch via the transseptal "detour." 

There are two reasons for this difference in rate requirement for the development of 
bundle-branch block during acceleration and deceleration: 

1. Because the refractory period of the ventricular conduction system is propor· 
tiona! to the length of the preceding ventricular cycle, it follows that as the ven· 
tricular rate accelerates, the refractory periods become progressively shorter 
(i.e., the potential for conduction progressively improves, and there is therefore a 
tendency to preserve normal conduction). The converse is true as the ventricular 
rate slows: Refractory periods become longer, and the potential for conduction 
diminishes, making aberration more likely. 

2. More important, however, is the factor that is diagrammed in Figure 20.17. The 
shaded area in the right bundle branch indicates the refractory segment that fails 
to conduct when the impulse first arrives, causing RBBB aberration. An instant 
later, the refractory segment in the right bundle branch has recovered and is 
receptive for conduction of the impulse, which has meanwhile negotiated the 
left bundle branch. For the impulse to travel down the left bundle branch and 
through the interventricular septum to the distal right bundle branch requires 
about 0.06 second. Thus, the previously refractory right bundle branch is depolar· 
ized about 0.06 second after the beginning of the QRS complex. The conventional 
measurement of cycle length from the beginning of the final normal QRS complex 
to the beginning of ensuing wide QRS complex does not provide an indication of 
the time required for right bundle branch recovery; the cycle of the right bundle 
branch did not begin until halfway through the wide QRS complex. It follows that 
for normal conduction to resume, the critical cycle during deceleration must be 
longer than the critical cycle during acceleration by about 0.06 second. This calcu· 
lation fits with the observed condition in Figure 20.16. 
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PARADOXICAL CRITICAL RATE 

* * 
FIGURE 2 0. 18. Lead V1 rhythm strip from a patient with acute anterior infarction. Arrows 
indicate the normally conducted APBs and asterisks indicate the right bundle branch aberration fol
lowing the pauses. 

Abnormal intraventricular conduction sometimes occurs only at the end of a lengthened 
ventricular cycle. Because one would expect conduction to be better after an extreme
ly long ventricular cycle (because there is ample time for even the prolonged refractory 
period to be completed), the occurrence of this type of aberration seems paradoxical. It is 
referred to as bradycardia-dependent bundle-branch block and the bradycardia can be either 
true (<60 beats per minute) or relative (slower than the preexisting rate). The rate at which 
the bundle-branch block develops is known as the paradoxical critical rate. In Figure 20.18, 
normal conduction is present at a rate of 82 beats per minute, and the bundle-branch 
block develops only if the cycle length increases to a point equaling a rate of 68 beats per 
minute. The sinus rhythm is repeatedly interrupted by atrial extrasystoles. All of the con
ducted beats ending the lengthened cycles following extrasystolic beats show RBBB, but 
the shorter sinus cycles and the even shorter extrasystolic cycles show more normal intra
ventricular conduction. As with tachycardia-dependent bundle-branch block, the rate at 
which bradycardia-dependent bundle-branch block develops is known as the critical rate. 

The cause of bradycardia-dependent bundle-branch block is the spontaneous depolariza
tion of pacemaking cells in the bundle branches in an attempt to terminate the prolonged 
delay in the ventricular cycle. However, a supraventricular impulse arrives before these 
ventricular Purkinje cells achieve the threshold required for pacemaking or "capturing- the 
ventricular rhythm. The supraventricular impulse is conducted slowly through these bundle
branch cells because they are no longer in their fully repolarized state. The impulse is there
fore conducted more rapidly through the uninvolved bundle branch, creating aberrancy.17

•
18 
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GLOSSARY 

Ashman phenomenon: an aberration in the 
intraventricular conduction of an impulse 
that completes a short cardiac cycle follow
ing a long cycle because the long cycle results 
in delay of repolarization. 

Bradycardia-dependent bundle-branch 
block: an aberration in conduction that 
develops because of a gradual deceleration of 
the sinus rhythm. 

Critical rate: a cycle length so short that part 
of the ventricular Purkinje system has not 
yet recovered from its previous activation, 
resulting in aberrant conduction of a supra
ventricular impulse. 

Ectopy: any number of beats, ranging from a 
single PB to a sustained tachyarrhythmia, 
arising from outside the sinus node. 
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Decreased 
Automaticity 
GALEN S. WAGNER 



FIGURE 21. 1. The small ouals in the schematic diagram indicate the SA and AV nodes, and the 
common bundle (His) and bundle branches are shown to lead toward the ventricles from the A V node. 
Arrows indicate the atrial (A), His-bundle (B), and ventricular escape (C) beats that terminate the paus
es after the sinus node has failed to maintain its dominant rhythmicity. (From Wagner GS, Waugh RA, 
Ramo BW. Cardiac Arrhythmias. New York, NY: Churchilllivingstone; 1983:4, with permission.) 

When the automaticity of the sinus node is decreased, the result is a bradyarrhythmia 
originating either from the sinus node itself or from a HlowerH site in the pacemaking and con
duction system that spontaneously depolarizes to maintain a cardiac rhythm (see Fig. 1.7). 
When the decelerated rhythm originates from the sinus node, the term sinus bradycardia 
is used; when it originates from a lower site, the terms atrial rhythm, junctional rhythm, or 
ventricular rhythm are used. These are not truly arrhythmias but rather escape rhythms that 
attempt to compensate for the problem of decreased sinus node automaticity. Figure 21.1 
illustrates the various consequences of the slowing of sinus automaticity to <60 beats per 
minute. The automaticity of the distal sites is suppressed if the sinus node is pace-making 
normally, but their automaticity returns (escapes) at its own, slower rate when the sinus 
node fails. Escape beats emerge from an atrial(see Fig. 21.1A), His bundle (see Fig. 21.1B), 
or ventricular Purkinje (see Fig. 21.1C) site after the sinus impulses fail to appear. 

There are three causes of decreased automaticity: 

1. Physiologic slowing of the sinus rate. 
2. Physiologic or pathologic enhancement of parasympathetic nervous activity. 
3. Pathologic pacemaker failure 
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MECHANISMS OF BRADY ARRHYTHMIAS OF 
DECREASED AUTOMATICITY 

Physiologic Slowing of the Sinus Rate 

A 

m aVF 

~---1-·~--~~~~--~v~r--~~ 

B 
FIGURE 21 . 2. Twelve-lead ECGs from (A) a woman receiving ,8-ad.renergi.c-blocking therapy for 
ischemic heart disease and (B) an otherwise healthy man on the day after prostate surgezy. Arrows indi
cate complete absence of P waves preceding the normal (A) and abnormally wide QRS complexes (B). 

Although a rate of <60 beats per minute is technically termed a «bradyarrhythmia, • it 
is often a normal variation of cardiac rhythm (especially in trained athletes, whose heart 
rates may be as low as in the 30s of beats per minute at rest). The rhythm may be either 
sinus bradycardia or, as shown in Figure 21.2, a junctional (see Fig. 21.2A) or ventricular 
(see Fig. 21.2B) escape rhythm. Bradycardia is a physiologic reaction to relaxation or sleep, 
when the parasympathetic effect on cardiac automaticity dominates over the sympathetic 
effect. Even dwing the expiratory phase of the respiratory cycle, there is slowing of the 
sinus rate, often into the bradycardic range (see Fig. 3.15). The lead Vl-positive QRS com
plexes in Figure 21.2B indicate that the escape site is in the left bundle. 
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Physiologic or Pathologic Enhancement of Parasympathetic Activity 

II 

FIGURE 21. 3. Simultaneous recording of leads Vl and II from a patient soon after cholecys
tectomy. Arrows indicate a nonconducted P wave. (From Wagner GS, Waugh RA, Ramo BW. Cardiac 
Arrhythmias. New York, NY: Churchill Livingstone; 1983:208, with permission.) 

All cells with pacemaking capability are under some influence of the sympathetic and 
parasympathetic divisions of the autonomic nervous system. This influence is greatest 
in the sinus node and diminishes in the lower sites with pacemaking capacity. Usually, 
the changing autonomic balance causes a gradual increase or decrease in the pacing rate. 
However, many factors can induce a sudden increase in parasympathetic activity and 
decrease in sympathetic activity. These factors include: 

1. Carotid sinus massage. 
2. Hypersensitivity of the carotid sinus. 
3. Straining (i.e., a Valsalva maneuver). 
4. Ocular pressure. 
5. Increased intracranial pressure. 
6. Sudden movement from a recumbent to an upright position. 
7. Drugs that cause pooling of blood by dilating the veins. 

This increase in parasympathetic activity is termed a vasovagal reaction (vasovagal reflex) 
because it has a prominent component of vascular relaxation in addition to cardiac slow
ing and because it is mediated by the vagus nerve. Typical bradyarrhythmias that occur 
suddenly during a vasovagal reaction are presented in Figure 21.3. A sudden increase in 
parasympathetic activity is manifested by both slowing of the sinus rate and failure of 
atrioventricular (A V) conduction (note the nonconducted P wave in the electrocardiogram 
[ECG] shown in Fig. 21.3). The increase in parasympathetic activity also suppresses escape 
pacemakers, and the resulting pause is interrupted only by the return of sinus rhythm. 
The combination of vascular relaxation and cardiac slowing results in a reduction in car
diac output so severe that it may cause dizziness or even loss of consciousness. This is 
termed vasovagal syncope or fainting. It is typically reversed when the individual falls into 
a recumbent position, thereby increasing venous return to the heart. When a person who 
has fainted is encountered, consciousness can usually be restored by lowering the head 
and chest and elevating the legs. 
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A single physiologic vasovagal reaction can have severe pathologic consequences if the 
individual is injured during a consequent fall or if the change in body position required to 
restore venous return to the heart is not possible. Indeed, the autonomic reflex itself may 
become pathologic, resulting in neurocardiogenic syncope.1- 3 Repeated, severe, and sudden 
episodes of bradyarrhythmia with vasodilation require medical intervention to prevent 
serious injury or death. 

Pathologic Pacemaker Failure 

A 

B 

c 

FIGURE 21.4. Rhythm strips from three individuals during postoperative monitoring: lead V1 
(A and C) and lead II (B). Arrows indicate junctional escape beats in A and B and the ventricular 
escape beat in C. Asterisks indicate the ventricular premature beat in Band non conducted APB in C. 
(From Marriott HJL. ECG/PDQ. Baltimore, MD: Williams & Wilkins; 1987:171, with permission.) 

When a sudden period of complete absence of P waves appears in the ECG, the term 
asystole is used. The term sick sinus syndrome is often applied to this situation; it is tempt
ing to attribute the problem solely to the sinus node and pathologic pacemaker failure. 
However, if the problem was indeed limited to the sinus node, it would not produce any 
serious bradyarrhythmia because a 1- to 2-second pause in sinus rhythm would be inter
rupted by escape from a lower site with the capacity for impulse formation (Fig. 21.4). 
After three sinus beats (see Fig. 21.4A), there is no further evidence of atrial activity, but 
then two junctional escape beats result. The pause following a ventricular premature beat 
(see Fig. 21.4BJ ends with a junctional escape beat. After three sinus beats (see Fig. 21.4CJ, 
a nonconducted atrial premature beat (APB) provides a cycle long enough for the ventricu
lar Purkinje system to provide an escape beat. Therefore, a prolonged atrial pause is caused 
by either: 

1. Enhanced parasympathetic activity or 
2. Impairment of all cells with impulse formation capability. 
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Lead II 

FIGURE 21. 5. A lead II rhythm strip from a patient with paroxysmal atrial fibrillation. Arrows 
indicate the F waves and an asterisk indicates the junctional escape after a 2.5-second pause. (From 
Wagner GS, Waugh RA, Ramo BW. Cardiac Arrhythmias. New York, NY: Churchill Livingstone; 
1983:210, with permission.) 

Although •sick pacemaker syndrome" would be a more accurate term, "sick sinus 
syndrome" is used here because of its general acceptance. Its characteristics are: 

1. Bradyarrhythmia at rest. 
2. Incapability to appropriately increase the pacemaking rate with increased sympathetic 

nervous activity. 
3. Absence of escape rhythms when the sinus rate slows. 
4. Sensitivity to suppression of impulse formation by various drugs. 
5. Sensitivity to suppression of impulse formation during a reentrant tachyarrhythmia4

•
5 

(Fig. 21.5). 

In the example of atrial flutter/fibrillation shown in Figure 21.5, the arrhythmia termi
nated abruptly and was followed by a 2.5-second pause. All potential atrial, junctional, 
and ventricular pacemakers were suppressed during the atrial tachyarrhythmia. An escape 
junctional pacemaker eventually emerged. After three beats, atrial reentry recurred and 
atrial flutter/fibrillation reappeared. 
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FIGURE 21. 6. A lead II rhythm strip from a patient with history of recurrent syncopal epi
sodes. Arrows indicate the junctional escape rhythm following the initial failure of emergence of an 
adequate escape rhythm. 

Sick sinus syndrome is a part of the tachycardia-bradycardia syndrome6
•
7 in which bursts 

of an atrial tachyarrhythmia, often atrial fibrillation, alternate with prolonged pauses. 
In Figure 21.6, an irregular atrial tachyarrhythmia (probably atrial fibrillation) stops abruptly 
and is followed by a 4-second pause. Because the sinus node fails to establish a rhythm, 
there is only slow junctional escape and then the return of an atrial tachyarrhythmia. 

Although sick sinus syndrome predominantly affects the elderly, it has been recognized 
as early as the first day of life.8 Temporary and reversible manifestations of the syndrome 
can be caused by digitalis, quinidine, ,8-blockers, or aerosol propellants. The chronically 
progressive sick sinus syndrome was formerly believed to be due to ischemia, but a post
mortem angiographic study of the sinus nodal artery confirmed vascular involvement in 
fewer than one third of 25 subjects with the chronic syndrome.9 Sick sinus syndrome may 
result from inflammatory diseases, cardiomyopathy, amyloidosis,10 collagen disease, meta
static disease, or surgical injury. In many patients, no cause is evident, and the syndrome 
is therefore classified as idiopathic. In these patients, it may be part of a sclerodegenerative 
process also affecting the lower parts of the cardiac pacemaking and conduction systems. 
Two complications that affect the prognosis of patients with sick sinus syndrome are atrial 
fibrillation and AV block. During a 3-year follow-up study, atrial fibrillation developed in 
16% and AV block developed in 8% of patients.11 

The diagnosis of sick sinus syndrome can usually be made from the standard ECG or 
from a 24-hour Holter recording carefully correlated with the patient's clinical history. 
Pauses of ;::::3 seconds in sinus rhythm, although uncommon, do not necessarily indicate a 
poor prognosis, cause symptoms, or require artificial pacemaker implantation if the patient 
is asymptomatic.12 In some patients, definitive tests may be required. One of the best of 
these is measurement of the sinus node recovery time after rapid atrial pacing, which is 
useful in recognizing sinoatrial (SA) block as the underlying mechanism for sick sinus syn
drome.13-15 Disorders of cardiac impulse formation probably account for half of all implan
tations of permanent pacemakers. 16 
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SINO A TRIAL BLOCK 
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FIGURE 21. 7. A continuous lead II rhythm strip from an elderly patient receiving digitalis 
therapy for chronic congestive heart failure. Arrows indicate the times when P waves should have 
emerged from the sinus node pacemaker, and asterisks indicate the accompanying first-degree 
AVblock (PRinterval = 0.28 second). 

Although SA block is caused by failure of an impulse to emerge from the sinus node, 
it is often impossible to determine whether this or some other mechanism is responsible 
for an absent P wave. SA block should be diagnosed only when a mathematical relation
ship between the longer and shorter sinus cycles can be demonstrated or when the sinus 
cycles show the characteristic classical Wenckebach sequence of Mobitz type I block 
(see Chapter 22). 

SA block is characterized by the intermittent failure of an impulse to emerge from the 
SA node, resulting in the occasional complete absence of beats (Fig. 21.7). The long cycle 
at the beginning of each strip is due to an absent sinus beat, in which an entire P-QRS-T 
sequence is missing. Note that the pauses are approximately equal to twice the observed 
sinus cycle length. When no such pattern can be established, 11sinus pauseH is a useful and 
appropriate term for the abnormally long cycle, accompanied by indication of its duration 
(e.g., a 4.5-second sinus pause). 
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PERSPECTIVE ON SINUS PAUSES 

Although sudden pauses in sinus rhythm are common and important arrhythmias, it 
is often impossible to determine their etiology with the standard ECG or any other clini
cal test. When the sinus pauses are brief, the differential diagnosis includes sinus node 
failure, SA block, and an APB that fails to conduct to the ventricles (see Chapter 15). It is 
often impossible to reach a conclusion about the etiology of a sudden sinus pause because 
underlying sinus arrhythmia makes it difficult to determine whether the pause is a precise 
multiple of the PP interval (see Fig. 21.7). Also, when a nonconducted APB is present, the 
premature P wave is often obscured by a T wave (see Figs. 15.7 and 15.8). 

When sudden pauses in sinus rhythm are prolonged, nonconducted APBs are not a con
sideration, and failure of all pacemaking cells, rather than only of the sinus node, must be 
considered. The differentiation of abnormal control of these pacemakers by the autonomic 
nervous system from abnormality within the pacemaking cells is often difficult to make. 

When pauses in sinus rhythm are brief, no clinical intervention is required, and the 
patient may not be at future risk for either the generalized pacemaker failure or autonomic 
abnormality that produces prolonged pauses. When sinus pauses are prolonged, it may 
be necessary to proceed with treatment without differentiating between a neurologic and 
cardiologic etiology. 
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GLOSSARY 

Asystole: a pause in the cardiac electrical activ
ity with neither atrial nor ventricular wave
forms present on the ECG. 

Atrial rhythm: a rhythm with a rate of 
<100 beats per minute and with abnormally 
directed P waves (indicating origination from 
a site in the atria other than the sinus node) 
preceding each QRS complex. 

Escape rhythms: rhythms that originate 
from sites in the pacemaking and conduc
tion system other than the sinus node after 
a pause created by the failure of either nor
mal sinus impulse formation or AV impulse 
conduction. 

Junctional rhythm: a rhythm with a rate of 
< 100 beats per minute with an inverted 
P-wave direction visible in the frontal plane 
leads and normally appearing QRS complexes. 
The P waves may precede or follow the QRS 
complexes or may be obscured because they 
occur during the QRS complexes. 

Neurocardiogenic syncope: a condition that 
occurs when an individual experiences a 
vasovagal reaction that causes loss of con
sciousness. It may be diagnosed by using a 
head-up tilt test. 

Sick sinus syndrome: inadequate function 
of cardiac cells with pacemaking capabil
ity, resulting in continuous or intermittent 
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slowing of the heart rate at rest and an inabil
ity to appropriately increase the rate with 
exercise. 

Tachycardia-bradycardia syndrome: a con
dition in which both rapid and slow cardiac 
rhythms are present. The rapid rhythms tend 
to appear when the rate slows abnormally, 
whereas the slow rhythms are prominent 
immediately after the sudden cessation of a 
rapid rhythm. 

Vasovagal reaction (vasovagal reflex): sud
den slowing of the heart rate either from 
decreased impulse formation (sinus pause) 
or decreased impulse conduction {AV block) 
resulting from increased activity of the para
sympathetic or decreased activity of the sym
pathetic nervous system. The slowing of the 
cardiac rhythm is accompanied by peripheral 
vascular dilation. 

Vasovagal syncope: loss of consciousness 
caused by a vasovagal reaction. Consciousness 
is almost always regained when the individ
ual falls into a recumbent position because 
this results in increased venous return to the 
heart. 

VentrU:ular rhythm: a rhythm with a rate 
of <100 beats per minute with abnormally 
wide QRS complexes. There may be either 
retrograde association or A V dissociation. 
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FIGURE 2 2. 1. Figure 6.1 is reproduced here to schematically illustrate the anatomic layers of 
AV-junctional (AV node [A] and His bundle [BD and ventricular (RBB and LBB [C}) structures poten
tially capable of causing AV block. The numbers 1, 2, and 3 are anatomic structures in the ventricles 
incapable of initiating a narrow ( <0.12 second) QRS complex. 

Atrioventricular lA V) block refers to an abnormality in electrical conduction between the 
atria and ventricles. The term heart block has also been used to describe this abnormality. 
Normal AV conduction was discussed in Chapter 3, and the parts of the cardiac pacemak
ing and conduction system that electrically connect the atrial and ventricular myocardia 
are illustrated in Figure 22.1. The term degree is used to indicate the severity of A V block. 
This severity varies from minor (first degree), in which all impulses are conducted with 
delay; through moderate (second degree), in which some impulses are not conducted; to 
complete (third degree), in which no impulses are conducted. Any of these three levels of 
severity of AV block can be caused by conduction abnormality in the AV node (level A in 
Fig. 22.1), His bundle (level Bin Fig. 22.1}, or both the right bundle branch (RBB) and left 
bundle branch (LBB) (level C in Fig. 22.1). 
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SEVERITY OF ATRIOVENTRICULAR BLOCK 

First-Degree Atrioventricular Block 

A B 

FIGURE 2 2 • 2 . Simultaneous three-lead (Vl, II, and V5) rhythm strips showing examples of 
first-degree AV block from healthy patient (A) and a (B) woman receiving no medications. Arrows 
indicate PR intervals of 0.25 (A) and 0.35 second (B). 

The 11normal" PR interval has a duration of 0.12 to 0.20 second. First-degree AV block is 
generally defined as a prolongation of AV conduction time jPR interval) to >0.20 second. 
In analyses of records from normal young persons, the incidence of first-degree block by 
this definition ranged from 0.5%1 to 2%.z In healthy middle-aged men, a prolonged PR in
terval in the presence of a normal QRS complex was found not to affect prognosis and to 
be unrelated to ischemic heart disease. 3 Figure 22.2 illustrates two examples of first-degree 
AV block. The first of these jsee Fig. 22.2A) is minor, with aPR interval of 0.24 second, and 
the second (see Fig. 22.2B} shows extreme PR lengthening. Note that in Figure 22.2B, the 
P wave is superimposed on the T wave of the preceding cycle. 
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Second-Degree Atrioventricular Block 

I 

* * 

m 

FIGURE 2 2 • 3 • Leads I, II, and Ill rhythm strips from an elderly patient receiving digitalis ther
apy for chronic hean failure. Arrows indicate first-degree AV block and asterisks indicate second
degree AV block. 

By definition, second-degree A V block is present when one or more, but not all, atrial im
pulses fail to reach the ventricles. Examples of atrial premature beats that are not conducted 
because they occur early were presented in Chapter 15 (see Figs. 15.7 and 15.8). This situ
ation is not considered AV block because it is normal. Figure 22.3 presents an example of 
both first- and second-degree AV block in which on-time P waves either have delayed AV 
conduction (first and second cycles of the series) or no AV conduction {third cycle). 
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FIGURE 2 2. 4. Leads I, II, and III rhytlun strips from a patient with chronic pulmonary disease 
and receiving digitalis therapy (A) and a woman with hypertension and receiving both p-adrenergic 
and calcium antagonist therapy (B). Arrows indicate failure of AV conduction and therefore the pres
ence of second-degree AV block. 

A second-degree AVblockmaybeintermittent (Fig. 22.4A) or continuous (see Fig. 22.4B). 
Note that in Figure 22.4A, the second-degree block occW's only after a sequence of six con
ducted beats, of which the first shows no AV block and the latter five show first-degree 
block (7:6 block). In Figure 22.4B, there is continually alternating first- and second-degree 
A V block with a 2:1 AV ratio. This is termed 2:1 (AV) block. 
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FIGURE 2 2. 5. Leads I, II, and III rhythm strips from a patient with chronic bronchitis and 
cor pulmonale (A) and a 79-year-old woman with acute pulmona:ry edema (B), both of whom were 
receiving long-term digitalis therapy for heart failure. Arrows indicate P waves that completely fail 
to conduct to the ventricles. 

Second-degree AV block may have any ratio of P waves to Q.RS complexes (Fig. 22.5). 
In Figure 22.5A, there are the commonly appearing 3:2 and 4:3 AV conduction ratios. 
However, in Figure 22.5B the sinus rate is in the tachycardia range, and the more rapid 
•oombardmentlf of the AV node causes the 2:1 ratio to be intermittently increased to 3:1. 
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FIGURE 2 2. 6. Lead II rhythm strips from elderly patients receiving digitalis therapy. The ven
tricular rates are in the normal (60 to 100 beats per minute) (A) and bradycardic (15 to 40 beats 
per minute) (B) ranges. Note the prolonged pause in the ventricular rhythm (3.5 seconds) in B. 

When determining the clinical significance of second-degree AV block, the atrial rate 
should be considered. As discussed in Chapter 17, conduction of some, but not all, atrial 
impulses is essential for clinical stability in the presence of atrial flutter/fibrillation. 
Chapter 16 (see Fig. 16.6) indicates that second-degree AV block commonly occurs along 
with atrial tachycardia, particularly when there is digitalis toxicity. When u AV block" 
occurs in the presence of an atrial tachyarrhythmia, the block itself is considered a normal 
occurrence and not an additional arrhythmia (Fig. 22.6AJ unless the ventricular rate is re
duced into the bradycardic range (see Fig. 22.6BJ. 

When both second-degree AV block and sinus pauses are present (see Chapter 21), 
the cause is most likely not within the heart itself but rather in its autonomic nervous 
control. Second-degree AV block usually occurs in the AV node4•5 and is associated with 
reversible conditions such as the acute phase of an inferior myocardial infarction or treat
ment with digitalis, a ,a-adrenergic blocker, or a calcium channel-blocking drug. Because 
second-degree A V block is generally a transient disturbance in rhythm, it seldom progresses 
to complete AV block. However, in one study of 16 children manifesting second-degree AV 
block, 7 developed complete block.6 Chronic second-degree AV block may occasionally 
occur in many conditions, including aortic valve disease, atrial septal defect, amyloidosis, 
Reiter syndrome, and mesothelioma of the AV node. 
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Third-Degree Atrioventricular Block 

\\ \\ \\ 
* • 

B ~----------------------------------------------FIGURE 2 2 . 7 . Leads I, II, and III rhythm strips from two patients presenting with complaints 
of dyspnea on exertion. Arrows indicate the varying PR-interval relationships and asterisks indicate 
the regular junctional (A) and ventricular (B) escape rates. 

When no atrial impulses are conducted to the ventricles, the cardiac rhythm is termed 
"third-degree A V block, • and the clinical condition is determined by the escape capability of 
the more distal Purkinje cells. The junctional or ventricular escape rhythm in the presence 
of third-degree A V block is almost always precisely regular because these sites are not as 
influenced by the sympathetic/parasympathetic balance as is the sinus node. Figure 22.7 A 
shows junctional escape in a case of third-degree AV block, but Figure 22. 7B shows ven
tricular escape, which occurs at a slower rate. 
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FIG U lt. E 2 2. 8. A lead Vl rhythm strip from elderly patient on telemet.Iy monitoring during 
hospitalization following an episode of syncope. Arrows indicate the continuing sinus tachycardia 
before and after the onset of complete AV block. 

In most clinical instances, complete A V block is at least partly compensated by an 
escape rhythm originating from an area distal to the site of the block. However, complete 
A V block of sudden onset may cause syncope with catastrophic results, or even sudden 
death, when there is no escape rhythm (Fig. 22.8). As seen in the figure, P waves occur 
immediately after the T waves, and the first two P waves are conducted without even 
first-degree block, but the third and all subsequent P waves are not conducted at all. Thus, 
third-degree A V block need not be preceded by first- or second-degree AV block. 
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B 
fIGURE 2 2. 9. Rhythm strips from two patients receiving digitalis therapy for congestive 
heart failure. A. Lead Vl. B. Lead II. Note in A that the initial independent ventricular beat is a 
Mfusion beat" produced partly by conduction from the atria and partly from the ventricular pacing 
site. Arrows indicate the varying relationships between adjacent P waves and QRS complexes, and 
asterisks indicate the regular ventricular rates. Note that the P waves are unusually small in A and 
unusually large in B. 

Third-degree A V block always produces A V dissociation with its independent atrial 
and ventricular rhythms; however, A V dissociation may result from other sources than 
third-degree AV block. Decreased sinus automaticity (see Chapter 21), increased junctional 
and ventricular automaticity (see Chapter 16), and reentrant ventricular tachycardia (see 
Chapter 19) can all produce AV dissociation by creating the condition in which anterograde 
impulses fail to traverse the AV node. They encounter the refractoriness that follows AV 
nodal activation by retrograde impulses. Therefore, AV dissociation caused solely by im
paired function of the AV conduction system should actually be termed 11 AV dissociation 
due to AV block11 (see Fig. 22.7 A, B) and AV dissociation caused solely by an accelerated 
distal pacing site should be termed 11AV dissociation due to refractoriness~ (Fig. 22.9A). 
Both causes can coexist, producing 11 AV dissociation due to a combination of AV block 
and refractoriness," when there are P waves that are obviously not conducted to the ven
tricles but the ventricular rate is slightly above the upper limit of the bradycardic range of 
60 beats per minute (see Fig. 22.9B). The term 11interference" is often used to describe the 
condition of refractoriness that either causes or contributes to the two types of AV dissocia
tion described here. 
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FIGuRE 2 2.1 o. Leads I, II, and Vl rhythm strips from a patient receiving digitalis therapy for 
congestive heart failure. Arrows indicate P-wave locations (the irregularity is due to sinus arrhythmia) 
and an asterisk indicates a QRS complex produced by atrial capture. 

Often, the AV dissociation produced by third-degree AV block is Misoarrhythmic, w with 
similar atrial and ventricular rates and with P waves and QRS complexes occurring al
most simultaneously. Insight into the presence or absence of AV block can be attained 
only when a P wave appears at a time sufficiently remote from a QRS complex that the 
ventricular refractory period would be expected to have been completed. In Figure 22.10, 
there is A V dissociation during the first three cycles, in which the independent sinus and 
ventricular rhythms are similar. Then, when variation in rate caused by respiration (sinus 
arrhythmia) accelerates the sinus rate but does not affect the ventricular escape focus dur
ing the fourth cycle, atrial capture occurs. This event proves AV conduction to be possible 
and eliminates complete A V block as a contributor to the A V dissociation. 

Block in both the RBB and LBB (level C in Fig. 22.1), rather than block at the AV node or 
in the His bundle, is usually the cause of chronic complete AV block.7- 10 Idiopathic fibrosis, 
called either Lev disease or Lenegre disease, is the most common cause of chronic complete 
AV block. 7•11 Acute complete AV block within the AV node results from inferior myocardial 
infarction, digitalis intoxication, and rheumatic fever.12 Acute complete AV block within 
the bundle branches results from extensive septal myocardial infarction.13•14 Complete A V 
block may also be congenital, as when it results from maternal anti-Ro antibodies affecting 
the AV node.16 

In the presence of chronic LBB or RBB block, the individual is at some risk of suddenly 
developing complete A V block. After this occurs, the ventricles either remain inactive 
(ventricular asystole; see Fig. 22.8) and the patient experiences syncope or even sudden 
death, or a more distal pacing site takes over (see Fig. 22. 7B) and controls the ventricles 
(ventricular escape). In this event, the atria continue to beat at their own rate and the 
ventricles beat at a slower rhythm. This independence (AV dissociation due to A V block) 
is readily recognized in the BCG recording from the lack of relationship between the in
frequent QRS complexes and the more frequent P waves. Each maintains its own rhythm. 
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FIGURE 2 2 .11. Three examples of atrial tachyarrhythmias with third-degree AV block and 
lower escape rhythms. In A and B, the QRS duration of <0.12 second indicates escape from the com
mon bundle, but inC, the QRS duration of 0.16 second indicates either escape from the common 
bundle accompanied by LBB block or escape from the RBB. Arrows indicate the varying P-QRS (A) and 
F-QRS (B) intervals, and asterisks indicate the constant ventricular rates in all three examples. 

Differentiation between second- and third-degree AV block is accomplished by consid
ering the relationship among the ventricular waveforms in a series of cycles (RR intervals J 
and the relationship between the atrial and ventricular waveforms in each of these cycles 
(PR or flutter-R intervals). If the RR interval is irregular, some AV conduction can be as
sumed, and second-degree block is present. If the RR interval is regular, a constant PR 
or flutter-R interval indicates second-degree AV block, whereas a varying PR or flutter-R 
interval indicates third-degree block, with an escape rhythm generated by a lower site. 
Figure 22.11 presents examples of A V block occurring in the presence of three different 
atrial tachyarrhythmias: sinus tachycardia (see Fig. 22.11A), atrial flutter (see Fig. 22.11BJ, 
and atrial fibrillation (see Fig. 22.11C). Consecutive RR intervals are constant in all of the 
examples, at 2.84, 1.40, and 1.96 seconds, respectively. In Figure 22.11A and B, it is obvi
ous that there is third-degree A V block because the adjacent PR relationships in Figure 
22.11A and flutter wave-R relationships in Figure 22.11B are quite variable. In Figure 
22.11C, third-degree AV block can be assumed because the absence of regular atrial activ
ity in atrial fibrillation prohibits any constancy in A V conduction relationships. 
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LOCATION OF ATRIOVENTRICULAR BLOCK 

As discussed in Chapter 6 and presented schematically in Figure 22.1, AV block can be 
located in the AV node, the common bundle, or the bundle branches. This distinction is 
important because both the etiology and prognosis are quite different with proximal (A V 
nodal) versus distal(infranodal) block. Fortunately, block within the common bundle is so 
rare that the clinical decision about the location of an A V block is essentially limited to the 
A V node versus the bundle branches. 

Two aspects of the electrocardiographic appearance of rhythm may help in differentiat
ing A V block at the A V node versus AV block in a bundle branch: (a) the consistency of 
the PR intervals of conducted impulses and (b) the width of the QRS complexes of either 
conducted or escape impulses. Because only the A V node has the ability to vary its con
duction time, the Purkinje cells of the common bundle and bundle branches must conduct 
at a particular speed or not at all. Therefore, when a varying PR interval is present, the 
A V block is most likely within the AV node. 

A QRS complex of normal duration (<0.12 second) can occur only when the impulse 
producing the complex has equal access to both the RBB and LBB. Therefore, when an 
A V block is located at the bundle-branch level, the conducted or escape QRS complexes 
must be ;::::0,12 second. The diagnosis is complicated by the possibility of either a fixed 
bundle-branch block accompanying AV nodal block or an aberrancy of intraventricular 
conduction (Chapter 20). Consequently, a QRS complex of normal duration confirms that a 
block has an AV nodal location, whereas a QRS complex of prolonged duration is not help
ful in locating the site of an A V block. 

The A V node has this ability to vary its conduction time, because its cells have uniquely 
prolonged periods of partial refractoriness as they return from their depolarized to their 
repolarized states. Therefore, in less than complete AV block, a nodal versus an infranodal 
(bilateral bundle) location can be determined by observing whether the PR interval is vari
able, as in the first case, or constant, as in the second. 

A V conduction patterns can be considered only when some conduction is present (first
or second-degree AV block). No differentiation between an AV nodal and an infranodal 
location is possible in complete (third-degree) block with wide escape QRS complexes (see 
Fig. 22.7B). 
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FIGURE 2 2. 12. A lead V1 rhythm strip accompanied by a ladder diagram with atrial (A), AV 
nodal (A V), and ventricular (V) levels. The various intervals are indicated in hundredths of a second. 

The classic form of AV nodal block is reflected by the Wenckebach sequence, in which 
the PR interval may begin within normal limits but is usually somewhat prolonged. With 
each successive beat, the PR interval gradually lengthens until there is failure to conduct 
an impulse to the ventricles. Examples are presented in Figures 22.3, 22.4A, and 22.5A. 
Following the nonconducted P wave, the PR interval reverts to normal jor near nor
mal) and the sequence is repeated. At times, the PR interval may increase to surprising 
lengths. 

Progressive lengthening of the PR interval occurs in the Wenckebach sequence because 
each successive atrial impulse arrives progressively earlier in the relative refractory pe
riod of the A V node and therefore takes progressively longer to penetrate the node and 
reach the ventricles. This is a physiologic mechanism during atrial flutter/fibrillation, but 
its occurrence at normal heart rates implies impairment of A V conduction. 16 The progres
sive lengthening of the PR interval usually follows a predictable pattern: The maximal 
increase in the PR interval occurs between the first and second cardiac cycles, and the 
increase between subsequent cycles then becomes progressively smaller. Three charac
teristic features of the cardiac cycle, which can be figuratively referred to as the footprints 
of the Wenckebach sequence, occur with AV nodal block: (a) the beats tend to cluster in 
small groups, particularly in pairs, because 3:2 P-to-QRS ratios are more common than 
4:3 ratios, which are more common than 5:4 ratios, and so forth; (b) in each group of 
ventricular beats, the first cycle is longer than the second cycle, and there is a tendency 
for progressive shortening to occur in successive cycles; and jcJ the longest cycle (the one 
containing the dropped ventricular beat) is less than twice the length of the shortest cycle 
(Fig. 22.12). 

This phenomenon influences the rhythm of the ventricles. After the pause produced by 
complete failure of A V conduction, the RR intervals in the ECG tend to decrease progres
sively, and the long cycle (the one containing the nonconducted beat) is of shorter duration 
than two of the shorter cycles because it contains the shortest PR interval. This pattern of 
progressively decreasing RR intervals preceding a pause in A V conduction that lasts for 
less than twice the duration of the shortest RR interval is of only academic interest in the 
presence of A V nodal block, but a similar pattern of PP intervals may provide the only clue 
to the presence of sinus nodal exit block (see Chapter 21). 
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FIGuRE 2 2. 13. A continuous recording oflead II from a patient with acute inferior myocardial 
infarction. Arrows indicate both the obvious and the assumed locations of sinus-originated P waves. 

When second-degree AV block appears during an acute inferior myocardial infarction, 
the elevation of the ST segment in the ECG may obscure many of the P waves, as seen 
in Figure 22.13. The visible P waves with prolonged PR intervals during the pauses allow 
diagnosis of first-degree block1 but only the typical RR-interval pattern allows a diagnosis 
of second-degree AV nodal block. 

The features described are typical of a classic Wenckebach period, but AV nodal block 
rarely fits this pattern, because both the sinus rate and the AV conduction are under the 
constant influence of the autonomic nervous system.17•18 Among common variations from 
the classic pattern are (a) the first incremental increase in PR interval may not be the 
greatest, (b} the PR intervals may not lengthen progressively, (c) the last PR increment may 
be the longest of all, and (d) a nonconducted atrial beat may not occur.17 The only criterion 
needed to identify the form of AV block that typically occurs in the AV node is a variation 
in the PR intervals. The term Mobitz type I or simply type I AV block is used when variation 
of the PR intervals is virtually diagnostic of block in the AV node. 
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FIGURE 2 2. 14. A ladder diagram illustrating the effect of progressively earlier entry of atrial 
impulses 1 to 5 into the AV node (A V). The light stippled area indicates the AV node's relative refrac
tory period, during which impulses 2, 3, and 4 encounter progressively slower conduction. The dark 
stippled area indicates the node's absolute refractory period, during which impulse 5 cannot be con
ducted to the ventricles. 

The earlier an impulse arrives during the prolonged partial refractory period of the 
AV node, the longer the time required for conduction of the impulse through to the ventri
cles. Therefore, when the AV node remains in its refractory period, the shorter the interval 
between a conducted QRS complex and the next conducted P wave (RP interval), the lon
ger is the following conduction time (PR interval). This inverse or reciprocal relationship 
between RP and PR intervals is illustrated schematically in Figure 22.14. 
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FIGURE 2 2. 15 . A lead V1 rhythm strip from an elderly patient on digitalis therapy for conges
tive heart failure. Arrows indicate the varying PR intervals during the third and fourth cycles that 
prove the capacity for variable conduction times. 

The need to consider the variability in A V conduction times to determine the location 
of an AV block is illustrated in Figure 22.15. There is normal sinus rhythm with second
degree AV block and RBB block. For the initial complete cardiac cycles, the RP intervals 
are constant (1.36 seconds) and the PR intervals are also constant (0.24 second). It is tempt
ing to locate the A V block below the AV node because the PR intervals do not vary and 
there is an obvious intraventricular conduction problem. However, the possibility of AV 
nodal block has not been eliminated because, with a constant RP interval, the AV node 
would be expected to conduct with a constant PR interval. Only when the conduction 
ratio changes from 2:1 (P waves 1 to 4) to 3:2 (P waves 5 to 7) is a change produced in the 
RP interval(from 1.36 to 0.56 seconds). This shorter RP interval is accompanied by a recip
rocally greater PR interval(from 0.24 to 0.36 second), identifying the AV node rather than 
the ventricular Purkinje system as the location of the AV block. 
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INFRANODAL {PURKINJE) BLOCK 

A 

B 
FIGuRE 2 2. 16. Lead II rhythm strips from a woman with recurrent presyncopal episodes 
(A) and another patient with an acute inferior myocardial infarction (B). Brackets indicate the vari
able RP/constant PR pattern typical of type II AV block in A and the variable RP/variable PR pattern 
typical of type I AV block in B. 

Although infranodal (i.e., occurring in the Purkinje system) block is much less common 
than AV nodal block, it is a much more serious condition. It is almost always preceded by a 
bundle-branch block pattern for the oonducted beats, with the nonconducted beats resulting 
from intermittent block in the other bundle branch.4•5 Continuous block in the other bundle 
branch results in syncope or heart failure if ventricular escape occurs and sudden death if there 
is no ventricular escape. In{ranodal block is almost always due to bilateral bundle-branch block 
(level C in Fig. 22.1) rather than His-bundle block (level Bin Fig. 22.1). First-degree AV block 
may or may not accompany the bundle-branch block, but there is usually no stable period of 
second-degree AV block. Infranodal block is typically characterized by a sudden progression 
from no AV block to third-degree (complete) AV block. Because it occurs in the distal part of 
the pacemaking and conduction system, the escape rhythm may be too slow or too unreliable 
to support adequate circulation of blood1 thereby causing serious and even fatal clinical events. 

Unlike the cells in the AV node, those in the Purkinje system have an extremely short 
relative refractory period. Therefore, they either conduct at a particular speed or not at all. 
Infranodal block is characterized by a lack of lengthening of the PR interval preceding the 
nonconducted P wave and a lack of shortening of the PR interval in the following cycle. This is 
termed Mobitz type H or simply type H AV block. It should be diagnosed whenever there is sec
ond-degree AV block with a constant PR interval despite a change in the RP interval. Indeed, 
the distinction between type I and type II blocks does not require the presence of a noncon
ducted P wave and can therefore be made in the presence of first-degree AV block alone. 

The cardiac rhythm shown in Figure 22.16A should be compared with that in Figure 22.16B. 
The consistent 3:2 AV ratio provides varying RP intervals. However, in Figure 22.16A, the PR 
intervals remain constant at 0.20 second, in contrast with Figure 22.16B in which the varying 
PP intervals result in varying PR intervals. Therefore, the AV block producing the rhythm 
shown in Figure 22.16A is in a location that is incapable of varying its conduction time even 
when it receives impulses at varying intervals. The PR intervals are independent of, rather 
than reciprocal to1 their associated RP intervals. This type TI block in Figure 22.16A is indica
tive of an infranodal (Purkinje) site of failure of A V conduction, in contrast to type I block in 
Figure 22.16B, which is indicative of an AV nodal site. 
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FIGURE 2 2. 1 7. A lead Vl rhythm strip from a patient with chronic congestive heart failure. 
There is a lack of increase in the PR interval when a decrease occurs in the RP interval. 

Figure 22.17 presents another example of type II block. Note that the PR intervals re
main unchanged despite longer and shorter RP intervals (i.e., there is no RP/PR reciproc
ity). The recording illustrates the two sources of variation in RP intervals: a change in the 
AV conduction ratio (from 1:1 to 2:1) and the presence of a ventricular premature beat. 
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FIGURE 2 2. 18. The four-step algorithm for iden
tifying the location of AV block from an ECG recording. 
Step 1: Consider the duration of the QRS complex. Step 2: 
Consider whether conducted beats are present. Step 3: 
Consider whether there is variation in the conduc
tion times. Step 4: Consider whether there are constant 
PR intervals with changing RP intervals. Situations that 
indicate an end point in the algorithm are indicated by 
boxes with accentuated borders. 

A stepwise method for determining the location of A V block is illustrated in Figure 22.18. 
This algorithm does not consider the localization of AV block within the common bundle 
because of the rarity of AV block in this location. (Such a location should be considered 
only when a QRS complex of normal duration [step 1] is accompanied by a pattem char
acteristic of type II block [step 4].) Note that both steps 2 and 4 may lead to situations in 
which it is impossible to determine the location of a block from a particular ECG record
ing. In this case, additional recordings should be obtained. If these are also nondiagnostic, 
the patient should be managed as though the block were located in the bundle branches 
because such a location has the most serious clinical consequences. This usually requires 
insertion of a temporary pacemaker, which provides time for further studies to determine 
the location of the A V block. His-bundle electrograms can be obtained via intracardiac re
cordings. A prolonged atrial-to-His interval (from the onset of the atrial signal to the time 
of the His-bundle signal), or the absence of a signal from the His bundle, indicates block in 
an A V nodal location, whereas a prolonged His-to-ventricle interval (from the His-bundle 
signal to the onset of the ventricular signal), or absence of a signal from the ventricles after 
a His signal, indicates block in a bilateral bundle branch location (see Fig. 14.11). 
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GLOSSARY 

Atrioventricular (A V} block: a conduction 
abnormality located between the atria and 
the ventricles. Both the severity and the loca· 
tion of the abnormality should be considered. 

Degree: a measure of the severity of A V block. 
First·degree AV block: conduction of atrial 

impulses to the ventricles with PR intervals 
of >0.21 second. 

Footprints of the Wenckebach sequence: the 
pattern of clusters of beats in small groups, 
with gradually decreasing intervals between 
beats, preceding a pause that is less than 
twice the duration of the shortest interval. 

Heart block: another term used for A V block. 
His-bundle eledrograms: intracardiac recordings 

obtained via a catheter positioned across the 
bicuspid valve adjacent to the common or His 
bundle. These recordings are used clinically to 
determine the location of AV block when this is 
not apparent from the surface BCG recordings. 

Infranodal block: A V block that occurs dis
tal to or below the AV node and therefore 
within either the common bundle or in both 
the RBB and LBB. 

Mobitz type I (type 1): a pattern of AV block 
in which there are varying PR intervals. This 
pattern is typical of block within the A V node, 
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which has the capacity for wide variations in 
conduction time. Wenckebach sequences are 
the classic form of type I block. 

Mobitz type ll (type II}: a pattern of AV block 
in which there are constant PR intervals 
despite varying RP intervals. This pattern is 
typical of block in the ventricular Purkinje 
system, which is incapable of significant 
variations in conduction time. 

RP interval: the time between the beginning of 
the previously conducted QRS complex and 
the beginning of the next conducted P wave. 

RPIPR reciprocity: the inverse relationship 
between the interval of the last previously 
conducted beat (RP interval) and the time 
required for AV conduction (PR interval). 
This occurs in type I AV block. 

Second-degree AV block: the conduction of 
some atrial impulses to the ventricles, with 
the failure to conduct other atrial impulses. 

Third-degree AV block: failure of conduction 
of any atrial impulses to the ventricles. This 
is often referred to as •complete AV block." 

Wenckebach sequence: the classic form of 
type I AV block, which would be expected to 
occur in the absence of autonomic influences 
on either the SA or AV nodes. 
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BASIC CONCEPTS OF THE ARTIFICIAL PACEMAKER 

FIG U R. E 2 3. 1. Biventricular pacemaker with three leads. Top lead: coronary sinus (LV) pac
ing lead. Middle lead: Right ventricular pacing lead. Bottom lead: Active fixation pacing lead for the 
right atrium. 

Arti{ici.o.l cardiac pacemakers are used for a wide range of cardiac arrhythmias and con
duction disorders. Pacemakers are used for treatment of symptomatic bradyarrhythm.ias 
caused by abnormal cardiac impulse formation or conduction.1 Pacemakers are used in 
patients with tachyarrhythmias when (a) pharmacologic therapy carries a risk of bradyar
rhythmias or more serious arrhythmias or (b) when electrical stimuli are required to stop 
the tachyarrhythmia. Pacemakers are combined with the capability of cardiac defibrillation 
in implanted devices for treatment of prior or potential life-threatening ventricular arrhyth
mias. 2 Pacemakers that pace both cardiac ventricles are used for treatment of heart failure 
in patients with reduced and poorly coordinated left-ventricular (LV) contraction associ
ated with severe slowing of intraventricular conduction. 3 

Figure 23.1 shows the components of an implantable artificial pacemaker system de
signed to pace the right atrium and both cardiac ventricles (biventricular pacing). Electronic 
impulses originate from a pulse generator surgically placed subcutaneously in the pectoral 
area that is connected to transvenous leads with small electrodes mounted at their distal 
ends. These electrodes are positioned adjacent to the endocardial surfaces of the right 
atrium and right ventricle. The third lead is placed in an epicardial vein to pace the left 
ventricle. Temporary pacing can be achieved with an external pulse generator connected 
either to transvenous leads positioned like those for permanent pacing or to large precor
dial electrodes (Zoll device). With open-heart surgery, temporary or permanent epicardial 
electrodes may be placed on the atria or ventricles. 
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FIGURE 23.2. A and B. Fixed-rate ventricular and atrial pacing systems, respectively. Arrow, 
small pacing artifacts at a rate of 50 beats per minute; asterisk, prolonged PR interval. 

When the cardiac rhythm is initiated by the impulses from an artificial pacemaker, pace
maker artifacts can usually be detected on an electrocardiogram (ECG) recording as posi
tively or negatively directed vertical lines (Fig. 23.2). Fixed-rate pacing of the ventricles (see 
Fig. 23.2A} and the atria (see Fig. 23.2B) are illustrated. Note that this pacing system has no 
capability of "sensing" the patient's intrinsic rhythms and continues to generate impulses 
despite the resumption of sinus rhythm. In Figure 23.2A, the second, third, and fifth pace
maker impulses capture the ventricles. Thus, the patient's sinus rhythm is competing with 
a fixed-rate ventricular pacemaker. The regular rhythm of the pacemaker spikes is not dis-
turbed by the intrinsic beats of the heart. The atrial pacemaker (see Fig. 23.2B) competes 
with sinus rhythm and initiates atrial premature beats (APBs) in the second, third, and 
fourth that fail to conduct until the fourth APB impulse conducts with a long PR interval. 
Modern pacemakers contain sophisticated sensing capabilities, and "'fixed-rate• systems 
such as those described are no longer used. 
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FIGuRE 2 3 • 3. Arrows, prominent (lead VS) and absent (lead II) pacing artifacts in different 
leads; asterisks, varying artifact amplitudes {V4) characteristic of digital ECG recordings. 

As illustrated in Figure 23.3, the amplitude of pacemaker artifacts in the ECG varies 
among leads, and the artifacts may not be apparent at all in a single-lead recording. The 
pacing artifacts are prominent in many leads (V2 to V6) but minimal in others and entirely 
absent in lead II. If only lead II were observed, there would be no evidence that the cardiac 
rhythm was artificially generated. The amplitude of the pacing spike also depends on the 
programmed output and configuration of the pacing system. This pacing spike amplitude is 
increased when unipolar pacing is used and may vary from beat to beat when digital ECG 
recording systems are used (see Fig. 23.3). 
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FIGURE 2 3. 4. Arrows, patient's intrinsic sinus P waves; asterisks, QRS complexes of intrinsic 
ventricular activation that inhibit impulse generation from the demand pacemaker. 

All current artificial pacemakers have a built-in standby or de71Ulnd mode because the 
rhythm disturbances that require their use may occur intermittently.z Figure 23.4 provides 
an example of a normally functioning atrial demand pacemaker. In this mode, the de
vice senses the heart's intrinsic impulses and does not generate artificial impulses while 
the intrinsic rate exceeds the rate set for the pulse generator. H the intrinsic pacing rate 
falls below the set artificial pacing rate, all cardiac cycles are initiated by the artificial 
pacemaker, and no evaluation of its sensing function is possible. In this example, the pace
maker cycle length is 840 milliseconds (0.84 second). Intrinsic beats occur in the lead Vl 
rhythm strip and are appropriately sensed by the demand pacemaker. Note the prolonged 
PR interval (0.32 second) required for the first intrinsic ventricular activation. 
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FIGURE 2 3. 5. Arrows, magnet application; asterisks, rapid magnet-induced pacing rate. 

H the intrinsic rate is greater than that of the artificial pacemaker, the pacing capability 
of the demand device may not be detectable on an ECG recording. The activity of the de
vice can only be observed when a bradyarrhythm.ia occurs (Fig. 23.5) or when a magnet is 
applied. The magnet converts the pacemaker to fixed-rate pacing. Most current pacemakers 
also increase their pacing rate during magnet application to minimize competition with the 
patient's intrinsic rhythm. In the example shown in Figure 23.5, the patient's sinus brady
cardia is interrupted by magnet application, causing an increase in the pacemaker rate to 
100 beats per minute. Note the P waves following the pacemaker-induced QRS complexes, 
indicating 1:1 ventriculoatrial conduction. 
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PACEMAKER MODES AND DUAL-CHAMBER PACING 

Table 23.1. 

The NASPE/BPEG Generic (NBG) Pacemaker Code 

Position I II III IV v 
Category Chamber(s) Chamber(s) Response to Programmability, Antitachyar-

paced sensed sensing rate modulation rhythmia 

0 =None 0 =None 0 =None 0= None function(s) 

A= Atrium A= Atrium T = Triggered P =Simple 0 =None 

P =Pacing 

Programmable V = Ventricle V = Ventricle I = Inhibited M = Multipro- S =Shock 
(antitachyar- D =Dual D =Dual D= Dual grammable D =Dual 
rhythmia) (A+ V) (A+ V) (T + 1) C =Communi- (P + S) 

eating 

R =Rate 
modulation 

Note: Positions I through III are used exclusively for antibradyarrhythmia function. 

The North American Society of Pacing and Electrophysiology Mode Code Committee 
and the British Pacing and Electrophysiology Group jointly developed the NASPE/BPEG 
Generic (NBG) code for artificial pacemakers.4 This code, presented in Table 23.1 and 
described below, includes three letters to designate the bradycardia functions of a pace
maker; a fourth letter to indicate the pacemaker's programmability and rate modulation; 
and a fifth letter to indicate the presence of one or more antitachyarrhythmia functions. 

The flrst three letters of the NBG code can be easily remembered by ranking pacemaker 
functions from most to least important. Pacing is the most important function of such an 
instrument, followed by sensing, and then by the response of the pacemaker to a sensed 
event. The first letter designates the cardiac chamber(s) that the instrument paces. The 
second letter designates the chamber(s) that the pacemaker senses. Entries for pacing and 
sensing include "A~ for atrium, "V" for ventricle, un~ for dual (atrium and ventricle), and 
"0" for none. The third letter in the NBG code designates the response to sensed events. 
Entries for this third letter include "I~ for inhibited, 11D 11 for both triggered and inhibited, 
and •o" for none. The fourth letter describes two different functions: (a) the degree of pro
grammability of the pacemaker (11M" for multiprogrammability, "P~ for simple programma
bility, and •o" for no programmability) and (b) the presence of rate responsiveness ("R~ for 
the presence, and omission of a fourth letter for the absence of rate responsiveness). The 
fifth letter of the NBG code is seldom used. 

Commonly used pacemakers include those with the VVI, AAI, and DDD modes, with 
VVIR, AAIR, and DDDR designating the rate-modulated modes. 5•

6 VVI pacemakers (see 
Figs. 23.3 to 23.5) pace the ventricle, sense the ventricle, and are inhibited by sensed in
trinsic events. These instruments represent the classic ventricular demand pacemaker that 
paces at the programmed rate unless the instrument senses intrinsic ventricular activity at a 
faster rate. The VVI pacemaker has only a single rate (usually called the "minimum rate") to 
be programmed. By analogy with VVI pacemakers, AAI pacemakers pace the atrium, sense 
the atrium, and are inhibited by sensed atrial beats. AAI pacemakers also have only a single 
programmable rate. Both VVI and AAI pacemakers are 8Single-chamber11 pacemakers; they 
both have only one lead pacing and sensing one cardiac chamber. 
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FIGURE 2 3. 6. A. Atrial and ventricular minimum-rate-behavior pacing. B. Ventricular pacing 
at the atrially tracked rate with the programmed AV interval. C. Ventricular pacing at varying 
intervals following sensed atrial flutter waves exhibiting maximum-rate behavior. 

DDD pacemakers are typically "dual-chamber' pacemakers; they pace both the right 
atrium and right ventricle or both ventricles and sense atrial and ventricular impulses. 
They are triggered by P waves to pace the ventricle at the programmed atrioventricular 
(A V} interval and are inhibited by ventricular sensing to not compete with the patient's un
derlying rhythm. DDD pacing varies according to the patient's underlying atrial rate. H the 
patient's atrial rate is below the minimum tracking rate in the DDD mode, the pacemaker 
shows "minimum rate behavior," pacing both the atrium and the ventricle (Fig. 23.6A). If 
the sinus rate is above the minimum rate in the DDD mode, the pacemaker tracks atrial 
activity and paces the ventricle at the programmed AV interval (see Fig. 23.6B). To prevent 
tracking of rapid atrial rhythms, the DDD pacemaker requires a programmed maximum 
tracking rate. More rapid atrial rates are sensed, but ventricular pacing is limited to the 
programmed upper tracking rate (11maximum-rate behavior"i see Fig.23.6C). H the pace
maker is programmed appropriately, AV intervals following the sensed atrial activity vary 
and resemble those in AV nodal block. 
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FIGURE 2 3. 7. A. Arrow, sensed APB. B. Arrow, sensed VPB. C. Arrow, unsensed APB; asterisks, 
minimum-rate AV pacing following the APB-induced pause and continuing until intrinsic sinus 
rhythm exceeds this minimum pacing rate. 

Figure 23.7 shows lead Vl rhythm strips from three patients with syncope owing to in
termittent A V block. Displayed are the normal functions of three DDD pacemakers when 
the atrial rate is above the programmed minimum rate and below the programmed maxi
mal tracking rate of the pacemaker. The DDD pacemaker is best understood by knowing 
that it approximates normal AV function and conduction and that its function closely ap
proximates normal cardiac physiology. The AV intervals provided by DDD pacemakers 
may shorten with an increased pacing rate. The DDD pacemaker tracks both sinus ar
rhythmia and APBs (occurring at the peak of aT wave, triggering ventricular pacing; see 
Fig. 23.7A) and senses and is reset by ventricular premature beats (VPBs; see Fig. 23.7B). 
The pacemaker may lengthen the AV interval for closely coupled APBs but may not sense 
very closely coupled APBs when they occur in its atrial refractory period (see Fig. 23.7C). 
Note the minimum-rate AV pacing following the APR-induced pause and continuing until 
intrinsic sinus rhythm exceeds this minimum pacing rate in Figure 23. 7C. 
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FIGURE 2 3. 8. A. Arrows, atrial and ventricular pacing. B. Arrow, ventricular pacing tracking a 
rapid sinus rate. 

VVIR and DDDR pacemakers have the capacity for rate modulation by having their min
imum rate automatically increased through an activity sensor. Common sensors include 
a piezoelectric crystal (activity), accelerometer (body movement), or impedance sensing 
device (sensing of respiratory rate or minute ventilation). Pacemakers with rate modula
tion have programmed maximal sensor rates and may have programmable parameters for 
sensitivity and rate of response. 

DDDR pacing and modulation of the minimum rate through sensor activity is shown in 
Figure 23.8A. Consecutive beats with both atrial and ventricular pacing confirm minimum
rate pacing. The minimum rate has been .~~modulated• and increased to 84 beats per minute 
as a result of sensor activity (see Fig. 23.8A). Figure 23.8B displays the same pacemaker 
tracking the same patient's sinus rhythm at a rate faster than that with the sensor-driven 
pacing shown in Figure 23.8A. Note the sensor has not increased the pacemaker's mini
mum rate while tracking a rapid sinus rate. Thus, the DDDR pacemaker can increase the 
rate of ventricular pacing either through an increased rate of atrial pacing driven by the 
sensor or through sensing of an increased intrinsic sinus rate. Maximal sensor rate and 
maximal tracking rate may be independently programmed in dual-chamber pacemakers. 
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FIGURE 2 3. 9 Arrow, beginning of a five-beat train that terminates the tachycardia; asterisk, 
return of sinus rhythm. 

Pacemaker systems may include antitachycardia pacing (ATP), but current practice usu
ally limits ATP to supraventricular tachyarrhythmias. However, Figure 23.9 presents an 
example using ATP to terminate a monomorphic ventricular tachycardia in a patient with 
palpitations and dizziness before pacemaker implantation. Note the very small pacing arti
facts visible in lead aVF. 
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FIGURE 2 3. 10. Asterisk, high-energy lCD artifact terminating the tachycardia; arrows, return 
of dual-chamber pacing. 

ATP for ventricular tachycardia is usually included in an implantable cardioverter de
fibrillator (ICD). This complex device protects the patient from acceleration of a tachyar
rhythmia or even induction of ventricular fibrillation as a complication of ATP (Fig. 2.10). 
As seen in Figure 23.101 a polymorphic ventricular tachycardia at a rate of 250 beats per 
minute was induced with a high-energy lCD artifact terminating the tachycardia. Atrial 
pacing artifacts have been distorted by the ICD discharge. ICD systems incorporating ATP 
also include AV sequential pacing to protect against bradyarrhythmias. 
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PACEMAKER EVALUATION 

FIGURE 2 3. 11. Arrows, pacing artifacts; asterisks, single instance of ventricular capture by the 
pacemaker. 

The initial aspect of evaluation of any pacemaker system is the assessment of its pacing and 
sensing functions. Pacing failure is indicated by the absence of atrial or ventricular capture 
after a pacing artifact, and a pacemaker system may also exhibit either under· or o-versensing. 

Figure 23.11 shows the typical appearance of failure of both the pacing and sensing func. 
tions of a pacemaker. Pacing artifacts are seen continuing regularly (68 beats per minute), not 
sensing for the patient's intrinsic beats and usually not producing a QRS following paced beats. 
Only a single incidence of ventricular capture occurs. Failure of the sensing function is appar· 
ent from the absence of pacemaker inhibition by the patient's intrinsic ventricular beats. 

FIGURE 2 3.12. First six arrows, minimum-rate pacing without atrial capture; asterisk and last 
arrow, atrial capture by the pacemaker. 

The evaluation of dualwehamber pacing systems must assess both atrial and ventricular 
capture and sensing.7

•8 Figure 23.12 demonstrates failure only of atrial capture; the ven
tricular pacing function is intact. Effective atrial sensing is indicated by the tracking of the 
first two sinus beats1 with ventricular pacing at the sinus rate. During the pause after the 
VPB1 minimum.·rate pacing occurs, but with failure of atrial capture. Effective ventricular 
sensing is indicated by inhibition of ventricular pacing after the VPB. 

CHAPTER 23: Artificial Cardiac Pacemakers 489 



A 

Vl • 1--y-"' - ~- I --
IV rv IV 

B 

'--"¥!~ /'\ ~----~----~------~~~lr-v------------111~' ( ~ 

c 
FIGURE 23.13. A. Arrow, single undersensed P wave. B. Arrows, expected locations of atrial 
and ventricular pacing artifacts; asterisk, P wave that fails to conduct owing to underlying AV 
block. c. Arrow, expected location of the next ventricular pacing artifact; asterisk, pacing artifact 
reappearance. 

Figure 23.13 shows three examples of sensing dysfunction: atrial undersensing (see 
Fig. 23.13A) and ventricular oversensing (see Fig. 23.138, C). A DDD device was present 
in Figure 23.13A and Band a VVI device in Figure 23.13C. In normal pacemaker function, 
ventricular sensing inhibits the pacemaker activity and atrial sensing triggers the pace
maker activity. The failure of atrial sensing in Figure 23.13A causes failure of the P wave 
jarrow) to trigger ventricular activity. A prolonged pause (continuing for >6 seconds in 
Fig. 23.13C) is typical of abnormal sensing occurring with broken pacemaker leads. The 
reappearance of the pacing artifact (asterisk} indicates that the lead break is only intermit
tent. Regardless, the abnormal sensing of either skeletal muscle (pectoralis} activity via the 
ventricular lead jsee Fig. 23.138) or noise from a broken lead (see Fig. 23.13C) pathologi
cally inhibits the pacemaker activity. 
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FIGURE 2 3. 14. Arrow, pacemaker artifact 0.04 second into an intrinsic QRS complex. 

"Failure to sense" may be incorrectly suspected when the pacing system has not had 
sufficient time to sense an intrinsic beat. 7•

8 This occurs when the patient's intrinsic rate 
is similar to the instrument's minimum pacing rate, as in lead V1 rhythm recording of 
atrial fibrillation with intermittent slowing and ventricular pacing (Fig. 23.14). A period of 
>0.04 second is required for intrinsic activation to reach the pacemaker lead in the right
ventricular apex and to be sensed by the pacemaker. The apparent abnormality in fact 
represents normal pacemaker function. 

FIGURE 2 3. 15. Arrows, retrograde P waves of 1:1 ventricular-to-atrial conduction. 

At times, both the pacing and sensing functions of a pacemaker may occur normally 
in patients with symptoms that are typically associated with pacemaker dysfunction. 
Figure 23.15 documents normal pacing by a VVI pacemaker. Absence of competing intrin
sic activity prevents evaluation of the instrument's sensing function. However, the occur
rence of 1:1 ventricular-to-atrial conduction leads to the clinical probability that 11pa.cemaker 
syndrome•9-vasovagal syncope caused by atrial dilation produced by the occurrence of 
atrial contraction with the closed tricuspid valve during ventricular contraction-is causing 
the patient's symptoms. 
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FIGURE 2 3. 16. Arrows, effective ventricular capture by the first of two coupled pacing arti
facts; asterisks, intrinsic beats. 

In Figure 23.161 both the pacemaker's pacing and sensing functions are evident. 
However, reversal of the atrial and ventricular leads during their connection to the tempo
rary pacemaker becomes obvious from observing ventricular capture by the initial rather 
than the second of each pair of pacing artifacts. The second of each of the pairs is seen 
occurring either in the QRS complex or in the ST segment of the paced beats. The five 
intrinsic beats (asterisks) are seen inhibiting the pacemaker1 proving normal ventricular 
sensing function. 
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MYOCARDIAL LOCATION OF THE PACING ELECTRODES 
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B 
FIGuRE 2 3. 17. A. Right-vennicular apex pacing. B. Right-ventricular outflow tract pacing. 

The spread within the heart of the wave fronts of depolarization from a pacemaker de
pends on the location of the stimulating electrode. Currently, most endocardial electrodes 
are positioned near the right-ventricular (RV} apex. This produces sequential right- and 
then left-ventricular activation and therefore a left-bundle-branch block (LBBB) pattern on 
the ECG. As activation proceeds from the RV apex toward the base, the frontal axis is supe
rior, producing extreme left-axis deviation (Fig. 23.17A). Endocardial electrodes placed in 
the RV outflow tract produce activation beginning at the base and directed inferiorly. The 
frontal axis is then vertical (see Fig. 23.17B). 
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FIGURE 2 3. 18. Three 12-lead ECGs with lead Vl rhythm strips from a 54-year-old man with 
bean failure caused by cardiomyopathy and LBBB, with a QRS duration of 190 milliseconds (A). 
Recordings (Band C) were obtained at the time of implantation of a DDD pacemaker with pacing elec
trodes in both the right-ventricular apex and distal coronary sinus. Biventricular pacing (B) narrowed 
the QRS duration from 190 milliseconds to 155 milliseconds. An arrow indicates the ventricular pac
ing artifact tracking sinus rhythm. Intermittent right-ventricular pacing alone (C) extended the QRS 
duration to 210 milliseconds (asterisks) in contrast to the biventricular pacing effect. 
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FIGURE 23.18. (continued) 

LV epicardial electrodes or electrodes placed in the distal coronary sinus pace the left 
ventricle. This produces sequential left- then right-ventricular activation and therefore a 
right-bundle-branch block (RBBB) pattern on the ECG. Usually, pacing a single ventricle 
produces a wide QRS complex (210 milliseconds in Fig. 23.18C), but pacing of both ven
tricles simultaneously may narrow the QRS complex, as shown in the figure, from the 
baseline 190 milliseconds in Fig. 23.18A to 155 milliseconds in Fig. 23.18B. 

Asterisks show wider complexes occuring with loss of left ventricular capture and only 
capture of the right ventricle. 

CHAPTER 23: Artificial Cardiac Pacemakers 495 



CURRENT PACING EXPERIENCE 

FIGURE 2 3.19. Dual-chamber (with right-atrial and right-ventricular leads) pacemaker 
minimizing veno:i.cular pacing. 

More than 225,000 pacemakers were implanted in the United States in 2009, the most 
recent year surveyed.5•6 Approximately 14% were single-chamber ventricular {VVI) pace
makers, 0.5% single-chamber atrial (AAI) pacemakers, 82% were dual-chamber (DDD) 
pacemakers with RV pacing, and 4% were biventricular (right- and left-ventricular) pace
makers. 

Although the majority (86%) of pacemakers are programmed DDD, the frequency of pac
ing and the number of paced ventricular beats on the ECG should vary greatly between sub
jects with RV leads and subjects with biventricular pacemakers and leads. The Dual Chamber 
and VVI Implantable Defibrillator (DAVID) study documented an earlier onset of heart 
failure secondary to LV dysfunction in patients that were aggressively paced with dual
chamber RV systems.10 The MOST study comparing VVI and DDD pacing in patients with 
implantable defibrillators (but not pacemaker dependent) found that frequent RV (>40% 
to 50%) pacing was deleterious and increased mortality and heart failure admissions when 
compared with sinus rhythm.11 Consequently, manufacturers have developed new algo
rithms to provide minimal use of ventricular pacing in dual-chamber pacemakers with only 
right-ventricular leads. 

Figure 23.19 begins with AV sequential pacing with a short AV interval 
(110 milliseconds) followed by atrial pacing but with return of intrinsic AV conduction. 
The intrinsic conduction typically reduces the LV dyssynergy caused by pacing the RV 
apex. This is an example of •dual-chamber-right-ventricular pacing! The improved LV 
function in patients with normal intrinsic intraventricular conduction can be achieved 
by simply prolonging the AV interval of this dual-chamber pacemaker (see Fig. 23.19). 
However, in patients with underlying intraventricular conduction delays (LBBB, RBBB, 
etc.), the additional implantation of an LV lead is required, as in Figure 23.18. 

Changes in the indications for pacing have influenced pacemaker function and conse
quently increased the variety of normal-paced rhythms. For biventricular pacing, stud
ies12-15 continue to show the benefit of "cardiac resynchroni.zation therapy" (CRT), and manu
facturers have developed algorithms to promote maximal ventricular pacing.16 
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FIGURE 2 3. 2 0. A. Biventricular pacing with a short AV interval. B. Dual-chamber pacing with 
a long AV interval. C. Dual-chamber pacemaker extending the AV interval. 

Figure 23.20 includes three rhythm strips illustrating recent changes in pacing algo
rithms. Figure 23.20A is from a 55-year-old man with ischemic cardiomyopathy, left
bundle-branch block, and history of heart failure who was treated with biventricular 
pacemaker implantation for CRT. The short AV interval optimizes AV timing and promotes 
100% ventricular pacing. Biventricular pacing coordinates right- and left-ventricular con
traction and corrects delayed LV activation and septal dyskinesis previously caused by the 
native LBBB. 

Figure 23.20B is a tracing from a 72-year-old man with a dual-chamber pacemaker im
planted for symptomatic sinus bradycardia and near-syncope owing to sinus pauses of 
several seconds' duration. Testing during pacemaker implantation revealed a moderately 
impaired AV conduction with a first-degree AV block and 1:1 AV conduction during atrial 
pacing only to 100 beats per minute. Programming the pacemaker to a long AV interval is a 
simple way to promote intrinsic AV conduction and minimize ventricular pacing. 

Figure 23.20C illustrates an algorithm included in newer dual-chamber pacemakers to 
promote intrinsic A V conduction. The first two complexes show both atrial and ventricu
lar pacing with an AV interval of 110 milliseconds. The device periodically extends the 
A V interval, as occurs with the third complex allowing intrinsic ventricular conduction 
with a narrow QRS. This longer A V interval persists until ventricular pacing is needed. 
Ventricular pacing ensues if the intrinsic A V lengthens or A V block recurs. 

CHAPTER 23: Artificial Cardiac Pacemakers 497 



FIGuRE 2 3. 2 1 • Dual-chamber pacemaker algorithm. 

Algorithms used in recent dual-chamber pacemaker models can recognize and test for 
intrinsic AV conduction in patients with intermittent second- or third-degree AV block 
(Fig. 23.21). Three atrial pacing artifacts are followed by paced P waves, a long AV inter
val (previously lengthened by the pacemaker to promote intrinsic conduction), and a con
ducted QRS with a pacemaker spike superimposed on the QRS (see Fig. 23.14). Following 
the fourth atrial pace, ventricular pacing is suspended for a single cycle and no QRS is 
seen. The pacemaker algorithm allows a single "dropped"' QRS before resuming both atrial 
and ventricular pacing with a short AV intervaL 
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PACING: 2013 AND BEYOND 

Expected Increase in Cardiac Resynchronization Therapy 

Vl 

11 
FIGURE 2 3. 2 2. Biventricular pacing. Left. Schematic showing atrial, right-ventricular, and 
left-ventricular lead positions. Right. Rhythm strip showing two pacing impulses for each QRS, with 
an interval between pacing of the left and right ventricles. Arrows show the two pacing pulses for 
each QRS. This interval may be adjusted to optimize ventricular function for CRT. 

Biventricular pacing is increasingly used for cardiac resyncbronization therapy (CRT) in 
treatment of heart failure. In 2009, the last year surveyed, approximately 9,000 pacemaker 
devices and 48,000 pacing devices with an accompanying defibrillator were implanted 
yearly for treatment of heart failure. 6 The defibrillators were indicated for primary preven
tion of life-threatening arrhythmias in patients with a wide QRS, NYHA functional class II 
or lll, and LV ejection fraction below 35%.17 The number of CRT devices implanted yearly 
is likely to increase with an aging population, increasing indications from ongoing random
ized studies/ and many patients living longer with and without cardiac interventions and 
surgery. 

The left of Figure 23.22 illustrates lead placement for biventricular pacing used for CRT. 
In patients without chronic atrial arrhythmias, a right-atrial lead is positioned in the ap
pendage or lateral wall of the atrium. The RV lead is usually placed at the RV apex but may 
be positioned in the outflow tract. A transvenous LV lead is inserted through the coronary 
sinus and advanced to epicardial veins. Optimal position of the LV pacing lead is usually 
in the lateral wall1 midway between the base and LV apex for most patients. The right 
of Figure 23.22 illustrates the separately programmable right- and left-ventricular pacing 
pulses of a CRT device. 
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FIGURE 2 3 • 2 3 • The early septal contraction (blue line) and early stretch of the LV free wall (red line) 
followed by the delayed contraction of the LV free wall associated with the classic mechanical impair
ment associated with a complete LBBB. (Modified from Risum N, Strauss D, Sogarrd P, et al. Left bundle 
branch block -The relationship between ECG electrical activation and echocardiographic mechanical 
contraction. Am Heart J. 2013;166(2):3~348.18 

More than one in three patients with heart failure have an underlying LBBB which con
tributes to poor LV function by causing delayed contraction of the lateral LV wall, resulting 
in dyssynchrony between septal and free wall contraction (Fig. 23.23). The ECG is important in 
selecting patients most likely to benefit in follow-up of CRT and in improving site selection of 
the LV lead by recognizing areas of LV scar. Patients most likely to benefit from CRT are those 
with LBBB and a Q.RS width greater than 140 milliseconds for males and 130 milliseconds for fe
males. 19 Forty percent of patients with LBBB with Q.RS duration of 120 milliseconds have under
lying LV dyssynchrony. Seventy percent of those with LBBB and Q.RS width of 150 milliseconds 
have LV dyssynchrony. 3 Controlled studies show improved LV function, exercise performance, 
improved ejection fraction, and reduced LV diastolic size (reversal of remodeling) in the major
ity of patients. Randomized trials in patients with severe heart failure have shown reduction of 
symptoms, improved functional capacity1 fewer hospitalizations for heart failure, and increased 
survival.1.2--15 However, not all patients will benefit and up to 30% may fail to benefit from CRT. 

The current consensus is that patients most likely to benefit from CRT must have 
mechanical as well as electrical dyssynchrony and that the LV pacing must reduce the 
delay and be capable of restoring the patient's LV synchrony.20 The ECG and LBBB have 
been used as a surrogate for LV dyssynchrony, but this is not applicable for all patients. 
Echocardiographic methods may have improved recognition of LV dyssynchrony, but the 
optimal ultrasound technique has not been established. The classic mechanical pattern re
lated to strain with LBBB includes three major elements. There is early contraction in the 
early activated septum, whereas the lateral or late-activated wall is stretched and shows 
late contraction. Recent application of regional strain analysis by speckle tracking stress 
improves recognition of this pattern1 and responding patients show early reversal of the 
classic strain pattern. 21 Studies combining Doppler and electrocardiography may improve 
ECG criteria recognition of myocardial scars and prior myocardial infarction. 
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FIGURE 2 3. 24. Biventricular pacing at follow-up. Arrows illustrate intermittent loss of left 
ventricular capture evidenced by loss of the RBBB pattern. 

The ECG has a major role in follow-up of CRT patients in adjusting AV and RV-LV 
intervals to optimize pacing intervals, mode reprogramming in those subjects with only 
intermittent AV block, and to verify adequate capture of cardiac chambers.22 Figure 23.24 
shows intermittent capture of the LV as shown by the only intermitted RBBB pattern. The 
arrows show disappearance of the RBBB pattern with loss of LV capture. This should be 
corrected by increasing the pacing energy for the LV electrode. 

Dual-Chamber Right Ventricular Pacing: Potential His-Bundle Pacing 
Dual-chamber RV pacing will continue to have a role in patients with only intermit

tent bradyarrhythmias or intermittent AV block and normal LV function. Patients with 
persistent bradycardia and RV apical pacing continue to be at risk for earlier progression 
of heart failure. Patients with LBBB associated with frequent RV pacing may have even 
more dyssynchrony than patients with a native LBBB.23 The RV lead may be placed in 
the RV outflow tract on the right side of the septum rather than at the apex in an effort to 
minimize the adverse effects of pacing at the RV apex. However, studies showing benefits 
have mixed results. A newer and promising approach is to anchor the RV lead near the His 
bundle and to pace the distal His bundle. The His-bundle deflection on the intracardiac 
ECG is localized by a catheter positioned across the tricuspid valve, and an RV lead with 
an anchoring helix is positioned at the site of the distal His bundle. Surprisingly, this often 
corrects the underlying LBBB in many patients with preexisting LBBB. Studies have con
firmed stable anchoring of RV leads and satisfactory His-bundle pacing by this method. A 
recent study has found this approach functional in 9 of 13 patients.'-' 
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Newer Electrocardiograms 

\ 

~Till I I I I 
FIGURE 2 3. 2 5. Sinus rhythm with second-degree AV block and ventricular pacing when the 
rate falls below 60 per minute. The wide QRS beats are paced. Arrows point to small pacing spikes. 
The pacing spikes are small and difficult to recognize for reasons discussed in the text. 

Newer pacemakers and smaller lead electrodes allow pacing with greater efficiency and 
narrower pulses resulting in less energy use and longer pacemaker battery life. However, this 
makes the artifacts appearing on the ECG smaller and often difficult to recognize {Fig. 23.25). 
Digital ECG machines minimize the pacing artifact by routinely sampling the BCG electrical 
signal only once every 2 to 4 milliseconds (1/1000 of a second), whereas pulses of modem 
pacemakers are less than 0.4 mi.llisecond. Recently, all major manufacturers of ECG ma
chines have developed models that digitize the ECG signal at much higher frequency to 
recognize pacemaker artifacts and display the pacing spikes more clearly or on a separate 
lead.25.26 We expect the newer BCG machines to be widely used in the near future. 
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GLOSSARY 

Artificial cardiac pacemakers: devices capa
ble of generating electrical impulses and 
delivering them to the myocardium. 

Biventricular pacemaker: a pacemaker that 
paces both the right and left ventricles. Atrial 
pacing is also included unless the patient has 
chronic atrial arrhythmias that would pre
vent atrial pacing. 

Cardiac resynchroniza.tion therapy (CRT): 
use of biventricular pacing to synchronize 
ventricular activation and contraction. 

Defibrillation: termination of either atrial or 
ventricular fibrillation by an extrinsic electri
cal current. 

Demand mode: a term describing an artificial 
pacemaking system with the ability to sense 
and be inhibited by intrinsic cardiac activity. 

Dual-chamber pacemaker: a pacemaker that 
includes both atrial and ventricular pacing. 

Dyssynchrony: loss of the normal synchronous 
mechanical contraction of the left-ventricular 
walls. The classic mechanical dyssynchrony 
with LBBB includes early activation and 
contraction of the septal wall with the late
activated free wall stretched and shows late 
contraction. 

Fixed-rate pacing: artificial pacing with the 
capability only to generate an electrical 
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DR. MARRIOTT'S SYSTEMATIC APPROACH TO THE 
DIAGNOSIS OF ARRHYTHMIAS 

Doctor Marriott evolved the following approach to the analysis of arrhythmias during his 
first eight editions of Practical Electrocardiography. Regarding this approach, he observed: 
Mter analyzing the reasons for the mistakes I have made and those that I have repeatedly 
watched others make, this system is designed to avoid the common errors of omission and 
commission. Undoubtedly, we make most mistakes because of failure to apply reason and 
logic, not because of ignorance. 

Many disturbances of rhythm and conduction are recognizable at first glance. 
Supraventricular arrhythmias are characterized by normal QRS complexes (unless com
plicated by aberrant ventricular conduction), and ventricular arrhythmias produce bizarre 
QRS complexes with prolonged QRS intervals. One can usually also immediately spot 
atrial flutter with 4: 1 conduction or atrial fibrillation with a rapid ventricular response 
(see Chapter 17). However, if the diagnosis fails to fall into your lap, then the systematic 
approach is in order. The steps in the systematic approach are as follows. 

Know the Causes of the Arrhythmia 
The first step in any medical diagnosis is to know the causes of the presenting symptom. 

For example, if you want to be a superb headache specialist, the first step is to learn the 50 
causes of a headache-which are the common ones, which are the uncommon ones, and 
how to differentiate between them. This is because "you see only what you look for, you 
recognize only what you know.•1 Knowing the causes of the various cardiac arrhythmias 
is part of the equipment that you carry with you and are prepared to use when faced with 
an unidentified arrhythmia. 
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Milk the QRS Complex 

1 

2 

3 

FIGURE 2 4. 1. In lead I (1), the QRS complex appears to be of normal duration, but leads II 
(2) and III (3) reveal the true duration of the complex to be 0.12 second. 

When a specific arrhythmia confronts you, you should first "milk.H the QRS complex. 
There are two reasons for this. The first is an extension of the Willie Sutton law: ul robbed 
banks because that's where the money is." Second, milking the QRS complex keeps us in 
the healthy frame of mind of giving priority to ventricular behavior. It matters compara
tively little what the atria are doing as long as the ventricles are behaving normally. If 
the QRS complex is of normal duration in at least two leads of the ECG (Fig. 24.1), then 
the rhythm is supraventricular. If the QRS complex is wide and bizarre, you are faced 
with the decision of whether this is of supraventricular origin with ventricular aberration 
or whether it is of ventricular origin. If you know your QRS waveform morphology, you 
know what to look for and you will recognize it if you see it. 

During the past four decades, the diagnostic morphology of the ventricular complex has 
come into its own. This began with clinical observation and deduction in which acute coro
nary care nurses played an important role.z.-6 
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Cherchez le P 

FIGURE 2 4. 2. The top rhythm strip does not reveal any definite atrial activity. The middle 
strip shows the effect of carotid sinus stimulation with decreased AV conduction following the 
fourth QRS complex, revealing the slightly irregular baseline typical of fine atrial fibrillation. In con
trast, there is obvious atrial activity following the sixth QRS complex in the bottom strip, identifying 
an atrial tachyarrhythmia with delayed AV conduction. However, the P waves are halfway between 
the QRS complexes and, indeed, carotid sinus massage reveals additional P waves concealed within 
each QRS complex. 

If the answer to the source of an arrhythmia is not provided by the shape of the QRS 
complex, the next step is Mcherchez (look for)le P." In the past, the P wave has certainly 
been overemphasized as the key to arrhythmias. A lifelong love affair with the P wave 
has afflicted many an electrocardiographer with the so-called P-preoccupation syndrome. 
However, there are times when the P wave holds an important diagnostic clue and must 
therefore be accorded the starring role. 

In one's search for P waves, there are several clues and caveats to bear in mind. One 
technique that may be useful is to employ an alternate lead placement (see Chapter 2) with 
the positive electrode at the fifth right intercostal space close to the sternum and the nega
tive electrode on the manubrium. This sometimes greatly magnifies the P wave, rendering 
it readily visible when it is virtually indiscernible in other leads. Figure 24.2 illustrates this 
amplifying effect and makes the diagnosis of atrial tachycardia with 2:1 block immediately 
apparent. If it succeeds, this technique is much kinder to the patient than introducing an 
atrial wire or an esophageal electrode to corral elusive P waves. 
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FIGURE 2 4. 3. The rhythm strips are continuous. The top strip illustrates the Bix rule, and in 
the middle strip, the AV conduction spontaneously decreases, revealing that the atrial rate is twice 
the ventricular rate. 

Another clue to the incidence of P waves is contained in the "Bi:x rule, • named after the 
Baltimore cardiologist Harold Bi:x, who observed that "Whenever the P waves of a supra
ventricular tachycardia are halfway between the ventricular complexes, you should always 
suspect that additional P waves are hiding within the QRS complex." 

In the top strip of Figure 24.3, the P wave is halfway between the QRS complexes and 
is therefore a good candidate for the Bi:x rule. It may be necessary to apply carotid sinus 
stimulation or another vagal maneuver to bring the alternate atrial waves out of the QRS 
complex. In the case in Figure 24.3, however, the patient obligingly altered his conduction 
pattern !middle strip) and spontaneously exposed the flutter waves. It is clearly important 
to know whether there are twice as many atrial impulses as are apparent because there is 
the ever-present danger that the ventricular rate may double or almost double, especially 
if the atrial rate were to slow somewhat. It is better to be forewarned and take steps to 
prevent such potentially disastrous acceleration. 
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FIGURE 24.4. Only the prominent, wide QRS complexes are visible in leads aVL and aVF. 
However, in lead aVR, where the QRS complexes are much smaller, the extremely rapid rate 
(420 beats per minute} of a "runaway" artificial pacemaker (arrows) with 2:1 conduction to the ven
tricles is revealed. 

The ,.haystack principle" can be of great diagnostic importance when you are searching 
for difficult-to-find P waves. When you have to find a needle in a haystack, you would 
obviously prefer a small haystack. Therefore, whenever you are faced with the problem 
of finding elusive items, always give the lead that shows the least disturbance of the ECG 
baseline (the smallest ventricular complex) a chance to help you. Some leads intuitively 
seem unhelpful when trying to identify the source of an arrhythmia (e.g., lead aVR). 
However, the patient whose ECG is shown in Figure 24.4 died because his attendants did 
not know or did not apply the haystack principle and make use of lead aVR. Thls patient 
had a runaway pacemaker at a discharge rate of 440 beats per minute, with a halved ven
tricular response at 220 beats per minute. Lead aVR was the lead with the smallest ven
tricular complex and was the only lead in which the pacemaker spikes were plainly visible 
(arrows). The patient went into shock and died because none of the attempted therapeutic 
measures affected the tachycardia when all that was necessary was to disconnect the way
ward pulse generator. 
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Mind Your Ps 

FIGURE 2 4. 5 . The small deflections before ~ead V1) and after (lead V2) the large deflections, 
which are obviously from the ventricles, have the appearances of P waves. However, when the true 
width of the QRS complexes is revealed in leads I, II, and V3, it is apparent that the small deflections 
seen in leads V1 and V2 are really almost isoelectric parts of the QRS complexes. 

The next caveat in identifying the source of an arrhythmia is to amind your Ps. H This 
means to be wary of things that look like P waves (Fig. 24.5) and P waves that look like 
other things (Fig. 24.6). This particularly applies toP-like waves that are adjacent to QRS 
complexes, which may turn out to be part of the QRS complexes. This is a trap for some
one who suffers from the "P-preoccupation syndrome, H to whom anything that looks like a 
P wave is a P wave. Many competent ECG interpreters, given the strip of lead Vl or V2 in 
Figure 24.5, would promptly and confidently diagnose a supraventricular tachycardia for 
the wrong reasons. In lead Vl, the QRS complex does not seem very wide and appears to 
be preceded by a small P wave. In lead V2, an apparently narrow QRS complex is followed 
by an unmistakable retrograde P wave. However, the P-like waves in both of these leads 
are part of the QRS complex. H the duration of the QRS complex is measured in lead V3, it 
is found to be 0.14 second. To attain a QRS complex of that width in leads Vl and V2, the 
P-like waves need to be included in the measurement. 
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FIGURE 2 4. 6. At the beginning of the rhythm strip, the small positive waveform following 
the large negative QRS waveform could be (a) a part of a wide QRS complex, (b) a retrograde P wave 
closely following a narrow QRS complex, or (c) an anterograde P wave with prolonged conduction to 
a narrow QRS complex. This sequence is broken during the 14th cycle (arrow), where the beginning 
of a small positive waveform is seen preceding the large negative QRS waveform, and in the 15th 
cycle, there is no QRS complex (asterisk). The pause (asterisk) produced by the blocked premature 
atrial beat is terminated by a normally conducted (PR interval= 0.20 second) beat. 

Whenever a regular rhythm is difficult to identify, it is always worthwhile to seek and 
focus on any interruption in the regularity-a process that can be condensed into the three 
words: ~dig the break. w It is at a break in the rhythm that you are most likely to find the 
solution to the source of an arrhythmia. For example, in the beginning strip of Figure 24.6, 
where the rhythm is regular at a rate of 200 beats per minute, it is impossible to know 
whether the tachyarrhythmia is atrial or junctional. A third possibility is that the small 
positive waveform is part of the Q.RS complex and not a P wave at all. Further along the 
strip, there is a break in the rhythm in the form of a pause. The most common cause of a 
pause is a nonconducted atrial premature beat, and this culprit is indicated by the arrow. 
As a result of the pause, the mechanism of the arrhythmia is immediately obvious. When 
the rhythm resumes, the returning P wave is in front of the first QRS complex:, indicating 
that the tachyarrhythmia is evidently an atrial tachycardia. 
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Who's Married to Whom? 

FIGURE 2 4. 7. The rhythm strips are continuous. All of the early QRS complexes, but only some 
of the later QRS complexes, are preceded by P waves. The use of calipers reveals dissociation between 
the atria (which have a regular rate of about 50 beats per minute) and the ventricles (the later QRS 
complexes have a regular rate of about 60 beats per minute). The presence of P waves before each 
early QRS complex suggests intermittent capture of the ventricular rhythm by the atrial rhythm. 

The next step is to establish relationships by asking yourself, "Who's married to whom?" 
This is often the crucial step in arriving at a firm diagnosis in a case of arrhythmia. 
Figure 24.7 illustrates this principle in its simplest form. A junctional rhythm is dissociated 
from sinus bradycardia. On three occasions, there are bizarre early beats with a qR config
uration that is nondiagnostic. The early beats could be ventricular premature beats, but the 
fact that they are seen only when a P wave is emerging beyond the preceding QRS complex 
tells us that they are 11married toN the preceding P waves. This therefore establishes the 
beats as conducted or capture beats with atypical right-bundle-branch block aberration. 
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Pinpoint the Primary Diagnosis 
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FIGURE 2 4. 8. Lead 1I rhythm strips from a patient with a recent inferior infarction. A. Arrows 
indicate the constant PR interval preceding each narrow QRS complex and indicate the varying PR 
intervals preceding the wide QRS complexes. B. An asterisk indicates the failure of conduction of 
P wave that identifies the single episode of second-degree AV block. 

Figure 24.8 illustrates both the previous principle and the final one: .,pinpoint the primary 
diagnosis." One must never be content to let the diagnosis rest on a secondary phenomenon 
such as atrioventricular (AV) dissociation, escape, or aberration. Bach of these is always sec
ondary to some primary disturbance in rhythm that must be sought out and identified. The 
ECG shown in Figure 24.8 was obtained from a patient shortly after admission to a coronary 
care unit. The basic rhythm (see Fig. 24.8A) is sinus rhythm with first- and second-degree 
AV block. The ECG showed wide ~ complexes that gave the coronary care unit staff 
concern. One faction contended that the ~ complexes represented ventricular escape 
beats, whereas another thought they were conducted from the atria with a paradoxical aber
ration in the critical rate (bradycardia-dependent bundle-branch block). H you ask yourself, 
"Who's married to whom?" it becomes obvious that the wide QRS complexes in question 
are not related to the P waves. The PR intervals preceding the last two wide QRS complexes 
are strikingly clifferent, measuring 0.32 and 0.20 second, respectively, indicating that they 
are ventricular escape beats. When the patient's AV conduction improves to only occa
sional second-degree block (see Fig. 24.8B), there is never a sufficiently long pause for an 
escape beat to occur. These observations pinpoint the primary diagnosis as second-degree 
AV block. The normal ventricular escape beats are only secondary. 
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in subendocardial ischemia, 202t 
three-dimensional, 77 
tracings, 52{ 
24-lead, 36 

frontal plane in, 36{ 
transverse plane in, 36{ 

VCG and, 85-86 
vector loop visualization, 87 
ventricular pre-excitation 

diagnosis, 156-158 
localization, 159-161 

waveforms, 8, 12, 13{ 
Electrocardiograph, 24 
Electrode placements, 40{ 

alternative, 40-41 
cardiac abnormalities and, 

37-38 
clinical indications for, 37-38 
clinical situation in, 38-39 
continuous monitoring and, 

38 
diagnostic monitoring and, 38 
monitoring, 38-39 

correct, 31-32 
incorrect, 31-32 
simulation software, 33{ 

Electrode position landmarks, 29{ 
Electrolyte abnormalities 

calcium, 280-282 
hypercalcemia, 282 
hypocalcemia, 280-281, 

280{, 281{ 
potassium, 277-278 

hyperkalemia, 278-279, 
278{, 279{ 

hypokalemia, 277 
Elektrokardiogramme [EKG), 24 

Emphysema 
definition, 268 
ECG criteria for, 272 
fmdings in, 271 
PR segment in, 272{ 
pulmonary, 361{ 
P waves in, 272{ 
QRS waveforms in, 271-272, 

271{ 
R waves in, 272{ 
ST segment in, 272{ 
TP segment in, 272{ 

Endocardium, 11 
Endocrine abnormalities, 274-276 
Epicardial injury, 265 
Epicardium, 11, 105 
Epsilon wave, 176{ 
Escaperhythm,445,449f 

definition, 444 
Exercise stress test, 196( 
Extensive anterior infarction, 241t 
Extensive inferior infarction, 241t 
Extensive lateral infarction, 241t 
Extreme-axis deviation, 61 

F 
Fascicle, 120 

anterior, 10{, 122{ 
:fi.brosis of, 124{ 

left-anterior, 122 
left-posterior, 122 
posterior, 10{ 

Fascicular blocks, 119-122 
bifascicular, 122, 131-139 
left, 127 

cancellation in, 126 
left-anterior, 122, 128-129, 128{ 

criteria for, 127t 
in frontal plane, 134{ 
RBBB with, 138 
S wave characteristics of, 138{ 
in transverse plane, 134{ 

left-posterior, 122, 130 
criteria for, 127t 

MI and, 253 
negative amplitudes in, 140 
positive amplitudes in, 140 
QRS complex contour in, 140 
QRS complex duration in, 140 
trifascicular, 122 
unifascicular, 122, 123-130 

Fast-slow AV-nodal tachycardia, 
393 

Fibrosis, 143 
of anterior fascicle, 124( 

Fine :fi.brillation, 356 
First-degree atrioventricular 

block, 457 
Fixed coupling, 434 



Fixed-rate atrial pacing, 4 79{ 
Fixed-rate ventricular pacing, 479( 
Flecallride,286,357,402 

for atrial flutter/fibrillation, 369 
Flutter/fibrillation. See Atrial 

flutter/fibrillation; 
Ventricular flutter/ 
:fibrillation 

Footprints, Wenckebach 
sequence,468 

Frank, E., 82, 84 
FR intervals, 369 
Frontal plane 

in atrial enlargement 
evaluation, 94 

LAFB in, 134( 
LBBB in, 134{ 
lead, 87 
limb leads, 27 
loop, 85 
QRS axis in, 58-61, 141-142 

identifying, 59{ 
RBBB in, 134{ 
standard 12-lead ECG, 24-30 

alternative displays, 34-36 
T wave axis in, 64-65 
in 24-lead ECG, 36( 
ventricular activation sequences 

in, 134( 
Fusion beat, 153, 405, 464{ 
f waves, 354, 358( 

in atrial :fibrillation, 371-372 
Fwaves, 354 

in mitral valve disease, 366{ 

G 
Gault, J. H., 361 
Glycogen, 186 
Goldberger, E. A., 26 
Gouaux, J. L., 432 
Grant, R. P., 85 

H 
Haystack principle, 510 
HBE. See His bundle 
Heart 

anatomic orientation of, 4-5 
apex:,4 

pacing, 493{ 
base, 4 
chambers of, 4{, 5{, 28( 
failure, 370 

Hexaxial system, 27, 28 
Hibernation, 184 
His bundle (HBE), 305{, 306, 306( 

electrogram&, 473 
pacing, 501 

His-Purkinje network, 153, 340 
responses of, 425 

His-to-ventricle (H-V), 305{, 306 
HOCM. See Hypertrophic 

obstructive 
cardiomyopathies 

Hodges, M., 67 
Holter monitoring, 205, 301 

recordings from, 301( 
H-V. See His-to-ventricle 
Hyperacute T wave, 217 

in myocardial ischemia, 193 
Hypercalcemia, 282 
Hyperkalemia, 278-279 

QRS complexes in, 279( 
T waves in, 278{ 

Hypertension, chronic, 438{ 
Hypertensive heart disease, 370 
Hyperthyroidism, 275 
Hypertonic cardiomyopathies, 261 
Hypertrophic cardiomyopathies, 

261 
Hypertrophic obstructive 

cardiomyopathies 
(HOCM), 261, 261( 

Hypertrophy, 37, 90 
enlargement compared with, 

106 
left ventricular, 104-105, 112 

ST-segment in, 104( 
T wave in, 104{ 

right ventricular, 99-101, 112, 
130,268 

in acute cor pulmonale, 269 
in QRS complex, 99f 
ST segment in, 99( 
T wave in, 99{ 

Hypocalcemia, 280-281 
QT interval in, 280{, 281{ 

Hypokalemia, 277 
Hypothermia, 275 

Osborn waves in, 275{ 
Hypothyroidism 

I 

ECG changes in, 274 
R waves in, 274{ 
sinus bradycardia in, 274 
T waves in, 274 

lCD. See Implantable cardioverter 
defibrillator 

Identical wide QRS complex, 430 
Idiopathic cardiomyopathy, 355{ 
Implantable cardioverter 

defibrillator (lCD), 488 
Impulse conduction 

block, 296, 296t 
reentry,69,297-299 

circuits, 297 
development of, 297 
macro-reentry, 298 

micro-reentry, 298 
termination mechanisms, 

299{ 
treatment of, 299 

sites, 297{ 
Infarct expansion, 233 
Infarcting phase, MI 

ischemia to infarction, 193, 
232 

QRS complex in, 237-238, 
237{ 

ST-segment in, 233 
T wave in, 235-236 

Infarction. See Myocardial 
infarction 

Inferior infarction, 241t, 431{, 
436{, 514{ 

acute, 244( 
de:finition,244 
extensive, 241t 
P wave in, 436{ 

Inferolateral infarction, 241t 
Q wave in, 247{ 
R wave in, 247( 

Infranodal block, 4 71-4 73 
Inherited arrhythmia disorders, 

166 
Inhomogeneousconduction,297 
Initial deflection, abnormal beat, 

428-429 
Insufficient blood supply, 

187-189 
Intercostal spaces, 29 
Interference, 464 
Intermittent irregularity, 

405-406 
Interpolation, 326 
Interventricular septum, 10{, 

126{ 
activation of, 123{ 

Intra-atrial block, 95 
Intra-atrial recording, 304 
Intracavitary blood supply, 185 
Intracranial hemorrhage 

ECG changes in, 273 
QTc interval in, 273 
T waves in, 273, 273{ 

Intravenous thrombolytic 
therapy, 238( 

Intraventricular conduction, 478 
delays, 119{, 120{ 

Intrinsic deflection, 58 
Intrinsicoid deflection, 58 
Irregularly irregular, 358 
Ischemic cardiomyopathies, 261 
Ischemic heart disease, 364, 370 
Isoarrythmic block, 465 
Isoelectric, 16 
Isorhythmic dissociation, 292 
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1 
]PBs. See Junctional premature 

beats 
Jpoint 

classification of, 179t 
definition, 16 
in ERS, 178 
in J wave syndrome, 178-179 

Junctional, 309 
Junctional premature beats 

(JPBs), 322 
definition, 315 
P wave in, 322( 
QRS complex in, 323 
RBBin, 323 
sinus rhythm in, 323( 

Junctional rhythm, 444, 513 
accelerated, 341, 347-349 

Junctional tachyarrhythmias, 428 
J wave syndrome 

K 

classification of, 179t 
J point in, 178-179 
ST-segment in, 178-179 
ventricular arrhythmias and, 177( 

Kent bundle, 298(, 315 
Killip, T., 361 
Kindwall, E., 411, 412 
Klein, R. C., 140 
Kulbertus, H. B., 122, 426 

L 
LAD. See Left anterior descending 
Ladder diagrams, 308-309, 469( 

construction of, 308( 
P waves in, 327( 
QRS complex in, 327( 
tachyarrhythmias, 362( 

LAE. See Left-atrial enlargement 
LAF. See Left-anterior fascicle 
LAFB. See Left-anterior fascicular 

block 
Lateral infarction 

definition, 245 
extensive, 24lt 

Late ventricular activation, 152( 
LBBB. See Left bundle-branch 

block 
LCA. See Left coronary artery 
LCX. See Left circumflex artery 
Leads,480 

V,25 
negative poles, 26( 
positive poles, 26( 

aV, 26 
bipolar, 25 
comparison, 58 
ECG, 17 
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frontal plane, 87 
frontal plane limb, 27 
modified chest, 38, 205, 369( 
precordial, 28 

misplacement simulation, 
33{ 

panoramic display of, 56{ 
reversal, 31 
ST-segment deviations in, 62( 

standard 12-lead, 24-30 
transverse plane chest, 30{ 
triphasic, 428 
24-lead, 36, 36( 
VCG, 82{ 
X, 84 
Y, 84 
Z,84 

Left anterior descending (LAD), 
213 

balloon occlusion of, 219{ 
infarction and, 242 
main diagonal, 214t 
mid-to-distal, 214t 
occlusion, 233( 
proximal, 214t 

Left-anterior fascicle (LAF), 122 
Left-anterior fascicular block 

(LAFB), 122, 128-129, 
128( 

criteria for, 127t 
in frontal plane, 134{ 
RBBB with, 138 
S wave characteristics of, 138{ 
in transverse plane, 134( 

Left-atrial enlargement (LAE), 91 
Left atrium, 5, 28{ 

P wave in, 53{ 
Left-axis deviation, 15, 61 
Left bundle branch, 10{, 119, 

122{ 
Left bundle-branch block 

(LBBB), 131-137, 135(, 
136{, 493 

aberrancy and, 426, 429 
activation, 133{, 253{ 

patterns, 254( 
AMlin, 210 
in ARVC/D, 177( 
atrioventricular block and, 465 
conventional criteria for, 137t 
definition, 121 
diagnosis of, 135 
in frontal plane, 134{ 
incomplete, 103 
postdivisional, 131 
predivisional, 131 
QRS duration in, 111{ 
strict criteria for, 137t 
ST-segment elevation in, 210{ 

in transverse plane, 134( 
ventricular pre-excitation and, 

158 
in ventricular tachycardia, 

411-413 
Left circumflex artery (LCX), 213 

dominant, 214t 
in myocardial infarction, 245 
non-dominant, 214t 
occlusion, 246{ 

Left coronary artery (LCAJ, 213 
Left coronary dominance, 214 
Left fascicular blocks, 127 

cancellation in, 126 
Left lateral pathway, 389{ 
Left-posterior fascicle (LPF), 122 
Left-posterior fascicular block 

(LPFB), 122, 130 
RBBB with, 139 

S waves in, 139{ 
Left ventricle, 5, 28{, 212 

contraction, 478 
dilation, 102-103 

in QRS complex, 102( 
in ST-segment, 102{ 
T wave changes in, 102( 

dyssynchrony, 500 
free wall, 123{ 
myocardium, 213{ 
quadrants of, 78( 
strain, 103, 105 
subendocardialischemia,200f 

Left ventricular hypertrophy 
(LVH), 104-105 I 112 

ST-segment in, 104{ 
T wave in, 104( 

Left VPBs, 330-332 
morphologic features of, 331 

Lenegre's disease, 143, 465 
Levine, S. A., 387 
Lev's disease, 143, 465 
Lidocaine,285,375 
Lipson, M. J., 346 
Lone :fi.brillation, 370 
Long-axis cardiac electrical 

activity, 12-16 
Long QT syndrome (LQTS) 

definition, 167 
ECG characteristics, 168 
QT interval in, 168 
T wave in, 168 

Lown, B., 387 
Lown' s grading system, 336{ 
LPF. See Left-posterior fascicle 
LPFB. See Left-posterior fascicular 

block 
LQTS. See Long QT syndrome 
LVH. See Left ventricular 

hypertrophy 



M 
Macro-reentry, 298, 389 
Magnet, 482{ 
Magnetic resonance imaging 

jMRI),4f 
transverse, 5{ 

Main diagonal LAD, 214t 
Manubrium, 508 
Marriott, H. J. L., 506 
Mason-Likar system, 40 
MAT. See Multifocal atrial 

tachycardia 
Maximum rate, 484 
MCL. See Modified chest lead 
Memory-loop monitoring, 303 
Mercator views, 213 
Metabolic abnormalities, 274-276 
Metastatic disease, 449 
Mexiletine, 285 
MI. See Myocardial infarction 
Micro-reentry, 298 
Mid-anterior infarction, 241t 
Midaxillary line, 29 
Midclavicular line, 29 
Mid-to-distal LAD, 214t 
Milstein, S., 160, 160{ 
Minimum rate, pacemaker, 483, 

489{ 
Mitral valve, 10{ 

disease, 364 
F waves in, 366{ 

Mobitz type I block, 469 
Mobitz type II block, 4 71 
Modified chest lead jMCL), 38, 

205,369{ 
Monitoring 

in alternative electrode 
placement, 38-39 

ambulatory, 205 
artifacts in, 38 
bedside, 205 
continuous, 38 
diagnostic, 38 
dynamic,301 

recordings from, 30 1{ 
Holter, 205, 301 

recordings from, 30 1{ 
memory-loop, 303 
subendocardial ischemia, 205 
transtelephonic, 302 

Monomorphic, 405 
Monophasic, 14 
Morady, F., 403 
MRI. See Magnetic resonance 

imaging 
Multifocal atrial tachycardia 

jMAT), 345,346 
Multifocal VPBs, 333 
Multiform VPBs, 333 

Munuswamy, K., 95 
Myocardial cells, 11 

action potential of, 15f 
cardiac cycle in, 6{, 7{ 

Myocardial infarction jMI) 
anterior, 235, 372{ 
anteroseptal, 233{, 235{, 24lt, 242 
apical locations of, 248 
bundle branch blocks and, 253 
chronic phase of 

QRS complex diagnosis, 
239-240 

QRS complex localizing, 
241-249 

QRS complex size 
estimation,250-252 

conduction abnormalities and, 
253-255 

definition, 186 
extensive anterior, 241t 
extensive anterolateral, 241t 
extensive inferior, 241t 
extensive lateral, 24lt 
fascicular blocks and, 253 
infarcting phase 

ischemia to infarction, 193, 
232 

QRS complex in, 237-238, 
237{ 

ST-segment in, 233 
T wave in, 235-236 

inferior, 241t, 431{, 436{, 514{ 
acute, 244{, 469{ 
de:fmition, 244 
extensive, 241t 
P wave in, 436{ 

inferolateral, 241t 
Q wave in, 24 7{ 
R wave in, 247{ 

ischemia to, 193, 232 
LAD and,242 
lateral, 241t 

de:fmition,245 
LCXin, 245 
mid-anterior, 24lt 
phase of, 224t 
posterolateral, 407{ 
QRS complex in, 251{ 
Q waves in, 239t, 251{ 
RCAin,244 
R waves in, 240t 
scars and, 253-255 
terminology relationships, 24lt 

Myocardial ischemia, 35 
action potential in, 187 
coronary arteries and, 185 
demand 

action potential in, 191 
ECG of, 190-192 

QRS complex in, 191 
ST-segment in, 191 
T wave in, 191 

development of, 186 
ECG changes during, 187-192 
hyperacute T wave in, 193 
to infarction, 193, 232 
intracavitary blood supply 

and, 185 
post-ischemic T wave in, 193 
results of, 193{ 
silent, 205 
supply 

ECG of, 187-189 
QRS complex in, 187 
ST segment in, 187 
T wave in, 187 

transmural, 190{, 192{ 
acuteness of, 222-227 
Aldrich score in, 222-224, 

222{ 
Anderson-Wilkins score in, 

222-225 
diagnosis of, 209 
extentof,222-227 
QRS complex in, 219-221 
RCA occlusion and, 212{ 
right ventricular, 238 
Sclarovsky-Birnbaum Grade 
in,222,226-227,226~227t 

severity of, 222-227 
ST segment changes in, 

208-216 
T wave changes in, 217-218 

workload and, 185 
Myocardial perfusion, 184, 265 

abnormal, 190{ 
Myocardial reperfusion, 238 
Myocardium 

left ventricle, 213{ 
neurogenicstunned,273 
persistent refractoriness of, 154{ 
right ventricle, 216 

Myxedema, 274 

N 
Naimi, S., 346 
NASPEIBPEG Generic jNBG), 483t 
NBG. See NASPE/BPEG Generic 
Necrosis, 232 
Negative amplitudes 

in atrial enlargement 
evaluation, 94 

in bundle branch block, 140 
in fascicular blocks, 140 
Pwave, 53 
QRS complex, 58 
Twave, 64 
in ventricular enlargement, 109 
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Negative delta waves, 156{ 
Neurocardiogenic syncope, 

447 
Neurogenic stunned 

myocardium, 273 
N onconducted premature 

Pwave,319f 
Non-dominant LCX, 214t 
N onischemic cardiomyopathies, 

261 
Non paroxysmal junctional 

tachycardia, 349{ 
North American Society of Pacing 

and Electrophysiology 
Mode Code Committee, 
483 

Null plane, 87 

0 
Obesity 

ECGin,276 
Q'lb interval in, 276 

Olson, C. W., 87 
Open channel, 154{, 380f 
Orthodromic AV-bypass 

tachycardia, 383{, 391{, 
394-395 

Osborn waves, 275{ 
Ostium secundum atrial septal 

defect, 124{ 
Overdrive suppression, 316 
Overload 

diastolic, 90 
pressure, 90 

in ventricular enlargement, 
96f 

systolic, 90 
volume, 90 

in ventricular enlargement, 
96f 

Oversensing, 489, 490 

p 
PaceDLakercells,340 

definition, 294 
schematic action potentials, 

294{ 
PaceDLakers, wrtificial 

AAI, 483 
antitachycardia, 487 

for VT, 488 
artifacts, 491{ 
basic concepts of, 478-482 
biventricular, 478{, 494{, 497{, 

499{ 
for CRT, 499 

DDD, 483-484,496 
DDDR,486 
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dual-chamber, 483-488, 496{ 
algorithm, 498{ 
evaluation of, 489 
right ventricular, 501 

electrodes, 493-495 
evaluation, 489 
experience with, 496-498 
failure to sense, 491 
future of, 499-502 
His bundle, 501 
maximum rate behavior, 484 
minimum rate, 483, 489{ 
modes, 483-488 
single-chamber, 483 
syndrome, 491 
VVI, 483 
VVIR,486 

PaceDLaker tachyarrhythmias 
rates, 340t 
sites, 340t 
terms, 340t 

Pacemaking, 6 
Palpitations, 301, 314, 361{, 385{ 
Panoramic display, 35 
Papillary muscle, 78f 
Paradoxical critical rate, 440 
Parasympathetic activity, 446-447 
ParasyEnpathetictone,360f 
Paroxysmal atrial fibrillation, 432{ 
Paroxysmal atrial tachycardia 

jPAT), 393{ 
with block, 345 
definition, 355 
P waves in, 355 

PAT. See Paroxysmal atrial 
tachycardia 

Pathologic pacemaker failure, 
447-449 

PDA. See Posterior descending 
branch 

Percutaneous transluminal 
coronary angioplasty, 209, 
219{ 

Perfusion, abnormal, 190{ 
Pericardia! abnormalities, 

264-266 
anatomy of, 263 
constrictive pericarditis, 267 
pericarditis, 263 

constrictive,263 
Pericardia! effusion 

definition,263 
ECGof, 267 
P waves in, 267{ 
QRS-complex waveforms in, 

267{ 
T-waves in, 267 

Pericardia! sac, 263 

Pericarditis 
acute 

early repolarization and, 266 
ST-segment elevation in, 

264{, 265, 265{, 266{ 
T waves in, 264 

constrictive, 263 
chronic, 267 
ECGof,267 

defined,263 
Pericardium, 263 
P loop, 77 
Positive amplitudes 

in atrial enlargement 
evaluation, 94 

in fascicular blocks, 140 
Pwave, 53 
QRS complex, 58 
Twave, 64 
in ventricular enlargement, 109 

Positive delta waves, 156{ 
Posterior descending branch 

jPDA), 213 
Posterior fascicle, 10{, 122{ 
Posterior papillary muscle, 78{ 
Posterolateral infarction, 407{ 
Post-ischemic T wave, 193 
Potassium 

hyperkalemia,278-279,278{, 
279{ 

hypokalemia, 277 
PP intervals, 340, 451 

in APBs, 321, 321{ 
P-preoccupation syndrome, 508 
Precordial leads, 28 

misplacement simulation, 33{ 
panoramic display of, 56f 
reversal, 31 
ST-segment deviations in, 62{ 

Prefibrillation, 417 
Premature beats, 297, 424 

atrial, 307,320,447 
definition, 315 
ECG of, 318-319 
features of, 318 
PP intervals in, 321, 321{ 
T waves in, 320{ 

definition, 314 
event sequence in, 314 
junctional, 322 

definition, 315 
P wave in, 322{ 
QRS complex in, 323 
RBB in, 323 
sinus rhythm in, 323{ 

production mechanisms, 317, 
317{ 

diagnosis of, 317t 



QRS complex in, 316 
rhythms disrupted by, 314{ 
supravenbiculirr, 307 

definition, 315 
terminology, 314-315 
venbicular,307,324-328 

bigeminy and, 329 
definition, 315 
groups of, 334 
interpolation of, 326 
left, 330-332 
Lown's grading system, 336{ 
multifocal, 333 
multiform, 333 
prognostic implications of, 

336 
QRS complexes in, 325{ 
right, 330-332 
R-on-T, 335, 419 
rS wave in, 331{ 
R wave in, 331{ 
sinus beats in, 326-327 
sinus rhythm in, 328 
tachycardia in, 334{ 
T waves in, 335 
venbicular :fibrillation from, 

335 
views of, 324{ 

wide,316 
Pressure overload, 90 

in venbicular enlargement, 96{ 
Primary hypertrophic 

cardiomyopathies,261 
PR interval, 69, 457, 466, 469 

in BBB, 152 
cardiac rhythm and, 69 
definition, 16 
in ECG interpretation, 54 
in obesity, 276 

Procainamide,285,357 
for atrial flutter/fibrillation, 369 

Proximal LAD, 214t 
Proximal positions, 31 
Proximal right coronary artery, 

214t 
PR segment, 13 

definition, 16 
in emphysema, 272( 
in pericarditis, acute, 264 

Pseudo-S wave, 388 
Pulmonary abnormalities, 268-272 

COPD, 268 
cor pulmonale, 268 

acute, 268-270, 269{, 270{ 
chronic, 268 
definition, 268 

emphysema,268,271-272 
pulmonary embolism, 268 

Pulmonary embolism 
acute cor pulmonale and, 

269-270 
definition, 268 

Pulmonary emphysema, 361{ 
Pulse generator, 478, 481 
Purkinje block, 471-473 
Purkinje :fibers, 10{, 11, 78, 122{ 
Purkinje network, 54 
Purkinje system, venbiculirr, 122 
Pwave, 389 

Q 

aberrancy and, 426{, 427{ 
abnormally directed, 341{ 
in atrial enlargement, 91{ 

evaluation,94 
in AV-nodal tachycardia, 390{ 
axis, 69 
Bix rule for, 509 
cardiac rhythm and, 69 
contour, 53 
definition, 13 
duration, 53 
in ECG interpretation, 53-54 
in emphysema, 272{ 
in frontal plane, 53-54 
haystack principle in, 510 
in inferior infarction, 436( 
in JPBs, 322{ 
in ladder diagrams, 327{ 
in left abium, 53{ 
minding, 511-512 
morphology, 53 
negative amplitude, 53 
nonconducted premature, 319{ 
in PAT, 355 
in pericardial effusion, 267( 
positive amplitude, 53 
retrograde, 395{, 491{ 
in right abium, 53( 
searching for, 508-510 
in short-axis cardiac elecbical 

activity, 18 
sinus, 343( 
from sinus node, 322( 
in transverse plane, 53-54 
T waves and, 344{ 
typical, 53( 
undersensed, 490( 
in venbicular enlargement, 106{ 
in venbiculirr tachycardia, 

404-406 

qR pattern, 410 
QRS axis 

in frontal plane, 58-61, 
141-142 

identifying, 59{ 

in transverse plane, 58-61, 
141-142 

QRS complex, 14(, 60( 
aberrancy and, 424, 427{ 

identical wide, 430 
abnormal initial, 252{ 
in antiarrhythmatic drugs, 285( 
in abial :fibrillation, 371{ 
in abiovenbicular block, 467 
in AV-nodal tachycardia, 390{ 
axis determination, 61 
cardiac rhythm and, 70 
conbibutors to, 131{ 
in cor pulmonale, acute, 269, 

269( 
definition, 13 
delta wave in, 161t 
in demand ischemia, 191 
directions of, 65f 
duration, 57-58, 58{, 507{ 
in emphysema, 271-272, 271{ 
extreme-axis deviation, 61 
frontal plane axis, 58-61 

identifying, 59{ 
general contour, 55 

in bundle-branch block 
analysis, 140 

in fasciculirr block analysis, 
140 

inJPBs, 323 
in ladder diagrams, 327( 
in LBBB, 111{ 
left-axis deviation, 61 
left-venbicular dilation in, 102{ 
magnified, 58f 
milking, 507 
morphology, 55, 70 

patterns, 121{ 
multi-lead comparison, 58 
in myocardial infarction 

changes in, 251{ 
chronic phase diagnosis, 

239-240 
chronic phase localizing, 

241-249 
chronic phase size 

estimation,250-252 
infarcting phase, 237-238 
schematic cross sections of, 

237{ 
negative amplitudes, 58 
in obesity, 276 
in pericardial effusion, 267{ 
positive amplitudes, 58 
in premature beats, 316 
Q waves in, 55-56 
right-axis deviation, 61 
with RSR configuration, 369{ 
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QRS complex (continued) 
R waves in, 56 
in short-axis cardiac electrical 

activity, 17-18 
in supply ischemia, 187 
S waves in, 56 
tachyarrhytbcrnia, 366( 
tachycardias, 375( 
tombstoning and, 220, 226 
transient alterations of, 219( 
in transmural myocardial 

ischemia, 219-221 
transverse plane axis, 58-61 
triphasic lead V1N6 

morphology, 428 
T wave relationship with, 71 
of ventricular activation, 481( 
in ventricular enlargement, 

109, 110( 
in ventricular pre-excitation, 

157( 
in ventricular tachycardia 

diagnosis, 409-413 
vertical grid lines in, 58( 
visualizing, 85 
in VPBs, 325( 
wide, tachycardia, 396(, 507 
in WPW, 153 

QRS distortion, terminal, 226 
QRS interval, 57 

in BBB, 152 
definition, 16 

QRS-T angle, 64 
QRS vector loop 

depolarization and, 78-80 
projection of, 83( 

QSwave, 14 
QTc interval 

cardiac rhythm and, 71 
in ECG, 67 
in intracranial hemorrhage, 273 
in obesity, 276 
in torsades de pointes, 415 

QT interval 
in antiarrhythmatic drugs, 285( 
definition, 16 
in hypocalcemia, 280{, 281( 
in LQTS, 168 
in SQTS, 171 

Quinidine,285, 357,449 
for atrial flutter, 435( 
for atrial flutter/fibrillation, 

357(, 369 
Qwaves 

definition, 239 
duration limits, 55t, 239 
in inferolateral infarction, 247( 
in myocardial infarction, 239t, 

251( 
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R 

in QRS complex, 55-56 
in Selvester scoring, 252 
thresholds, 21St 

Radiofrequency ablation, 162( 
RAE. See Right-atrial 

enlargement 
Rapid magnet-induced pacing 

rate, 482( 
Rate, 48, 50, 68 

atrial, 356-357 
critical, 437-438 

acceleration and, 439 
deceleration and, 439 
mechanisms diagram, 439( 
paradoxical, 440 

ECG waveform intervals and, 
51( 

interval markers, 52( 
irregularity in, 52 
maximum, 484 
minimum,483,489f 
pacemaker tachyarrhytbcrnia, 

340t 
rapid magnet-induced pacing, 

482( 
rulers, 51 
sinus, 445 
variability, 68 
ventricular,358-360 

Rate-dependent bundle-branch 
block, 437 

RBBB. See Right bundle-branch 
block 

RCA. See Right coronary artery 
Reactivation, 59 
Reciprocal, 212 
Re-entrant junctional 

tachyarrhytbcrnias, 
380-382 

characteristic terms, 382 
differentiation of, 385-387 
natural history of, 382 
permanent, 394-395 
varieties of, 383 

Re-entrant ventricular 
tachyarrhytbcrnias, 400 

Reentry 
AV junction, 380 
impulse conduction, 69, 

297-299 
circuits, 297 
development of, 297 
macro, 298, 389 
micro, 298 
termination mechanisms, 

299( 
treatment of, 299 

Refractoriness, 464 
Refractory period, 146 

in aberrancy, 425( 
characteristics of, 425 

Regularity,48, 50-52,68 
atrial, 356-357 
ventricular, 358-360 

Relatively refractory, 309 
Reocclusion, 38 
Reperfusion, 38 
Repolarization, 7 

abnormalities, 175t 
Retrograde atrial activation, 384 
Retrograde P wave, 395{, 491( 
Returning cycle, 432 
Rheumatic heart disease, 370 
Rhythm, 38 

atrial, 444 
accelerated, 341, 345 

in ECG, 48, 68-71 
escape, 445, 449( 

definition,444 
junctiona1,444, 513 

accelerated, 341, 347-349 
QRS complex morphology 

and, 70 
QTc interval and, 71 
sinus 

AV block with, 502( 
cardiac impulse formation 

during,380f 
definition, 68 
in JPBs, 323( 
RBBB during, 300{ 

ST segment and, 71 
T wave and, 71 
U wave and, 71 
ventricular, 444 

accelerated, 341, 350-351 
Right-atrial enlargement (RAE), 

91,267 
Rightatrium,5,28{ 

P wave in, 53{ 
Right-axis deviation, 61, 99 
Right-bundle branch, 10(, 119 

inJPBs, 323 
Right bundle-branch block (RBBBJ, 

124-125,269,270,495 
aberrancy and, 426, 429 
atrioventricular block and, 

465,470 
complete, 98 
criteria for, 124t 
definition, 121 
frontal plane in, 134{ 
incomplete, 98 
with LAFB, 138 
with LPFB, 139 

S waves in, 139( 



R waves in, 138( 
in sinus rhythm, 300( 
tachycardia-dependent 

incomplete, 146( 
transverse plane in, 134( 
trauma and, 143( 
triphasic, 427 
in ventricular tachycardia, 

409-411 
Right coronary artery (RCA), 213 

distal, 214t 
in myocardial infarction, 244 
occlusion, 212( 
proximal, 214t 

Right coronary dominance, 214 
Right ventricle, 5, 28( 

apex pacing, 493f 
dual-chamber, pacing, 501 
myocardium, 216 
transmural myocardial 

ischemia of, 238 
Right-ventricular dilation, 98 
Right-ventricular free wall, 123f 
Right ventricular hypertrophy 

jRVH), 99-101, 112, 
130,268 

in acute cor pulmonale, 269 
in QRS complex, 99( 
ST segment in, 99f 
T wave in, 99( 

Right'fPBs,330-331 
morphologic features of, 332 

Romhilt-Estes criteria, 111(, 112t 
R-on-T 'fPBs, 335, 419 
Rosenbaum,~.B., 122,123,141 
RP interval, 469 
RR interval, 146, 369, 466 

aberrancy and, 425 
biphasic, 410 
definition, 67 

RS morphology, 407-408 
RSR configuration, 369( 
rsR' pattern, 428 
rS wave, 331( 
Rubin, H. B., 272 
Rule of bigeminy, 432 
RVH. See Right ventricular 

hypertrophy 
R waves, 18, 67, 124( 

in emphysema, 272( 
in hypothyroidism, 274( 
in inferolateral infarction, Z47f 
large, 240t 
monophasic, 410 
in myocardial infarction, 240t 
in QRS complex, 56 
in RBBB, 138( 
small, 240t 
in 'fPBs, 331( 

s 
Scheinman, ~., 409 
Schroder, R., 233 
Sclarovsky-Bimbaum Grade, 

189(, 226-227, 226t, 227t 
in transmural myocardial 

ischemia, 222 
Second-degree atrioventricular 

block, 458-461 
Selvester, R. H., 250, 272 
Selvester score, 250f 

Q waves in, 252 
Sensitivity, 95 
Septal contraction, 500( 
Septum, 11 
Shifting baseline, 42 
Short-axis cardiac electrical 

activity 
ECG segments in, 18f 
P wave in, 18 
QRScomplexin, 17-18 
recording sites for, 17( 

Short QT syndrome jSQTS) 
definition, 170 
ECG diagnosis, 172 
QT interval in, 171 
T wave in, 171 

Sick sinus syndrome, 449 
characteristics of, 448 

Silent ischemia, 205 
Simon Meij Algorithm 

Reconstruction jSMART), 
40 

Single-cell recording, Sf 
Single-chamber pacemakers, 483 
Single-channel 

electrocardiogram, 9( 
Sinoatrial block, 449, 450 
Sinoatrial node, 10(, 11, 13, 93, 

340, 444( 
Sinus arrhythmia, 68 
Sinus beats, 326-327 
Sinus bradycardia, 444, 513 

definition, 68 
in hypothyroidism, 274 

Sinus node, 11 
automaticity of, 295 
P waves from, 322( 

Sinus pauses, 307, 450, 461 
perspective on, 451 

Sinus P wave, 343( 
Sinus rate slowing, 445 
Sinus rhythm 

AV block with, 502( 
cardiac impulse formation 

during,380f 
definition, 68 
in JPBs, 323( 
RBBB during, 300( 

Sinus tachycardia, 274, 342-344, 
463( 

definition, 68 
in hyperthyroidism, 275 

Situs inversus dextrocardia, 37 
Slow-fast AV-nodal tachycardia, 392 
Slow-slow AV-bypass 

tachycardia, 394 
Slow ventricular tachycardia, 350 
SMART. See Simon Meij 

Algorithm Reconstruction 
Sokolow-Lyon criteria, 109, 113t 
Sotalol, 286, 402 
Specificity, 95 
Spontaneous depolarization, 294 
SQTS. See Short QT syndrome 
Standard 12--lead ECG 

alternative displays of, 34-36 
panoramic, 35 

frontal plane, 24-30 
STEMI. See ST-segment elevation 

myocardial infarction 
Stenosis 

of coronary arteries, 186( 
subaortic,261 

Sternum, 29 
Stippling, 380f 
ST-J point depression, 197, 202( 
Strauss, D. G., 134(, 135f 
ST-segment 

in acuteness scoring, 2Z4t 
in Brugada syndrome, 173t 
cardiac rhythm and, 71 
in cor pulmonale, acute, 270, 

270( 
definition, 16 
in demand ischemia, 191 
depression, 201( 
descending, 173 
in digitalis therapy, 283{, 284, 

284f 
in ECG interpretation, 62-63 
elevation, in pericarditis, acute, 

264(, 265, 265{, 266( 
in emphysema, 272( 
in ERS, 178-179 
in LBBB, 210( 
in left-ventricular dilation, 102( 
in left-ventricular hypertrophy, 

104( 
morphology of, 62-63 
in myocardial infarction, 233 
normal variants, 197 
in precordial leads, 62( 
inRVH, 99( 
in subendocardial ischemia, 

196-205 
in supply ischemia, 187 
transient alterations of, 219( 
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ST-segm.ent elevation myocardial 
infarction jSTEMI), 34 

Stunned myocardium, 
neurogenic, 273 

Stunning, 184 
Subaortic stenosis, 261 
Subendocardialischenria 

abnormal variants of, 204 
atypical, 202 
ECG criteria for, 202t 
monitoring, 205 
normal variant or, 203, 203{ 
silent, 205 
ST-segm.ent in, 196-205 
typical, 198-201 

exercise-induced, 199{ 
left-ventricular, 200{ 
T waves in, 20 1{ 

Sudden death, 419 
Superior vena cava, 10{, 11 
Supply ischemia 

ECG of, 187-189 
QRS complex in, 187 
ST-segm.ent in, 187 
T wave in, 187 

Supraventricular premature 
beats, 307, 315 

Supraventricular 
tachyarrhythnrias, 354{, 
387{, 403 

aberrancy and, 430 
Supraventricular tachycardia, 

307,368 
Sustained tachyarrhythnria, 314 
Sustained ventricular tachycardia, 

414 
Sutton, W., 507 
Swaves, 18 

cardiac rhythm and, 71 
in cor pulmonale, acute, 270, 

270{ 
in LAFB, 138{ 
in LPFB, 139{ 
pseudo, 388 
in QRS complex, 56 

Sympathetic tone, 342, 360{ 
Syncope, 143, 395{,463{ 

neurocardiogenic, 447 
recurrent, 449{ 
vasovagal, 446, 491 

Systole, 6 
Systolic overload, 90 

T 
Tachyarrhythmias,293 

atrial, 345-346,466{ 
atrioventricular conduction 

and,508 
diagnosis of, 344 
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junctional, 428 
ladder diagrams, 362{ 
mechanisms of, 295 
pacemaker 

rates, 340t 
sites, 340t 
terms, 340t 

QRS complex, 366{ 
re-entrant junctional, 380-382 

characteristic terms, 382 
differentiation of, 385-387 
natural history of, 382 
permanent, 394-395 
varieties of, 383 

re-entrant ventricular, 400 
spontaneous termination of, 386{ 
supraventricular, 354{, 387{, 403 

aberrancy and, 430 
sustained, 314 
ventricular pre-excitation and, 

157 
Tachycardia, 293 

atrial 
chaotic,346 
multifocal, 345, 346 
paroxysmal, 345, 393{ 

AV-bypass 
antidromic, 383{, 396 
differentiation of, 388-391 
orthodromic, 383{, 391{, 

394-395 
slow-slow, 394 
varieties of, 394-396 

AV-nodal, 383{ 
atypical, 393 
differentiation of, 388-391 
fast-slow, 393 
P wave in, 390{ 
QRS complex in, 390{ 
slow-fast, 392 
typical, 392 
varieties of, 392-393 

definition, 37 
nonparoxysmal junctional, 349{ 
paroxysmal atrial, 393{ 

with block, 345 
definition, 355 
P waves in, 355 

QRS complex, 375{ 
sinus,274, 342-344,463{ 

definition, 68 
in hyperthyroidism, 275 

slow ventricular, 350 
supraventricular, 307,368 
termination of, 487{ 
ventricular, 121{, 366, 376 

ATP for, 488 
atrioventricular association 

in,406 

atrioventricular dissociation 
in, 404,428 

clinical history in, 402 
defi.nition,400 
description, 401 
diagnosis of, 403-413 
duration, 414 
etiologies, 402 
intermittent irregularity in, 

405-406 
LBBB pattern in, 411-413 
left, 413 
monomorphic,415 
polymorphic, 415 
P waves in, 404-406 
QRS morphology in, 

409-413 
RBBB pattern in, 409-411 
right, 413 
RS morphology in, 407-408 
sustained, 414 
unsustained, 414 

in VPBs, 334{ 
wide QRS complex, 396{, 507 

Tachycardia-bradycardia 
syndrome, 449 

Tachycardia-dependent BBB, 
146,437 

Tangential method, T wave end 
determination, 67{ 

Thrminal QRS distortion, 226 
Third-degree atrioventricular 

block, 462-466 
Three-dimensional 

electrocardiography, 77 
Thrombolysis, 186 
Thrombosis, 186 
Thump-version, 418 
Thyroid abnormalities, 274 
Thyrotoxicosis, 274, 295, 370 
Tikkanen, J. T., 179 
Tloop, 77 
'lbmbstoning, 220, 226 

definition, 189 
'lbrsades de pointes, 277, 402 

definition,400 
Q'lb interval in, 415 

'lbtal electrical alternans, 267 
TP segment, 197, 272{ 
'ftansesophageal recording, 304 
'ftansmural myocardial ischemia, 

190{, 192{ 
acuteness of, 222-227 
Aldrich score in, 222-224, 222{ 
Anderson-Wilkins score in, 

222-225 
diagnosis of, 209 
extent of, 222-227 
QRS complex in, 219-221 



RCA occlusion and, 212{ 
right ventricular, 238 
Sclarovsky-Birnbaum Grade in, 

222,226-227,226t,227t 
severity of, 222-227 
ST segment changes in, 208-216 
T wave changes in, 217-218 

Transtelephonic monitoring, 302 
Transverse plane, 24 

in atrial enlargement 
evaluation, 94 

chest leads, 30{ 
LAFB in, 134{ 
LBBB in, 134{ 
QRS axis in, 58-61, 141-142 
RBBB in, 134( 
T wave axis in, 64-65 
in 24-lead ECG, 36( 
ventricular activation sequences 

in, 134{ 
Tricuspid valve, 10{ 
Trifascicular blocks, 122 
Triphasic, 14 
Triphasic lead V1N6 morphology, 

QRS complex, 428 
Trypanosoma cruzi, 143 
TU junction, 66 
T waves, 18, 266, 485 

in acuteness scoring, 224t 
amplitude limits, 21St 
in APBs, 320( 
in ARVC/D, 176( 
in bundle branch block, 

141-142 
cardiac rhythm and, 71 
in cor pulmonale, acute, 270, 

270( 
in demand ischemia, 191 
in digitalis therapy, 283(, 284{ 
directions of, 65{ 
duration, 64 
in ECG, 64-65 
frontal plane axis, 64-65 
general contour, 64 
hyperacute, 217, 218 

in myocardial ischemia, 193 
in hyperkalemia, 278{ 
in hypothyroidism, 274 
in intracranial hemorrhage, 

273,273( 
inversion, 176( 
in left-ventricular dilation, 102{ 
in left-ventricular hypertrophy, 

104( 
in LQTS, 168 
morphology, 64-65 
in myocardial infarction, 

235-236 
negative amplitudes, 64 

in pericardia! effusion, 267 
in pericarditis, acute, 264 
positive amplitudes, 64 
post-ischemic, 193 
P waves and, 344( 
QRS complex relationship 

with, 71 
inRVH, 99( 
in SQTS, 171 
in ST-segment depression, 201( 
in subendocardial ischemia, 

201( 
in supply ischemia, 187 
tangential method for, 67( 
thresholds, 21St 
in transmural myocardial 

ischemia, 217-218 
transverse plane axis, 64-65 
in VPBs, 335 

24-lead ECG, 36 
frontal plane in, 36f 
transverse plane in, 36( 

'!YPical subendocardial ischemia, 

u 

198-201 
exercise-induced, 199{ 
left-ventricular, 200{ 
T waves in, 201{ 

Undue prematurity, 433 
Unifascicular blocks, 122-130 
Unsustained ventricular 

tachycardia, 414 
Uwave, 18 

v 

cardiac rhythm and, 71 
defmition, 15 
in ECG I 66-67 
morphology, 66-67 

Vi-negative morphology, 330 
Vagal maneuver, 344 
Vasovagal reaction, 446 
Vasovagal syncope, 446, 491 
Vaughan Williams, E. M., 285,286 
VCG. See Vectorcardiogram 
Vectorcardiogram (VCG), 76, 

81-83 
ECG and, 85-86 
leads of r 82{ 
recording, 84 

Vectorcardiography, 40 
Vector loops, 86 

visualizing, 87 
Ventricles, 4. See also specific 

conditions 
in arrhythmias, 292 
conduction through, 384 
in depolarization, 80( 

left, 5, 28(, 212 
contraction, 478 
dilation, 102-103 
dyssynchrony, 500 
free wall, 123( 
myocardium, 213( 
in QRS complex, 102( 
quadrants of, 78{ 
strain, 103, 105 
ST-segment in, 102{, 104( 
subendocardial ischemia, 

200{ 
T wave changes in, 102{, 

104( 
right, 5, 28( 

apex pacing, 493{ 
dual-chamber, pacing, 501 
myocardium, 216 
transmural myocardial 

ischemia of, 238 
3-D model of, 80{ 

Ventricular aberration 
atrial flutter/fibrillation and, 

431-436 
comparative cycle sequences, 

433 
constant coupling in, 434-436 
fixed coupling in, 434-436 
returning cycle in, 432 
undue prematurity in, 433 

Ventricular activation sequences 
early, 152( 
in frontal plane, 134f 
late, 152( 
QRS complexes of, 481( 
in transverse plane, 134{ 

Ventricular aneurysm, 233 
Ventricular arrhythmias, 178( 
Ventricular beat, 121{ 
Ventricular capture, 492{ 
Ventricular ectopy, 424,433 
Ventricular enlargement, 96-97, 

106-113 
frontal plane axis in, 109-112 
general contour, 109 
negative amplitudes in, 109 
positive amplitudes in, 109 
pressure load in, 96( 
P wave in, 106(-108( 
QRS complex duration, 109 
QRS complex in, 110( 
transverse plane axis in, 

109-112 
volume load in, 96{ 

Ventricular flutter/:fi.brillation, 416 
clinical history in, 417-419 
de:fi.nition, 400 
idiopathic, 178 
from VPBs, 335 
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Ventricular hypertrophy 
left, 104-105, 112 

ST-segment in, 104{ 
T wave in, 104{ 

right,99-101, 112,130,268 
in acute cor pulmonale, 269 
in QRS complex, 99{ 
ST segment in, 99{ 
T wave in, 99{ 

Ventricular pacing, 484(, 486{ 
fixed-rate, 479{ 

Ventricular pre-excitation, 69 
accessory pathways 

ablation, 161 
locations, 159-161 

atrial flutterffibrillation with, 
155{, 375-376 

clinical perspective on, 
151-152 

ECG diagnosis of, 156-158 
ECG localization of, 159-161 
historical perspective on, 150 
LBBB and, 158 
pathophysiology, 153-155 
QRS complex in, 157{ 
tachyarrhythmia and, 157 
typical, 154{ 

Ventricular premature beats 
[VPBsl, 307, 324-328 

bigeminy and, 329 
couplets in, 334 
definition, 315 
groups of, 334 
interpolation of, 326 
left, 330-332 

morphologic features of, 331 
Lown's grading system, 336{ 
multifocal, 333 
multiform, 333 
prognostic implications of, 336 
QRS complexes in, 325{ 
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right, 330-331 
morphologic features of, 332 

R-on-T, 335, 419 
rS wave in, 331{ 
R wave in, 331{ 
sinus beats in, 326-327 
sinus rhythm in, 328 
tachycardia in, 334{ 
T waves in, 335 
ventricular fibrillation from, 

335 
views of, 324{ 

Ventricular rhythm, 444 
accelerated, 341, 350-351 

Ventricular strain, 201 
Ventricular tachycardia (VT), 

121{, 366, 376 
ATP for, 488 
atrioventricular association 

in,406 
atrioventricular dissociation 

in, 404,428 
clinical history in, 402 
definition,400 
description, 401 
diagnosis of, 403-413 

P waves in, 404-406 
QRS morphology in, 409-413 
RS morphology in, 407-408 

duration, 414 
etiologies, 402 
intermittent irregularity in, 

405-406 
LBBB pattern in, 411-413 
left, 413 
monomorphic,415 
polymorphic, 415 
RBBB pattern in, 409-411 
right, 413 
sustained, 414 
unsustained, 414 

Verapamil, 403 
Viral myocarditis, 401{ 
Vleads, 25 

negative poles, 26{ 
positive poles, 26{ 

Volume overload, 90 
in ventricular enlargement, 96{ 

VPBs. See Ventricular premature 
beats 

VT. See Ventricular tachycardia 
VVI pacemakers, 483 
VVIR pacemaker, 486 

w 
Wellens, H. J. J., 409, 507 
Wenckebach sequence, 450 

in atrioventricular-nodal 
block, 468 

footprints of, 468 
Wide premature beats, 316 
Wide QRS tachycardia, 396{, 

507 
Wilson, F. N., 25 
Wolff, L., 150 
Wolff-Parkinson-White syndrome, 

150-151, 161(,301,380 
features of, 153 
QRS complex in, 153 

Workload, 185 

X 
Xiphoid process, 37 
X lead, 84 

y 
Ylead, 84 

z 
Z lead, 84 
Zoll device, 478 
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